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Chapter 1

Introduction

1.1 The Current Feedback Operational Amplifier

The voltage op amp (VOA) is used extensively throughout the electronic industry, as
it is a cheap, easy to use, analogue building block. Fig.1.1(a) shows a model for the
VOA where A is the frequency dependent open loop voltage gain and r; is the input
resistance of op amp. Assuming that the open loop gain of the VOA can be expressed

by:

A(s) = AL, (1.1)
(S'H’Jl)




where A, is the open loop dc gain and @; is the pole of the VOA, then, by routine
analysis we can get the closed loop gain of the non inverting amplifier shown in
Fig.1.1(b). It will be given by

Yo A0 (1.2)
V. s+o,(1+4,/G) '

where

G=R, /(R +R,) (1.3)

From equation (1.2) one can see that the closed loop bandwidth is inversely
proportional to G. Thus any attempt to change the gain will affect the bandwidth. This
is the major disadvantage of the VOA-based circuit [2]. In addition to this, VOAs also
suffer from limited slew rate characteristic because of its inherent nonlinearity [1].

Where the slew rate is defined as the maximum rate of change of the output voltage.

Because of the poor performance of VOA, many researchers have looked for a new
device with better performance. This new device, the current feed back operational

amplifier (CFOA), was originated by Comlinear in 1980.

To appreciate the inner workings of the CFOA , it is instructive to examine the

simplified circuit diagram of Figure 1.2.
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Fig.1.1: a- VOA equivalent b- Closed-loop noninverting amplifier
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Fig.1.2: Simplified circuit diagram of a current feedback amplifier

The input buffer consists of transistors Q; through Q4. While Q; and Q; form a low
output-impedance push-pull stage, Q3 and Qs do three jobs at the same time. First,
they form emitter followers, thus providing the circuit with high input
resistance.Second, Qs and Q, provide V. compensation for Q; and Q> respectively in
a way to have V, = V. And finally, Viqs and Vieqs generate the bias voltage required

for the complementary transistors Q; and Q; to eliminate the crossover distortion.



Summing currents at the inverting node yields I - I = Ik = Iy, where I; and I, are the
push-pull transistor currents. A pair of Wilson current mirrors, consisting of
transistors Qg - Qo - Qi1 and Qi3 - Q4 - Qis, reflect these currents and recombine
them at a common node, whose equivalent capacitance to ground is denoted as C. By

mirror action, the current through this capacitance is I, =I; - I,.

The voltage developed by C in response to this current is then conveyed to the output
via a second buffer, made up of Qs through Qg. When the feedback loop is closed as in
Fig.1.4, and whenever an external signal tries to unbalance the two inputs, the input
buffer will begin sourcing (or sinking) an unbalance current I, to the external
resistance’s. This imbalance L., is then conveyed by the Wilson mirrors to the
capacitor C, causing V, to swing in the positive (or negative) direction until the

original imbalance is neutralized via the negative feedback loop [3].

An ideal CFOA can therefore be described by I, =1, , Vx=Vy, Vo=V, and I, =0. The
CFOA can be represented by the model shown in Fig.1.3. The CFOA consists of two
main parts: the input buffer and the transimpedance amplifier. The buffer is connected
between the inverting and the non inverting terminals. As a result of this buffer, the
non inverting terminal has high input impedance and the inverting terminal has low
input impedance. The transimpedance amplifier senses the current I, following
inward or outward the inverting terminal and produces output voltage. Equation (1.4)
indicates the relation between I;;, and the output voltage where A(s) is the
transimpedance amplifier gain.

V,=A(s)I,, (14

inv
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Fig.1.3 : Model for the CFOA
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Fig.1.4:Closed-loop noninverting CFOA




Now consider the CFOA-based noninverting amplifier of Fig 1.4. By routine analysis

using the model of Fig 1.3. we can get the closed loop gain of the CFOA circuit

shown in Fig 1.4. Assuming that the open loop gain of the CFOA can be expressed by:
A(s)= A0, /(s+®,) (1.5)

where A, is the open loop dc gain and o, is the pole of the CFOA, then,

v, _A0(VR+YR,)

V, s+e(1+A4,/R) (1.6)

From equation (1.6) the pole and the dc gain of the closed loop noninverting CFOA
are 0i(1 + AJ/Ry) and A (1/R; + 1/R3) / (1 + A /Ry), respectively. Thus it is clear that

we can adjust the bandwidth by changing R; and after that the gain can be controlled

via R; without affecting the bandwidth.

The slew rate of the CFOA is defined as the maximum rate of change of the output
voltage. Since the output voltage is proportional to I;,, as shown in equation (1.4) and
there is no upper limit to I;;, then there is no slew rate limiting in CFOAs. The
absence of the slew rate limiting allows for faster settling times {2], where the settling

time is defined as the amount of time t; it takes for the output to reach steady state.

Although ideal analysis of the CFOA indicates that the closed loop gain can be
controlled via R; without affecting the dynamics of the CFOA, due to non-zero output

impedance of the input buffer it is affected. Though there is dependency between the



closed loop gain and the bandwidth, it is not as drastically as with the VOA. Denoting

the output impedance of the input buffer R, Equation (1.7) shows the effect of R, on

the closed loop gain of the CFOA[3].

Aa(‘ol
V-‘,’: 1+% Z, (1.7)
Vi R js+o,(1+A,/Z,)
where
Z,=R|1+—2 (1.8)
2 =R, R//IR, )

From equations (1.7) and (1.8) one can see that, because of the finite value of the
output resistance R, , the gain and the bandwidth can no longer be indipendentlly

adjusted. Thus it is preferable to have R, as close to zero as possible.

Despite its advantages, the CFOA suffers from some disadvantages. The CFOA is
unstable with capacitive feedback. To study the stability of the CFOA with capacitive
feedback Equation (1.7) can be written in terms of the loop gain as shown in Equation
(1.9) where R in equation (1.8) is replaced with Ro// (1/sC5) in order to take the effect

of the feedback capacitor into consideration.
Yo_(1pR) 1 19
V, R, J1+(YT(s))

where

A(s)

T(s)= (1.10)



Equation (1.11) expresses the effect of the feedback capacitor on the loop gain.

Als)(1+sR,C,)

T = R R+ RR, + RoR, + RREosC,

(1.11)

If the overall shift of the loop gain reaches -180 at the crossover frequency due to
high-order poles of A(s), the loop gain will become T = -1, making the closed loop
gain infinite, by equation (1.9). Where the crossover frequency is the frequency at
which the magnitude of the loop gain is equal to unity. When this condition is met, the
circuit will oscillate. Even if the phase shift fails to reach 180, the closed loop

response might be unstable [3].

In addition, the CFOA has low overall gain. This resulted from single gain stages
wﬁich produces low overall gain. Furthermore, input stage characteristics are
generally dependent on the matching of integrated PNP transistors to those NPN
types, further exorbitant DC mismatches such as offset voltages, CMRR and to some
extent PSRR [4]. Where the power supply rejection ratio PSRR is the ratio of the
change the input offset voltage to the corresponding change in one power-supply

voltage, with all remaining power voltages held constant.

Although it is possible to overcome these drawbacks with additional circuitry, the
price to be paid is the distortion of the AC advantages. To minimize the offset
voltages other types of input stage can be used. Fig.1.5 shows a four transistor input
stage with two diodes and two transistors. These diodes and transistor are connected
in a way such that like-types are matched with like. Using this type of the input stage a

great improvement in the offset voltage Vs can be achieved. Unfortunately, this input
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stage has a disadvantage of a low noninverting input impedance and a high
noninverting input bias current and noise. Another type of the input stage is the eight-
transistor buffer shown in Fig.1.6. This input stage offers the advantages of high
noninverting input impedance, low noninverting input bias current and matching like
transistors with like. On the other hand, its inverting input impedance is greater than
the previous types [5].This disadvantage increase the dependency between the closed

loop gain and the bandwidth as shown in Equation 1.7.

The input stages can be also cascaded to improve V, , but this my result in serious
input stage slew rate limitations. The CFOA has worse noise performance than VOA.
In fact, this is due to the high value of the input current to the CFOA’s inverting input
[5].

Form the above discussion we note that the CFOA has some attractive advantages ;
higher slew rate and bandwidths independent of gain. These advantages can be
exploited in many applications to get better performance than the VOA-based designs.
It is worth mentioning here that whatever the measures taken to improve the
performance of CFOA’s , commercially available CFOAs suffer from three major

sources of error ; namely, the current tracking error defined by 1, =0l I, where

o =1‘5i , |5i| << 1, the output voltage tracking error defined by V,= Y V:and the

input voltage tracking error defined by V.= P Vywhere ¥ = 1-§ .15 Je<1 and

<< 1 - These current and voltage tracking errors are due mainly to

P-1-5.05.

the mismatches in the transistors as well as the nonideal current transfer ratios of the

current mirrors used.
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Fig.1.5: Alternative Four-Transistor Input Buffer
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1.2 Literature Review for the CFOA Application

Over the last decade researchers have looked for implementation of known
applications using the CFOA. Fabre proposed in [6] the implementation of bandpass,
lowpass and highpass filters using a single commercial available transimpedance
operational amplifier; the AD844. Then, he concluded that using CFOA, including a
compensation pin, to implement second-order filters will give better performance than
using VOA. One configuration realizing series resistor-inductor and series capacitor-
frequency-dependent negative resistance using CFOA is reported in [7]. The same
configuration is used to implement second order lowpass, highpass and bandpass
filters. Fabre in [8] proposed a new configuration for a gyrator where two CFOA are
used. Highpass and bandpass filters are implemented from this gyrator. In [9] Celma,
Pedro and Carlosena proposed a new sinusoidal oscillator using the CFOA. Then, they
concluded that the sinusoidal oscillator built around the CFOA exhibits superior
features with respect to those built around the VOA in terms of higher frequencies of
operation, lower distortion and increased frequency accuracy. A multiphase sinusoidal
oscillator using the parasitic poles of the CFOA is presented in [10]. The oscillator
can generate n signals which are equal in amplitude and equally spaced in phase. The
effects caused by the nonlinearity of the CFOA on the oscillation frequency and
condition have been analyzed. A voitage mode notch, lowpass and bandpass filters are
implemented using current-feedback amplifiers in [11]. New analogue divider circuits
using the CFOAs are presented in [12]. Basically, they consist of two CFOAs, two
MOS transistors biased in the triode region, and a resistor. In [13], new sinusoidal
oscillators with single element control has been realized using a CFOA. Shen and

Cheng have shown in [14] three new sinusoidal oscillators using the current feedback
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amplifier pole. Two of the proposed oscillators consist of CFOA’s and resistors only
and the third one consists of one CFOA, three resistors and a capacitor. A current

feedback amplifier (CFOA)- based universal filter deduced from a Mason graph is

presented in [15].

1.3 Problem Definition

From the literature review it appears that the use of the CFOA in designing various

analog circuits is not widely studied by researchers in the field. It is the major

intention of this thesis to evaluate some of the recently proposed linear analog signal

processing circuits for example, filters and oscillators, using CFOA. The advantages

and disadvantages of these circuits are studied, and an effort is made to improve their

performance based on cretin criteria. In specific, the following issues are addressed.

1. New applications will be developed using CFOA particularly current-mode active
filters and square, triangular and ramp waveforms generator.

2. Modified applications will be developed using the CFOA particularly voltage-
mode active filters and oscillators.

3. These applications will be tested experimentally. Then a comparison between the
experimental and calculated results will be done.

4. The effect of the CFOA nonidealities on the performance of the proposed circuits

will be discussed.
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1.4 Thesis organization

The thesis work is presented as follows. In Chapter 2 active filters using the CFOA’s
are discussed. Chapter 3 deals with oscillators circuits using CFOA’s. Chapter 4
discusses the non ideality effects on the CFOA’s application (active filters and
oscillators).The conclusions and suggestions for future work are discussed in Chapter

5.
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Chapter 2

Active Filters

2.1 Introduction

The filter is an important building block in communication systems. A filter is a
frequency-selective device that is used to limit the spectrum of a signal to some
specified band of frequencies. Its frequency response is characterized by a passband
and a stopband. The frequencies inside the passband are transmitted with little or no
linear distortion, whereas those in the stop-band are rejected or highly attenuated. The
filter may be of the low-pass (LP), high-pass (HP), band-pass (BP), band-reject(BR)
or all-pass (AL) type, depending on whether it transmits low, high, intermediate, all

but not intermediate, or all frequencies, respectively.
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There are two main types of filters: active-RC filters and switched-capacitor filters,
Active-RC filters utilize opamps together with resistors and capacitors. The switched-
capacitor filter technique is based on the realization of a resistor by switching a
capacitor between two circuit nodes at a sufficiently high rate. This is equivalent to a

resistor connecting these two nodes.

2.2 How To Evaluate an Active Filter?

There are many factors to be taken into consideration to evaluate an active filter in

order to get an optimum one.

1. Independent control of the basic parameters of the filter for example the center
frequency @, and the bandwidth @,/Q, where Q, is the quality factor.

2. To overcome the effect of the stray capacitance all capacitor should be grounded
and minimum possible number of resistors should be floating.

3. It will be of great advantage if @, especially and (@,/Q,) can be controlled via
grounded resistors. This situation will help to get a programmable filter by
replacing these resistors by programmable resistors, for example a JFET transistor.

4. The filter is efficient from economic point of view (in terms of area and power
consumption) if it has few number of active and passive components.

5. The sensitivity of the filter parameters (0, ®/Q,) to passive components should

be as low as possible and it shouldn’t exceed 1.
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Because of the tolerance in component values and because of the finite CFOA gain,
the response of the actual filter will deviate from the ideal response. As a mean for
predicting such deviations, the filter designer employs the concept of sensitivity.

These sensitivities can be quantified using the classical sensitivity function S},

defined as Lim
SY ~ AX -0 AY/Y
Sx T X 22)
XY .

where X denotes the value of a component (a resistor, or a capacitor) and Y denotes a

circuit parameter of interest (@, or Wy/Qo).

These factors were adopted with potential manufacturing of the proposed circuits in
IC form. For such purpose it is necessary to reduce to the minimum the required
silicon area, To make all the passive components grounded as this makes it easy to
take into account the effect of stray capacitances as well as paving the way to
implement on the chip tuning circuits. This is why we try to use minimum number of
active and passive components. Also the independent control of the center frequency

and bandwidth makes the implementation of tuning on the chip an easy task.
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2.3 Universal Second-order Filters

A universal filter is the filter which can realize different functions (LP, HP,BP, BR
and AL filters). There are two types of universal filters: single input multiple outputs
and multiple inputs single output. The first one can realize different functions
simultaneously at different points, where, in the second one different functions can be

realized one at a time by controlling the inputs.

2.3.1 Universal Voltage-mode Multiple Inputs Single

Output Filter

A current feedback amplifier (CFOA)-based universal filter deduced from a Mason
graph is shown in Fig.2.1 [15).This filter has the following merits:

(1) Very low output impedance which makes the voltage-mode circuit
cascadable.

(i1) @, can be adjusted without affecting Q,.

(iii) The sensitivities of @, and Q, to passive and active components are small.

(iv) There are no requiremnts for critical component matching conditions to
realiz the five filter types.

Since nothing is perfect , here are some demerits for this filter. It has four floating
components one of them is a capacitor and the rest are resistors. Morover, Q, cannot

be adjusted without affecting ,.

A new universal filter is proposed in this section which has some advantages over the
available universal filter [15]. This filter employs three CFOAs, four capacitors and

two resistor as shown in Fig.2.2.
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R5

CFOA —
Vi i -~ CFOA>+Vo
R4

+
Ci1 ——
Ry < Cz—T——— )
T ®
V2 V3

Fig.2.1. Universal voltage-mode filter [15]

Rs
Vi — s M
CFOA
1 \
_ 2 v,
G = CFOA : + v
e v, . y C3FOA

Fig.2.2: Proposed universal voltage-mode filter (I)
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Referring to figure 2.2 and using the CFOA model of Fig.1.3 , voltage V, can be

expressed as

Vy——+ 2.3)

and the voltage V, can be expressed as

0=(sC2+G6)V ——(-3-"—V3

24
sC, * sC, @9

Combining equations (2.3) and (2.4) gives,

i ) (e 5 B Y
? sC, sC, sC, MG

—(3ch +GysG )V, +(Gs3C, + GG, )V, —(GysC, )V, >
Y= s*C,C, +G;sC, + G,G, 2.9)

or

Specialization of the numerator in equation (2.6) result in the following filter function:

If GsCyr = GC: 3

C3=C
C=Cy
(1) Lowpass:
V; =0, V, = V3 =input voltage signal.
(1) Highpass:

V> =0, -V, = V3 = input voltage signal
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(iii) Bandpass:

Vi =V,=0, V3= input voltage signal

(iv) Band-notch:

V2 =-V; =-(1/2) V3 = input voltage signal

(v) Alipass:

- Vi = V2 = V3 = input voltage signal

From equation (2.6) the center frequency @, and bandwidth @,/Q, are given by

G G 172
0,=|—-=% @7
C,C,
Do (_C2G5 ) (2.8)
g \CG

So, the sensitivities of @, and @,/Q, to passive components are

all of which are small.

Taking into account the nonidealities of a CFOA, namely, i, = 0, , v, = Bvyand v, =

v, where &L =1-0; and l8i| << 1, denotes the current tracking error, § = I - §, and
l5 | << 1 denotes the input voltage tracking error and y = I- §, and Y=1-§, and

|5 al << 1 denotes the output voltage tracking error,equation (2.6) becomes
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-(sZC,Cz + scﬁc,)ﬁ &, V, +(sC,G; +G,G,)B, V, — 3G Vv,
_ oLy,
V, = CC (2.9)
s —2 3 +5C,G,; +G,G,
0,0 Y5

From equation (2.9) the center frequency @, and the bandwidth w,/Q, are given by:

1
GG, \? 1
wo=( CZC‘:) (0,005 Y5 )2 (2.10)
0)0 CZGS
—_—= —|lo,0 2.11
Qo (C3C4)( 2 37]73) ( )

So, the sensitivities of @, and ®,/Q, to active components are

S2; =S =Sy =Sy =l
all of which are small.

This filter offers the following advantageous features:
(1) Very low output impedance which makes the voltage-mode circuit
cascadable.

(ii) Orthogonal adjustment of @, and (®y/Q,) can be done easily via Rg or C,.
That is to say o, and (®,/Q,) can be controlled independently.

(iii) The sensitivities of @, and @W,/Q, to passive and active components are
small.

(iv) All capacitors are grounded.

(v) Only two resistors are floating.
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Despite the advantages of the proposed circuit, the main drawback is the requirements

for matching conditions between passive elements.

To demonstrate the theoretical behaviour of the proposed network, BP, HP and AP
filter prototypes have been realized with discrete components. The measured

frequency responses of these filters, using the CFOA AD844, shown in Fig. 2.3 agree

with theory.
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Fig.2.3: Measured frequency response of the BP,HP, and AP filter.

a)BP: Rg=2KQ, Rs=8KQ, C;=C3=InF, C7=0.5nF and C4=2nF
b)HP: Rg=8.24KQ, Rs=3.09KQ, C;=C3= C;=InF and C4=4nF
¢JAP: Re=Rs=5KQ, C}=Cs= Cy= C4=InF
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In an attempt to overcome the disadvantage of the proposed universal filter of Fig.2.2
and [15}, another universal voltage-mode filter has been developed and is shown in

Fig.2.4.

Rs

il

V; o

Fig.2.4 Proposed universal voltage-mode filter (II)

A simple analysis for this circuit using the CFOA model of Fig.1.3 gives

V = $’C,C,V, —sG,C,V, +G,G,V,
° $’C,C, +sG,C, +G,G,

(2.12)
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Specialization of the numerator in equation (2.12) result in the following functions:

(1) Lowpass:

V2 = V3 =0, V; = input voltage signal.
(i1) Highpass: |

Vi = V2 =0, V3 = input voltage signal
(iii) Bandpass:

Vs =V; =0, V, = input voltage signal
(iv) Band-notch:

V2 =0,V; = V3 = input voltage signal
(v) Allpass:

R3=R4

Vi = V2 = V3 = input voltage signal

From equation (2.12) the center frequency @, and the bandwidth ®,/Q, are given by

GG 172
m,,=( 2 5] (2.13)

and

. 64)
=== (2.14)
0, (cz
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The sensitivities of @, and ®,/Q, for passive components are given by
Sg = Ser=1/2; See=S8g=112

0, ®,

E —
SG‘ =~S(g°=1

Thus, the sensitivities of @, and ©,/Q, to passive components are small.

Taking into account the voltage tracking error and the current tracking error the output

voltage can be given by

_ 0,0,B,B3Y1G5G3V; — sC,Gyt, V, —s*C,C V;

2 GG, GG +0.,0.,B,YG3Gs
T2 Y2

V,

o

(2.15)

From equation (2.15) the center frequency @, and the bandwidth ®,/Q, are given by:

1
G,G, |2 1
w0, =(E?C_s) (alaZBZ'Y 172)2 (2.16)

12

0, _ ﬂ
0, (C) @

So, the sensitivities of @, and ®my/Q, to active components are

ser=Sn=Spr =Sy =5y =2
o @y [ oo W,
$57 = sk =5 =5 =52 =0

all of which are small.
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This filter has the following merits:

(1) There are no requirements for critical component matching conditions to

realize the five filter types.

(i1) Orthogonal adjustment of @, and ®,/Q, can be achieved via R3, Rs, C1 or
Rs.
(1ii) It has less number of active components.

(iv) The sensitivities of @, and ®,/Q, to passive and active components are

small.

(v) Very low output impedance which makes the voltage-mode circuit

cascadable.

(vi) It has a few number of floating elements (two resistors and one

capacitor).

To demonstrate the practical behavior of the proposed circuit relative to the theoretical
response, the circuit of Fig. 2.3 is examined as BR filter with R3=Rs=2KQ, R4=15KQ
and C;=C,=2nF and as LP filter with Ri= Rs=Rs=2KQ, and C;=Cy=2nF. The

experiment result obtained using the CFOA ADS844 and theoretical response are

shown in Fig. 2.5.
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Fig.2.5: Measured frequency response of :
(a) the BR filter

(b) the LP filter
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2.3.2 Universal Voltage-mode Single Input Multiple Output
Filter

Chang, Hwang and Tu have presented a voltage-mode universal filter in [11]. This

filter offers the following advantages:
(i) There are no requirements for component matching conditions.

(ii) Orthogonal control of @, and (@,/Q,) can be done easily. That is to say @,
and (@,/Q,) can be controlled independently.

(iii) All the used capacitors are grounded.

(iv) The sensitivities of @, and ©,/Q, to passive and active components are

small.

(v) Very low output impedance which makes the voltage-mode circuit
cascadable.

(vi) It realize three functions at the same time.

Despite these advantages, this filter has some disadvantages. It has floating resistors.
Though @, can be controlled without affecting ®,/Q,, it is controlled by a
capacitor.An extension work for this circuit is shown in Fig.2.6,where two more filters

are realized. The price paid for realizing more functions here is the increase in the

number of the active elements (CFOA).
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Fig. 2.6: Proposed universal voltage-mode filter (11I)
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A simple analysis for this circuit using the CFOA model of Fig.1.3 gives

Vi _ §*C,C,G,+G,G,G, 2.18)
V., §*CC,G,+sC,G,G,+G,G,G, )
Vor _ G,G,G,
V.,  §°C,C,G, +5C,G,G,+G,G,G, (2.19)
Vs —$G,G,C,
= 2.2
V., $§'CGC,G,+sC,G,G,+G,G,G, (2.20)
Vs - S2CIC2G3G2GS .21)
V, §’CC,G,+sC,G,G,+G,G,G, )
s*C,C,G, —&schst +GG,G,
Yos _ R, (2.22)

V, $°CC,G,+sC,G,G,+GG,G,

Where equations (2.18-22) represent the BR, LP, BP, HP and AP filters respectively.

Re should be equal to Ry to realize the AP filter.

The center frequency @, and the bandwidth ®,/Q, are given by

172
o, =| S5 (2.23)
C‘l C2

o, (Gsz)
= - (2.24)

0, \CG
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The sensitivities of @, and ®y/Q, to passive components are

S = S-S =-5%=1/2

®, ® ©y ,
Ser = 8% =-8% =-5§2 =
all of which are small.

Taking into account the voltage tracking error and the current tracking error the output

voltage can be given by:
—Ts_ ¢cc,6,+12%66,q,
Vol = Y alaZBIBZ 'Y alYl Y - (2.25)
3 s’G,C,C, +--25C,G,G, +—2-3G.G,G
aoy,BB, B C T ey,
The center frequency @, and the bandwidth wy/Q, are given by:
1
G,G, |2 1
‘”":(cfc:) (o,058,8, )2 (2.26)
o, (G,G, J(
= ——= alaZYlBl) (2.27)
0, (ClG.

So, the sensitivities of ®, and ®/Q, to active components are

SEr=58e=Sp =S =102

Qo 9 2 Qo
% _ % _ _ Q% _ _ QG _
Sal —S'Yl - Sﬂz - SBI =1

all of which are small.
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This filter has the same advantages and disadvantages of the universal filter in (11].
Fig 2.7 shows a comparison between the theoretical and the practical behaviors of the
filter of Fig 2.6. The experimental results were obtained using the CFOA AD844 with

R|=R»=R3=10KQ, C,=C;=1nF, Rs=5KQ, and Rs=R=4.6KQ.
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2.3.3. Universal Current-mode Multiple Inputs Single
Output Filter

There is a growing interest in designing analogue current-mode signal processing
circuits nowadays. In these circuits the current rather than the voltage is used as the
active variable either throughout the whole circuit or only in certain critical areas. The
use of current as the active parameter can result in circuits operating with higher
signal bandwidths, greater linearity and larger dynamic range than voltage mode

circuits.[16]

It is usual to realize a high-order filter by cascading the first-and second-order filters.
One of the obvious advantages of the current-mode approach is that it can easily
cascade the current- mode filters without additional matching circuits.There are many

circuits that can realize universal current-mode filter using VOA or current conveyor.

A new universal current-mode filter employing only two CFOA is shown in Fig 2.8.

Fig.2.9 shows how a current source can be generated from a voltage source.
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R, R
N
I

Fig.2.8: Proposed universal current -mode filter (I)

Vi e—+2-—1

Ii = Vi/ R

Fig.2.5. Voltage to current converter
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Using the CFOA model of Fig.1.3, routine analysis for Fig.2.8 yields

. L[$GCC, +5(G,G,C +G,GC)+G,GG,]-L[GGG,]+ L[sGGC +GGG,]
° s*(G,C,C)+s(GG.C, +GG,C, -GG,C,)+(GGG, -G,GG,)
(2.28)

Specializations of the numerator in equation (2.28) result in the following filter

functions.
For G2=2G4=2G;s
and GCs=C;
(i) Lowpass:
I, =I;=0, I; = input current signal.
(ii) Highpass:
-I; = I, =-1/2 I = input current signal
(iii) Bandpass:

I3 =1, = input current signal
(iv) Band reject:

-I; =I3 = I, = input current signal

(v) Allpass:

-I; = I = input current signal

But, it needs additional conditions:
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From equation (2.28) the center frequency @, and the bandwidth w,/Q, are given by

1?2
G,G,G, -G,G,G,
= 2.29
@, ( G,CC, (2.29)
®, G,G,C, +G,G,C, ~G,G,C,

(2.30)

g GGG,
From equatins (2.29) and (2.30) it is obvious that o, can be adjusted by changing R
without disturbing the parameter @, /Q,.

So, the sensitivities of @, and @, /Q, to passive components are

[} , ®, 1
SC: =SC| =_SG4 =—-2—
o 1 G.G
s =g =L1_GO 56 =3G.G 6—c3; G
Gg G, 2 G3G6 —G2G7 3¥e6 2Y7
$6 ____GGC+GGC
% 7 GG, +G,G,C,-G,G,C,
S% = GﬁG3q
% GG, + GGG -GGG
58 GGG,

» ~ G,G,C,+G,G,C,-G,G,C,

* G,G,C,-G,G,C,

S$2 -
%~ G,G,C +G,G,C,-G,G,C,

o5 -GGG,
¢ T G,GC +GG,C-GG,G,

S% - _G6G3Cl + G4G2C7
% G,G,C,+G,G,C,—G,G.C,
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For G; 2 4G,
and
G3Cs 2 2G,Cy

the sensitivities of @, and @, /Q, to passive components are small (< 1).

Taking into account the voltage tracking error and the current tracking error the output

current of equation (2.28) can be expressed by

I[s’GCC+s(GGC+GGG)+GGG] B -L[G,GG,}y ., - I[sG,G,C, +G,G,G,]
ll

2(6CC), [(6GC+GGG) (GGG Yy Bo 2)] |:(G:4G5G4)_(G4G2C1)('Yszaz)
roB,) 7,08, 7 v,,B Y, ]

L=

(2.31)

From equation (2.31) the center frequency @, and @, /Q, are given by

o ((036664)—(046267 )(aﬂ-z'YzBlﬂz)Jm 232

G,CC,

- (G3G6C, + GsG4C6)" (G4G2C7 Xalaz'y 2B1B2)
Qo G3C6Cl

(2.33)

So, the sensitivities of @, and ®,/Q, to active components are

S0 = S0 = §% = S = 52 __1 (GiG,G; v 10,7 ,B.B,)
l 2 (GBG6G4)"(G4GZG7 )(alaz'y 2B|B2)
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o, [} © , )

Sg = Su?zf - Si - Si — S;é - ~(G4G2G7)(ala2‘YZBlB2)
' : " l ’ (G3GGG4)_ (G4G2G7Xa|a27 23132)

For (G4G:G7) (0,0, 5B B, ) >> G3GsGa

the sensitivities of ®, and @, /Q, to active components are small

This filter has many advantages.
(i). Orthogonal adjustment of @, and @,/Q, can be done via C7 and R7.
(ii). It has a low number of active components.
(iii). All used capacitor are grounded.

(iv). It has a few number of floating elements.

However, the major disadvantage of this circuit is requiring matching conditions to

realize the different filter functions. Also it employs nine passive elements.

To verify the theoretical prediction of the proposed network, LP and BP filter
prototypes have been realized. The calculated and measured frequency response using

the CFOA AD844 of the LP and BP filters are shown in Fig.2.10.
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Fig.2.10: Comparisons between theoretical and experimental results for the BP and
LP filter

a)BP: R;=15009), R3=R4=Rs=1970Q, Rs=1964Q,R;=3000Q, C,;=Cg=InF,Cr=1.5nF
b)LP:R,=1968Q, R;=1970Q, R4=1967Q, Rs=1964Q,
R6=197OQ,R7=2493Q,C1=C6=1nF, C7=1.5nF
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As a further step to overcome some demerits of the previous circuit, a new circuit

shown in Fig.2.11 was designed.

Fig.2.11: Proposed current-mode universal filter (II)

Using the CFOA model of Fig.1.3, routine analysis yields

[ I,(s°GC,C, +5G,G:C; ) +L[G,G,G, | -1,[sG,G,C,]
° §$G,CC, +5G,G,C +G,G,C,)+G,G,G,

(2.34)



Specializations of the numerator in equation (2.34) result in the following filter

function:
(i) Lowpass:
I, = I;=0, I; = input current signal.

(ii) Highpass:

If G4= G

I = I = input current signal
I=0

(iii) Bandpass:

L=0L=0

I = input current signal

(iv) Band-notch:

If G4=G

I} =, = I3 = input current signal

(v) Allpass:

If Gs=G3=Gy4=Gy
Cr=6Cs
-I) = I, = I3 = input current signal

From equation (2.34) the center frequency @, and the bandwidth (@/Q,) are given by

2
o, =| GGG (2.35)
*~\ GCC

mL{QQQ+QQQ)

(2.36)
Qa G3 Cﬁ Cl
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So, the sensitivities of @, and (®,/Q,) for passive components are

Ser =S =S =S¢ =-SL=-SP =

S% = Sm_QQ = —S% = _SEQQ = GGG
G, G G G G2G4C6 +G 4G2C7

all of which are small.

Taking into account the voltage tracking error and the current tracking error equation

(2.34) reduces to:

2
, =’27152(s G5C1C6+SG4G5C6)+’3°‘1°‘2°‘371'32[G4G502]"’1°‘1°‘27152[‘6562%]

0o 2
s7G3CeCy +°(G3G4C6 +GG G 1“2“3'3253)+G4G267°‘ [%9%3B,B5
(2.37)

From equation (2.37) the center frequency @, and the bandwidth (@, /Q,) are given by

G,G,G, 1/2 1
W, = 'G—C'C— (ala2a3[32[33)2 (2.38)
3C6C1
o, G3G4C6+G4G2C7(a10c2a3[32[33) 239)
Q, G3C6C,
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So, the sensitivities of @, and @,/Q, to active components are

o ® (0] (0] © 1
S 0=§ 0=8 0=60=§ 0—=_

| Ry) ®q 2 3 2

(O @ (O3 o, w,
S Qo —_ S Qo —_ S Qo —_ S Qo - S Qo - G4GZC7(ala2a3ﬁzB3)

op “Cay ey TRy T By GyGG+G,G)Chloqe,a48,8,)
all of which are small.

This circuit has the same advantages of the previous one. In addition, it has low
sensitivities to passive and active components and less number of passive elements.

Moreover, this circuit requires simpler matching conditions than the previous one.

Despite of the advantages of this circuits, the main drawback is using three CFOA

rather than the two CFOAs used in the previous circuit.

To verify the theoretical analysis, the proposed universal filter of Fig.2.11 was
implemented using a commercial CFOA AD844. Fig.2.12 shows comparison between

the experimental and theoretical results.
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Fig.2.12:Comparison between the theoretical and experimental results for the BP and

LP filters

a)BP: R2= R4=10k£2, R3=2kQ, R5=3kQ,R7=2509,C/=611F, and C6=C7=111F
b)LP: R3= Ry=10kS), Rs=3kQ, R,= R;=1800%, and C;= Ce=Cy=3nF
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In conclusion, we have seen in this chapter that in some cases the experimental results
deviate from the theoretical response. For example, for the BP of Fig.2.2 calculated o,
is equal to 16.5 x 10* rad and the measured @ is equal to 17.59 x 10° rad thus the
error is equal to 6.4%. Also for the BR of Fig.2.4 the calculated  is equal to 24.1 x
10* rad and the measured @, is equal to 24.99 x 10* rad, thus the error is equal to
3.6%. For the BP of Fig.2.8 the calculated @, is equal to 18.8 x 10* rad and the
measuured @, is equal to 20.2 x 10* rad thus the error is equal to 7.2%. So, it is
conjectured that, the nonideality of the CFOA is the main source for this deviation. To

investigate this conjecture, the effect of the CFOA nonidealities will be discussed in

chapter 4.
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Chapter 3

Oscillators and Signal Generators

3.1 Introduction

Signals having standard waveforms are used extensively in designing and testing
electronic systems. There are three basic waveforms: the sinusoidal, square wave and
the ramp. Signal generator circuits built around the VOA have been used for a long
time_. But, due to its better performance , compared to the VOA, the CFOA has been
found to be useful in various applications[1]. In this chapter the design of new CFOA

based signal generators will be investigated.

New CFOA based sinusoidal oscillator circuits are presented in Sec.3.3 and in Sec.3.4

a new signal generator circuit using the CFOA is presented.
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3.2 How to evaluate an oscillator?

There are many points to be taken in consideration to evaluate an oscillator.

i) In order to control frequency of oscillation (®,) and condition of oscillation (C.O.)

independently, there should be at least one term not common for both ®, and C.O.

ii) All capacitors should be grounded and minimum number of resistor’s should be

floating.

jii) It will be a great advantage for the oscillator if , especially and the C.O. can be
controlled via grounded resistors. This situation will help to build a programmable

oscillator by replacing these resistors by programmable resistors, for example a JFET

transistor.

iv) The oscillator has high efficiency from economic point of view (in terms of area
and power consumption) if it has minimum numbers of active and passive

components.

v) The sensitivity of the frequency of oscillation (@) to passive and active

components should be as low as possible and it shouldn’t exceed 1.
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3.3 Sinusoidal Oscillators

Several sinusoidal oscillator circuits using CFOA have been developed recently. Shen,
Chung and Dong have reported sinusoidal oscillators in [13]. The oscillation
frequency and the condition of oscillation of the proposed sinusoidal oscillators can be
controlled by a resistor or capacitor independently. In addition the oscillation
frequency of one of the proposed sinusoidal oscillators is insensitive to the input and
output voltage tracking errors of the CFOA. Moreover, one of the proposed oscillators
uses grounded capacitors. Passive and active sensitivities are all low for these
oscillators. In [14] three new sinusoidal oscillators using the current feedback
amplifier pole are presented. Two of the proposed sinusoidal oscillators consist of
CFOAs and resistors without external capacitors. Their oscillation condition and
frequency can be independently controlled by two resistors. The third proposed
oscillator uses the CFOA pole and one capacitor. But its oscillation frequency can not
be independently controlled. Celma, Pedro and Carlosena proposed a new sinusoidal
oscillator using the CFOA in [9]. This circuit enjoys independent control of the
frequency of oscillation and the condition of oscillation. Unfortunately, this circuit has

a floating capacitor. Also, this circuit requires matching conditions to oscillate.
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3.3.1 Sinusoidal Oscillator Exploiting the Pole of the CFOA

The circuits proposed in this section exploit the internal pole of the CFOA to
advantage. One of the main advantages of using CFOA’s pole in designing oscillators

is to reduce the requirement for physical capacitances.

A new oscillator structure using the CFOAs pole is shown in Fig.3.1{17]. The
equivalent circuit of this oscillator structure is shown in Fig.3.2 where the dotted box
represents a simplified equivalent circuit for the CFOA [20]. In this equivalent circuit
r; and r, represent the output resistances of the unity-gain buffers A; and A,
respectively, Cr is the internally-connected compensation capacitor {18] and Ry is the
internal resistance of the gain node [19]. Assuming ideal CFOA with r; = 1, = 0,
routine analysis yields the characteristic equation of the circuit of Fig.3.1 which can be

expressed as

Y, +Y, = A(s\¥Y, - 1,Y,) 3.1

In (3.1), A(s) is the transimpedance of the CFOA and can be expressed as

A(s) = :;";' (3.2)
1
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where A, is the zero-frequency transimpedance and @, =1/R,C, is the pole of the

transimpedance-frequency characteristic. Combining (3.1) and (3.2) the characteristic

equation becomes

(s+ml)(Y;+Y4)=Aoml(YlY4-Y2Y3) (3.3)

Using (3.3), several oscillator circuits can be derived. In deriving these oscillator
circuits it must be noted that pure capacitive feedback between the output and the
inverting input of the CFOA is not allowed [2]. Thus a resistive feedback path must
also exist in order to ensure predictable operation of the oscillator circuit. Five
possible oscillator circuits are shown in Fig.3.3. The frequency and the condition of
oscillation of these five circuits are shown in Table 3.1. From Table 3.1 one can see
that the frequency of oscillation of the circuit of Fig. 3.3(c) can be adjusted by tuning
the capacitor C, without disturbing the condition of oscillation while the condition of
oscillation can be adjusted by tuning the resistor R, without disturbing the frequency
of oscillation. From Table 3.1 one can also see that the frequency of oscillation of the
circuit of Fig.3.3(d) and 3.3(e) can be adjusted by tuning the resistor R, without
disturbing the condition of oscillation, while the condition of oscillation can be
adjusted by tuning the capacitor R; without disturbing the frequency of oscillation.
Thus the circuits of Fig.3.3(c),(d) and (e) enjoy the attractive feature of independent
control of the frequency and the condition of oscillation. From Table 3.1 one can also

see that the frequencies of oscillation of the circuits of Fig.3.3(a) and (b) can not be
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adjusted without disturbing the conditions of oscillation. These circuits are, therefore,
suitable for realizing single frequency oscillators. It is also interesting to note that the

circuit of Fig.3.3(a) uses grounded capacitors. This is an attractive feature for

integration.

Finally, the sensitivity of the frequency of oscillation (@,) to the passive elements of

the circuits of Table I is < (1/2).

Thus the proposed circuits enjoy low passive sensitivities.

Taking into account the voltage and current tracking errors , Table 3.2 shows the

frequency of oscillation and its sensitivities to active elements for the circuits of

Fig.3.3.

Experimental Results

The proposed circuits of Fig.3.3 were experimentally tested using the AD844 CFOA.
A sample of the results obtained is shown in Fig.3.4. Frequencies of oscillation up to
27.5 MHz with a peak-to-peak voltage of 2-9 V were successfully obtained with a dc
supply voltage of =*15V. Fig.3.5 shows comparison between the theoretical and

experimental behavior for the circuits of Fig.3.3(d) and (e).



Table 3.1 Frequency and condition of oscillation of the Circuits of Fig.3.4.
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Circuit Frequency of Condition of oscillation Control
Oscillation @, Element
of ®,
a wI(RZ(R3+R4)+AoR4) Aoml(.c_l_gl)= lC3+ 1 +_!.. )
C3R2 R3R4 4 2 R3 R4
b -
O 144 ) | a0 l[S-Sloo,(c+c)r—
(¢;+COR, R, R, R, R,
c 0, AD(CR,—CR,)=R(1+®CR,). G
C;R,(1+ A,0,C,)
d o (| A Am(CR—C,R)=R(1+0CR,) R,
C,R, R,
e R
Il P A0, S =0,C, +— :
C.R, R, R, 3
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Table 3.2 Frequency of oscillation and its sensitivities to active elements

Circuit | Frequency of Oscillation a,> | Sensitivity of @, to active elements

a0 + R 0, + A0 3 + R, — PR %= Aoy (R + R~ BR)
a Ry(R; + R Jo 2}:’1’;"(“ *+R - BR;) =S e R A (R A5
OeyBR,
5= ;R,(R,+R,)(O.4A'.A.ﬂ’|‘!'((ks+kn'ﬁks)
b ©, 1+’¥(1A0 S:;;:S;"o___la'_yAﬂi_
R, ( C.+ C3) R, 21+0yA G,
5% =0
c ®,(1+av4,G,(1~B)) sor = -f LGP )onc)
R.C,(1+0yA,®,C,) i
g% = _ 1 oayBAG,
B 21+ayA,G,(1-B )
d o,(1+ay4,G,) 5% = 5% = ; “”"'(‘f:;‘;’gl' B))
RiC,(1+0ayA,®,C, (1~ B)) 2
mo - 1 a’YﬁAnmlCZ

B 21+0yAmC,(1-B)

€ ()] 1 (]. + (X’YA‘,GZ) Smo - Su)o — l aYAoGz
R,C, @ v 21+0yA G,
S0 =0

In general all the sensitivities of @, to active elements of all the circuits are low except
for some cases. This problem can be solved by proper selection of passive element’s

value, for example, for circuit (a) , low Sg" sensitivity can be realized if Ry >>R;.
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of] v "

Fig.3.1 Proposed Oscillator structure

Fig.3.2 Equivalent Circuit of the Oscillator structure of Fig.3.1. The circuit inside the
dotted box is a simplified equivalent circuit for the CFOA
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A R, | R
4 ¢ = 2
RS G & L, <R
< c. 3 1
- e = @ = o = (b)
C
R 4
\ Rs I
+
+
CFOA CFOA
R, “C2
N\, 11
11 A I
— C,—T '
Cs t c, R R,e R,
i Ce
i
+
CFOA

R, ])' f R,
— (e)

Fig.3.3 Five Oscillator Circuits derived from Fig.3.1.
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Fig.3.4 Variation of the frequency of oscillation of
() . Fig.3.3(a) with resistance Rq. C; = 26.5 pF, C3 = 4.7 pF, R; = R3 = 100Q
(b). Fig.3.3(b) with resistance R,. C3 = 11 pF, C4 = 22 pF, R; = 141.2Q, R3 = 72.7Q
(¢) Fig.3.3(d) with resistance Ry. C; = 4.7 pF, C4 = 22 pF, R3 = 97Q, R, = 98Q

(d). Fig.3.3(e) with resistance R;. C4 = 22 pF, R, = 170.6Q, R3; =87.8Q
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Fig.3.5 Comparisons between theoretical and experimental results
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b) for Fig.3.3(e)
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Although some of the five oscillator circuits of Fig.3.3 enjoy independent control of
the frequency of oscillation and the condition of oscillation and some of them enjoy
grounded capacitors, none of them enjoys the two features. So, our objective next is to

find oscillator circuits that enjoy the two features simultaneously.

New sinusoidal oscillator circuits enjoying the above mentioned two features are
shown in Figs. 3.6 and 3.7. A simple analysis of the circuit of Fig.3.6 gives the

following characteristic equation

(sCr +G; )G, + G, + G, )(sC, + G;)+(sC; + G, )G,G; =

(34)
G;G,(sC, +G,)—G;G,(sC; +G;)
Where s C; + G is the internal pole of the CFOA, as shown in Fig.3.2. Using the

Barkhausen principle,by equating the real and imaginary parts to zero , the condition

and frequency of oscillation of the circuit of Fig 3.6 can be expressed by
(G;C, +G,C;)(G, + G, +G;)+G,G,C; =G,G,C,-G,G,C, (3.5

and

1

o [5G (G, +G, +G,)+G,G,G, +G,G,G, -G,G,G, ) 6
o (G, +G, +G,)C,C, :
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Fig.3.6: Proposed sinusoidal oscillator with single resistor control and all capacitor

grounded (II).

From equation (3.6) one can see that the oscillation frequency can be controlled
independently by the grounded resistor R;. While the oscillation condition can be
independently adjusted by the grounded capacitor C,. The passive sensitivities of this

circuit can be obtained as

Sw" =-l——GBGI(G2+GS)' S“’o = lGﬂ(GT _Gl)(GZ +G5)
G, 2 Al » 9gG, 5 A\
Soe = l_(G“GT +GiG, —GJGI)GS
G =5 A
S% - __1__(G4GT +G,G; -G,G, )G,
G,

2 A

guo — 1 G4(GT(G2 +G5)+GSG3). SY = _
G, _2 Al o 2
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where A, =(G,G; +G,G; —G,G, (G, +G;)+G,G,G,

To have low sensitivities (<0.5) it is required that G3G, >> G4G».

Taking into account the voltage tracking error and the current tracking error the

frequency of oscillation of equation (3.6) becomes

1
o =[Ger(Gz +G,+ Gs)+ (Gs + Gz)GrG4 -BG,G,G, —aYﬁGsGA(Gl + Gz)'*‘aYGst(G4 + Gs)]i
’ CG(G+G,+G,)

3.7

So, the sensitivities of @, to active components are

§%% = g% — 1 a'YGs(G2(G4 +GJ)_ BG4(G| + Gz))
* T2 Grca(Gz + G4+Gs)+(Gs+Gz)GrGa - BGTG4Gz+°‘YGs(Gz(G4+Gs)_ BGd(GI +Gz))

§Y0 = 1 B (G,.G,,G2 +0yG,G,(G, +G, ))
* = 726,6,(G,+G,+G,)+(G, +G,)G,G, - BG,G,G, +01G,(G,(G, + G,)- BG,(G,+ G,))

To have low sensitivities (< 1/2) GZ(G4 +G, ) should be 2 264(Gl +G, )



Fig.3.7(a) shows another sinusoidal oscillator structure with single element control
using a CFOA. Routine analysis using the CFOA model of Fig 1.3 yields the

characteristic equation which can be expressed by

(B4 -7, (5, + Nt + 1) = ¥s7, Y, (3.8)
where Ya=$ C; +G; is the internal pole of the CFOA. If the admittance are Y; = SC
+ Gy, Y2 = Gy, Y3 = Gs, Ys = SCa+Gy, and Ys= Gs, a sinusoidal oscillator, shown in
Fig.3.8(b), can be obtained with
(G,C,—G;C,—G,C; ~G,Cr )G, +Gs)=GG,C,
Its oscillation frequency is
1
(GG +G367 - GG, (G, +Gs )+ G566, |2

® = 57472 39)

0 (G2 + GS)C c

T4
and the condition of oscillation is given by

(G,+G,)G,G{(G,+G;)G,(G,+G,)+GG,G,  (3.10)
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L=31
A\
(Ei-FOA Vx Vo
5
2 '
Y2 |

Fig.3.7(a) Proposed Oscillator Structure (1I1)

N
A" \V

+ X R

CFOA /\, > < Vo

C R, R

/\/2

|
/\/

1 = SRI

Fig.3.7(b). Sinusoidal oscillator circuit derived from Fig.3.7(a)
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The oscillation frequency can be controlled independently by the ground resistor R;,
while the condition of oscillation can be controlled independently by the grounded

capacitor C;. The passive sensitivities of this circuit can be obtained as

1G,G, +G,G, -G,G,)G,
2 A,

“)ﬂ — mﬂ P

o] G:G(G, +G;)+GG.G,
%" 2 G,G,(G,+G;)+G;G,G,+G,(G, + G, )G, -G,)

1 (G3GT - G3G1 )(Gz'*'Gs )

5S¢ =3 A
1
o, _ 1=G\G; (G+G;)
Se =3 A
1
1
S0 = _—
G, )

Where
A= (G4GT +G,G; - G,G, )(Gz +G; ) +G,G,G,
To have low sensitivities (<0.5)

G,G,(G,+G5). should be >> G,G,G,

Taking into account the voltage tracking error and current tracking error the frequency of

oscillation can be expressed by

o? = oG, G (G, + G, )—-BG,G;G; —ayBG,G;(G; + G, )+ G, (G, + G, Gs + G,)
’ C.C,(G; +G,)

(3.11)



So, the sensitivities of m, to active elements are

g0 g0 L oy (G,Gy(G, + G,) - BG,G,G;~ BG.G,(G; + G,))
} T 20y [Gst(Gs + G4) -BG,G,Gs— BGxGa(Gs + Gz)]'*‘ GT(Gs + G4)(Gs + Gz)
goo oL o8 (G,G,G,+GG,(G,+G,))

b2 oy [Gst(Gs + G4) -BG,GG;— BGle(Gs + Gz)]"' Gr(Gs +G; )(Gs + Gz)

To have low sensitivities G2G4Gs should be 2 G2G;3Gs + 2GG3(Gs+G»)
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Both circuits of Figs.3.6 and 3.7(b) have advantages over the previous circuits. All the

used capacitors are grounded. Also they enjoy independent control of the frequency of

oscillation and the condition of oscillation. The control element of the frequency of

oscillation is a grounded resistor.

To verify the theorectical prediction of the proposed circuits, the circuit of Fig.3.6 was

examined using the CFOA AD844 with R; = 377, R; = 48Q, R4 = 107, Rs = 22Q, C;

=26.7 pF and C; = 11 pF. The experimental result and theoretical reponse are shown in

Fig.3.8. Also th ecircuit of Fig.3.7(b) is examined using the CFOA AD844 with Ro= 49Q,

R; = 481Q, Ry = 155.1Q, Rs = 139.6Q, C; = 26.7 pF and C;3 = 11 pF. The experimental

and theoretical response are shown in Fig.3.9.
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In conclusion, seven new RC oscillator circuits have been presented in this section. Three
of the proposed circuits ( Figs 3.3(c), (d) and (e) ) enjoy independent control of the
frequency of oscillation and the condition of oscillation and, therefore, can be used for
realizing single-element controlled oscillators. Also two of the propsed circuits ( Figs 3.6
and 3.7(b) ) enjoy independent control of the frequency of oscillation and the condition of
oscillation and uses grounded capacitors. Using commercially available CFOA oscillation

frequencies up to 27.5 MHz were successfully obtained.
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3.3.2 Sinusoidal Oscillator Based on Ideal CFOA

The CFOA-based oscillator circuits in this section are designed assuming that the CFOA

does not have a pole.

A new configuration for realizing sinusoidal oscillator is shown in Fig.3.10. Its

characteristic can be expressed by
LYY, =LLY, + LYY, + 2K LY, (3.12)
If the admittance are Y] = G], Yz = SCz, Y3 = G3, Y4 = SC4 and Y5 = Gs, a sinusoidal

oscillator, shown in Fig.3.11, can be obtained with C2Gs = C4Gs. Its oscillation frequency

is independently controlled by grounded resistor Ry and can be given by

12
o, =| 5% (3.13)
2C,C,



Fig.3.10: Configuration for synthesizing sinusoidal oscillators using a CFOA (IV)

Fig.3.11: Proposed sinusoidal oscillator drived from Fig.3.10.
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The passive sensitivities of this sinusoidal oscillator can be obtained as

1

0, _ QO _ _Qb, _ _ g0, _ 2
SGI - SGs - SC: - SCz -

The calculated passive sensitivities are all low.
The remaining oscillators derived from Fig.3.10 are summarized in Table 3.3.

Taking into account the voltage tracking error and current tracking error of the CFOA, the

frequency of oscillation can be expressed by

o] —

_|_ GG
@ '[ C,C.+a) (3.14)

So, the sensitivities of w, to active components are

Wy _]'__(_x_
So” = 21+0
S;""=S;"’=O

all of which are small.

Table 3.3 Remaining Sinusoidal Oscillators derived from Fig.3.10.

Admittance Frequency Condition of Oscillation
Y1|{Y2| Y3| Y4 Y5 Oscillation
(@)
SC||G, |G; |SC, +G, | G; 2G,G, G,G.C, = G,(G,C,+G,C,+2G,C,).
C,C,
SC,\|G, |G; | G, SC,+G; | _2GG,G, G,G; = G,(G, +G;)
(6,-6G,)cc G,)G,
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Although one of the three oscillator circuits enjoys independent control of the frequency
of oscillation and the condition of oscillation and one uses grounded capacitors, none of

them enjoys the two features simultaneously. So, our objective next is to find an oscillator

circuit that enjoys the two features.

A new sinusoidal oscillator configuration using a CFOA is shown in Fig.3.12. Its

characteristic equation can be expressed by
Y(Y%+%)=1¥, (3.15)

Two new oscillator circuits can be driven from this configuration by proper selection for
the components Y; , Y, Y; and Y4;. One of them enjoys the tow features. If the
admittances are Y; = SC; + Gy, Y2=8SC,, Y3 = G; and Yy = SC4 +G4 the first sinusoidal
oscillator, shown in Fig.3.13, can be obtained with G,C, + G,C, =G,C,. Its oscillation

frequency is

/2

G,G

o, =| ——2—=| for C,)C (3.16)
clc-c)

The oscillation condition can be independently adjusted by the grounded resistor R;. The
oscillation frequency can be independently controlled by the grounded capacitor C;. The

passive sensitivities of this sinusoidal oscillator can be obtained as
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1
Sg:=S:;): =__Su),__l’ Sg,______cl__ so) 1 C4

a7y 2C,-G"% 2¢,-G
The calculated passive sensitivities are all low except for C; and C; where the

sensitivities can reach high value. To avoid high sensitivities 2C; should be < C.

Taking into account the voltage tracking error and current tracking error of the CFOA the

frequency of oscillation can be expressed by

2= G3G4
cle _GB

2| 4

oy

3.17)

So, the sensitivities of @, to the active components are

BG

S% = 6% = §% —  ——
* P 2ayC, - BCI

Y

To have low sensitivities oiyCy should be = 28C;.
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Fig.3.12: Configuration for synthesizing sinusoidal oscillators using a CFOA (V)

Fig.3.14 shows another sinusoidal oscillator derived from Fig.3.12. Routine analysis

using the CFOA model of Fig.1.3 yields the following condition of oscillation
G,C,+G,C,=G,C, (3.18)

and the following oscillation frequency

9] -

G,-G
0, = i‘——'—) for G; < G4 (3.19)
C,C,
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From equations (3.18) and (3.19) one can see that the frequency of oscillation can be
adjusted by changing the grounded resistor R; without disturbing the condition of
oscillation which can be adjusted by changing a grounded capacitor C; without disturbing

the frequency of oscillation

The passive sensitivities of this oscillator can be obtained as

1 GG, o, 1 GG,

EG:(G4—G|)- T =_§ Gz(G4_G|)-

1
Do — _C% . __ QW _ B
SGZ - SC; - SC4 T SG‘ -

2

To have low sensitivities G4 should be > 2G;.

Taking into account the voltage tracking error and current tracking error the frequency of

oscillation can be expressed by

1
G 2

(g5
oy

o0 =f— 3.20
, cc. (3.20)

So, the sensitivities of @, to the active components are

@ . Co — ___§4_
Sa* =57 = 2 G, -G,

Sp =0
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To have low sensitivities G4 should be 2 2G;.

This oscillator can generate low oscillation frequency without using large-valued

capacitors, whereas high frequency without low-valued capacitors can be generated by the

circuit of Fig.3.13.

To verify the theoretical analysis, the proposed oscillators of Fig.3.11 and Fig.3.14 were
implemented using a commercial CFOA (AD844). Fig.3.15 shows the experimental
results obtained from the sinusoidal oscillator of Fig.3.11 with C4 = C; = 200 pF, Rs =
521 Q and R;3 = 644 Q. Fig.3.16 shows the experimental results obtained from the
sinusoidal oscillator of Fig.3.14 with C, = 150 pF, C3 = 200 pF, C4 = 100 pF, R, =295 Q,

Ry = 1436 Q.
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Ca
I
+ vV,
R, ——o0
< P
C,
R, e ¢, @ R,

Fig.3.13: Proposed sinusoidal oscillator derived from Fig.3.12.

Fig.3.14: Proposed sinusoidal oscillator with single resistor control and all capacitors

grounded
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In conclusion, five new RC oscillator circuits have been presented in this section using
the ideal CFOA. Two of them enjoy independent contro! of the frequency of oscillation
and condition of oscillation. And one of them enjoys independent control-of the frequency

of oscillation and condition of oscillation and uses grounded capacitors.
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3.4 Square,Triangular and Ramp Waveforms Generator

In the design of electronic system the need frequently arises for signals having standard
waveforms, for example, square, triangular, pulse and so on. Circuits that generate these
waveforms are called nonlinear oscillators or signal generators. There are many circuits
that realize square, triangular and pulse waveforms using VOA or transconductance
amplifier. In order to get benefit of the good performance of the CFOA new signal

generator using the CFOA are presented in this section.

To the best of my knowledge such research has not been published in the open literature.
Fig 3.17 shows a new signal generator where a triangular waveform is generated at point
A and square waveform is generated at point B. The triangular waveform is generated by

linear charging and discharging the capacitor C,.
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Vdd

Fig.3.17: Proposed signal waveform generator

Circuit description

To see how this circuit operates assume that initially V, is equal to zero volt, transistor
Q, is off so Vy is equal to the control voltage V¢ . Assume also that Vp, is less than Ve
and greater than V4. From the above conditions the outputs of the comparators | and 2

are low level, for example zero. And since I3 is given by
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(3.21)

then with Vg = Ve we get I3 =0.

The capacitor C; will start changing from zero volt linearly by a constant current I, which

is given by
\Y
I, =1, =R—‘~: (3.22)

Thus the voltage V, is

1
V,=V, = EJ Ldt (3.23)
or
\/
v, =Dt_ Vet (3.24)
Cl RICI

when Vj reaches, and begins to exceed, Vpmax the output of comparator 1 goes high,
turning on transistor Q. Transistor Q, will be saturated, and thus Vg will be close to 0 vV,
resulting in high level at the output of comparator 2. From equation (3.21) 1 is equal to

2V,

C

- Thus C, begins to discharge by I1-I,. The voltage V, decreases linearly toward 0
1

V. When V, reaches Vi, the output of comparator 1 goes low. Since the output of
comparator2 is high, the transistor Q; will not change its state. The voltage V4 continues
in decreasing until it reaches Vp. At this instant of time, the transistor Q, is turned off.

The voltage Vg goes high, resulting in I; = 0 and the cycle continues producing triangular

waveform at the output V.
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From the above description we can also see that the transistor Q oscillates between on
and off states producing a square waveform at the output V.. The frequency of
oscillation can be determined as follows. Reference to Fig.3.18 indicates that during the
.charging time V, rises from Vcga t0 Vipax. Substituting Vo, = Vo in equation (3.24)

result in

(3.25)

max

Vo J|-f--ca N N _ 4 _____
CEsat ! -t
V°2 A Tch
VC
VCEsat —— - - - - -

Fig.3.18:The outputs waveforms of the proposed circuir
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Since the capacitor C; is charged and discharged by an equal amount of current, charging

dnd-discharging:time=is’equal. The period T of the outputs square and triangular waves -~ - .~ -

can be expressed as

2
T =————V'“‘“R'C' (3.26)
VC
and the frequency fis
f= l = _VC__._ 327D
T 2V_,R/C

The ramp waveform is a special case of the triangular waveform where the discharging
time is very small compared to the charging time. To generate a ramp signal from the

proposed circuit the discharging time should be minimized. This can be done easily by

increasing Is.

This circuit has many advantages. Equation (3.27) indicates that the frequency can be
controlled via R, C;, V¢ or Vinax. In fact, the amplitude of the square waveform can be
controlled via V¢ also. By changing Vma.x We can control the amplitude of the triangular
waveform. Also the duty cycle of the output signals can be controlled by R,. In contrast
with the 555 timer-based square-wave generators where only square waveform is

generated, the proposed circuit can generate three different waveforms.
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To demonstrate the practical behavior of the proposed circuit, the circuit of Fig.3.17 was
tested using the CFOA AD844 with R} =2R; =30 kQ R3 =5 kQ and C;=1nf. The

experimental result and theoretical response-are shown-in-¥ig.3.19.

55

a5 | A

30 + ® exp

25 + A theor
20 +

15 ¢+
10 +

Freq {(Khz)

15 2 25 3 3.5 4 4.5 5 55
Ve(v)

Fig.3.19Comparisons between theoretical and experimental results of Fig.3.17
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The schmitt trigger is a circuit used to obtain a free-running square-wave generator. It is
used extensively in both analog and digital areas. For a long time, VOA has been used to

- realize the schmitt trigger circuit. Recently, a: schmitt-trigger-circuit-using the current

conveyor is presented in [21].

A CFOA-based schmitt trigger is shown in Fig.3.20 where r; represents the output
resistance of the input buffer. In fact, this circuit will operate only in two stable states. To
see how bistability is obtained, consider the case when the output voltage decreases. The
decrease in the output voltage will cause a decrease in the V, and consequently an
increase in Iy. Since I, is proportional to I, I, will increase by the same amount as I,
resulting in an increase in V,. From the above and since the output voltage of the CFOA

is limited by the power supply ,the output voltage of this circuit will be either equal to

Van or V.

A square waveform can be generated by connecting the bistable circuit with an RC circuit
in a feedback loop as shown in Fig.3.21. To see how this circuit operates assume that
initially V, in one of the two possible levels, say Vg, ,and thus Vy = Vg R /(R1+R)).
The capacitor will start charging from zero volt linearly towards V,-I)R, by a constant
current I; which is given by

I=Vau/Rs (3.28)
Thus the voltage V. is

Vc="1‘j11dt=£= VsatH t
C C CR,

(3.29)
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The output voltage will remain in the positive level Vg until V4 reaches Vy, and begins
to exceed it, I; direction will be reversed and thus the output voltage V, goes negative to
Vs The voltage. divider in turn causes V, to go negative and the capacitor C starts
discharging towards V,+I;R;3 by a constant current I, which is given by

Ii= Vo / R3 (3.30)
The output voltage will remain in the negative level until V, goes negative to the point
that it equals Vy= Vg Ry /(R)4+R)). As Vu goes below this value, I, direction will be

reversed and thus the output voltage goes positive Vg and the cycle repeats it self.
From equations (3.28 ) and (3.30) one can see that for equal magnitude of the positive
level Vgm and the negative level Vg the capacitor C will charge and discharge by an

equal amount of current and thus equal charging and discharging time.

The maximum value can V. reach is given by

R__R

-—‘) (3.31)

Verw = VSatH
Rl R2 R3

The time needed for the capacitor voltage V,to reach the maximum value is given by

t=CR, R _R (3.32)
Rl RZ R3
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Thus the period T of the output square wave can be expressed by

T =2CR, R _R, (3.33)
RR, R,

and the frequency f is given by

f= Rl = (3.34)
2CR,| —--—=
RR, R,

To demonstrate the practical behavior of the proposed circuit, the circuit of Fig.3.21 was
tested using the CFOA AD844. The experimental results and theoretical response are

shown in Fig.3.22.



I'x

_/\/_/
v

Fig.3.20:Schmirt trigger with a CFOA

R2

Fig.3.21: Proposed square waveform generator

90
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Fig.3.22Comparisons between theoretical and experimental results of Fig.3.21
a) Rj= 27692 , R,=3120L2 and R3=1017Q2

b) Ri=276Q2 , R»=3120Q and C=.5uf
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In this chapter we have seen that some of the experimental results deviate from the
theoretical responses. For example, for the oscillator circuit of Fig.3.3(d) the calculated
o), is equal to 13.8 x 10 rad and the measured 0)015 equal to 22.4 x 10 (see Fig.3.5 ) rad
thus the error is equal to 83%. Also for, the oscillator of Fig.3.14, the calculated w, is
equal to 9.98 x 10° rad and the measured @, is equal to 6.98 x 10° rad thus the error is
equal to 30%.For the oscillator of Fig.3.11 the calculated @, is equal to 2.76 x 10° rad and
the measured @, is equal to 2.42 x 10° rad thus the error is equal to 12.5%. It is
conjectored that, the nonideality of the CFOA is the main source for this deviation. To

investigate this conjecture, the nonideality effect of the CFOA will be discussed in

chapter 4.



Chapter 4

Effect of CFOA Non-idealities

4.1 Introduction

Universal active filters and oscillators circuits were proposed in the last two chapters.
It could be noticed that all these circuits required at least one active element (CFOA).
in addition to four or more passive components. In addition, all the circuits were
analysed assuming the active devices as ideal except for the analysis considering the
current and voltage tracking errors. In this chapter we will study indepth the effect of
non-idealities due to the current and voltage tracking errors, finite input /output
impedance of the input and output buffers, finite pole of the input and output buffers

and finite gains pole on the operation and performance of these proposed circuits.

To study the non-ideality affect on the proposed circuits three non-ideal models for
the CFOA (AD844) are used here. The first non-ideal model is Svoboda model [22]. It

is a simple model, as shown in Fig.4.1, that includes input and output impedances and
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a gain having one pole . The second non-ideal model (Bruun model) is shown in Fig.
4.2 [18]. This model takes into consideration the effects of the gain’s pole and the
input stages capacitances. The third one is the modified Bruun model where the effect
of the output stages capacitances is taken in consideration as well. Fig.4.3 shows the
third model. This model gave good result at high frequency. Although analysing these
circuits using non-ideal model is a very tedious procedure, we will use the first model
to analyse one or more of the circuits proposed in chapter 2 and 3. The rest will be

analysed using Spice program.

. C
" At (v

Yo

+
R $V:y

y

Rx=50Q,Ry=10MQ, Rz =3 MQ, Cz=4.5pF

Fig.4.1: Svoboda model of non-ideal CFOA (AD844) [22]
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Fig.4.2: Bruun-model of non-ideal CFOA (AD844) [18]
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Fig.4.3: Modified Bruun-model of non-ideal CFOA (AD844)
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4.2 Effect of the non-idealities on the active filter circuits

Consider, for example, the active filter circuit of Fig.2.1 discussed in chapter 2 and
redrawn in Fig. 4.4. Fig.4.5 shows equivalent circuit of the active filter of Fig.4.4

using Svoboda-model.

Rs

V. MW

T \ v.
G = CFOA ~ * v,
S Va { R C:f o2
- G I Vi O—IV VL——-L =——C,
=_-cC,

Fig.4.4: The proposed universal voltage-mode filter of Fig.2.1
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Analysing the circuit shown in Fig.4.5, yields ,(for more detail see Appendix A)

_TLTLV,+T,V, + TV,
T,TT, + T,

@4.1)

]

where
T, =—Rys(C, +C;)-R,G,
T, =sC, +G, +G, +G,
- Ge
* sC, +Gq
T, =sC, +G, +G;
T, =_ﬁ__
1+R,sC,
Te =Rys(C, +C,)+R,G,
s(C, +C,)+G
T, = (€. +C.)+G, +Rys(C, +C,)
sC, +Gg
and

Further simplification yields

~G4(G, +5C, + Rys*C,C3 Vs +(5G5C; + GG, V, —(s°C,C, +sC,C, )V,
s*C,C, + G,G, +sG,C,

4.2)
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The effect of the nonideality can be seen by comparing equation (4.2) with Equation
(2.6). It can be noticed that the nonideality introduces new terms (sC3 and s’R,C 1C3)
in numerator of equation (4.2). Figs. 4.6 and 4.7 show comparisons between the
experimental results and the calculated values using ideal, Svoboda and Bruun models

for the active filter circuits of Figs.2.1 and 2.7 respectively.
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Fig.4.6: Comparison between experimental and calculated results for the BP and HP

filters of the universal active filter shown in Fig.4.4.
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Fig.4.7: Comparison between experimental and calculated resulis for the BP filter of

the universal filter shown in Fig.2.7.
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Consider, for example, the active filter circuit of Fig.2.4 discussed in chapter 2 and
redrawn in Fig.4.8 to investigate the effect of the voltage and the current tracking
errors in more detailed manner. Fig.4.9 shows the equivalent circuits of this filter

using Svoboda model where 0,0, B1,B2,B3 represent the current and voltage tracking

errors.

R;s

b Y ::FOA Vo
1

‘ 2

| Icn sl

Vlo-———

-_—C

R3 R4

Fig.4.8: The proposed universal voltage-mode filter of Fig.2.4
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Analysing the circuit shown in Fig.4.9, yields ,(for more detail seec Appendix B)

Ba

o
V 1+ B4a2 1 RZ B3 l
| Gi+sC, (Ry+Ry)\1+R,sC, JR,+R,

B G, B, v, 1 &a R, 1 v
“Gi+sC, G,+sC,|R,+R, R,+Ry|B, '1+R,sC, R,+R, P,

4.3)
P A A 7 @
T,
where
" = B, 1 (Bz o R, J
G, +5C, (R, +Ry )\ B,B; ' (1+R,sC, YR, +Ry)
T = [34(12
" (Gy+sC,)R,+Ry)
- B4scz
(G, +5C,)
.Y; - 1+ B4a2 ( RZ J Bzal
(G4+SC2)(R3+RX) (1+stcl) B3(R5+Rx)

The effect of the nonideality can be seen by comparing equation (4.4) with equation
(2.12). Fig4.10 shows comparisons between the experimental results and the

calculated values using ideal, Svoboda and Bruun models for the active filter circuit of

Fig.4.8.



12 . : : .

3 ) ' 105
b X experimental
11 . i
. -. theoretical
1= - . + bruun-model i
X - svoboda-model
0.9} 4
0.8} 4
k=
<<
(V]
0.7+ i
0.6 J
0.5f g
0.4} |
X
0.3 1 1 1 1 I : 1
Frequency (hz) x10°
1 Hefr—t 4 —=
x =
0.9r X experimental .
-. theoretical
o8r + bruun-model )
- svoboda-model
0.7 i
06+ R
© 0.5t 4
0.4} |
0.3 4
0.2f 4
0.1} .
{
0 1 1 1 4 1 1 1
0 1 2 3 4 5 7 8
Frequency (hz) x 10°

Fig.4.10: Comparison between experimental and calculated results for the BR and LP

filters of the universal active filter shown in Fig.4.8.
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4.3 Effect of the non-idealities on the Oscillator Circuits

Consider, for example, the oscillator circuit of Fig.3.14 discussed in chapter 3 and

redrawn in Fig.4.11. The equivalent circuit of this oscillator using Svoboda-model is

shown in Fig.4.12.

Fig.4.11:The proposed oscillator circuit of Fig.3.14
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v
) R,| C,i Ry C
Ry iy

|
+ |

C; —= R, ev lBuffer
!

T om

Fig.4.12.Equivalent circuit of the oscillator circuit of Fig.4.8 using Svoboda model

Analysing the circuit shown in Fig.4.12, yelids the frequency of oscillation as (for

more detail see Appendix C)

(R, + R, )R, + R, )~ R,R,
" RR,R,C,(RyC, +R,C, )+ R,C, R, Ry (RC,+R.C,)+ R,R.RR,C,C,

“

(4.5)

where

CB=C4 +Cz
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and the condition of oscillation as

(R,R,R,RyR,C,C,C, R, + R, (R, + Ry )—R,R, =
(ReR,R,Cy(RyC, + R,C;)+ R,CoR,Ry (R, C, + R,C, )+ R,R Ry R,C,C, )
(RyR, (RyC, + R,C3)+ RyRy (R,C, + R,C, )+ R,C,y (R, + R YR, + Ry )— R4R_,_R,c,)
(4.6)

The effect of the nonideality can be seen by comparing equation (3.21) with equation
(4.5). Table 4.1 shows the experimental results and the calculated one using Equations
(3.20) and (4.5) as a function of R,. The same data in addition to the calculated one

using Bruun model and improved Bruun model is depicted in the form of a graph,

shown in Fig.4.13.

Table 4.1: Comparison of measured and calculated values of the frequency of

oscillation of Fig.4.11.

Rt Experimental Theoretical | Sva-model
(ohm) {mega hz) (mega hz) (mega hz)
9190 1111 1.588 1.349
6610 1.0526 1.529 1.3089
4130 1 1.3964 1.1918
3540 0.95238 1.333 1.14
2910 0.909909 1.2306 1.0515
2673 0.869565 1176 1.009
2445 0.83333 1.1107 0.9532
2332 0.8 1.0717 0.9183
2206 0.76923 1.0215 0.88
2114 0.74074 0.9792 0.846
2067 0.714285 0.95534 0.831
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Fig.4.13: Comparison between experimental and calculated results for the frequency

of oscillation of Fig.4.11.

Figs. 4.14, 4.15 and 4.16 show comparisons between the experimental results and the
calculated one using ideal and modified Bruun models for two of the proposed circuits

in chapter 3 (Figs.3.3(d),(e) and 3.6).
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Fig.4.14: Comparison between the experimental and calculated results for the
oscillator circuit shown in Fig.3.3(d)
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Fig.4.15:Comparison between the experimental and calculated results for the
oscillator circuit shown in Fig.3.3(e)
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Fig.4.16:Comparison between the experimental and calculated results for the
oscillator circuit shown in Fig.3.6.

In conclusion, it appears that the deviation between the experimental and the
calculated result is decreased when the nonideal model of the CFOA is used. This
prove that the non idealities of the CFOA are the main sources of the errors observed

in Figs.( 2.2, 2.4, 2.8, 2.10, 3.5, 3.8, 3.9, 3.15 and 3.16 )shown in chapters 2 and 3

where the errors were relatively large.
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Chapter 5

Conclusion and Future Work

5.1 Introduction

In this thesis, we have investigated the use of Current feedback operational amplifiers in
designing universal active filters. In this regard, five new universal active filters were
presented. Also, a number of oscillator and signal generator circuits were presented using
the CFOA. In this chapter, we will draw some conclusions regarding this work. Then,
some important extensions that can be considered for further research in this area are

proposed.
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5.2 Conclusions

Current feedback operational amplifier have proved to be functionally flexible and
versatile. From this fact the current feedback operational amplifier have been used in

some areas such as active filters and oscillators.

In this thesis, the current feedback operational amplifier has been used in three areas:
active filters, oscillators and signal generators. In active filter area three voltage-mode and
two current-mode active filters were presented. A comparison between the most recently
published circuit and the proposed circuits has been done. The comparison shows that the

proposed active filters have some advantages over the published one.

In oscillators, a number of CFOA-based oscillator circuits were presented. Most of them

use grounded capacitors and enjoy both independent control of frequency and condition

of oscillation.

A new CFOA-based signal generator was presented, where three different signals can be
generated from this signal generator. Also a square waveform generator using CFOA was

presented.
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Many points have been taken into consideration to evaluate these circuits. Then this

evaluation was used to find optimum circuits wherever possible.

The effect of current and voltage tracking errors of the CFOA were taken into account in
the proposed circuits of filters and oscillators. Active and passive sensitivities of the o

and Q in filters and of X in oscillators were calculated and found to be small.

These circuits were practically implemented to verify the theory. The measured and
calculated results are in good agreement in most of the cases. In some cases the
experimental results deviate appreciably from the theoretical response. For example, for
the BP of Fig.2.1 calculated @, is equal to 16.5 x 10" rad and the measured @, is equal to
17.59 x 10* rad thus the error is equal to 6.4%. Also for the BP of Fig.2.7 the calculated
@ is equal to 18.8 x 10* rad and the measured a), is equal to 20.2 x 10* rad thus the error
is equal to 7.2%. For the oscillator circuit of Fig.3.3(d) calculated , is equal to 13.8 x
10" rad and the measured @, is equal to 22.4 x 10° rad thus the error is equal to 83%. Also
for, the oscillator of Fig.3.14, the calculated @, is equal to 9.98 x 10° rad and the
measured @, is equal to 6.98 x 10° rad thus the error is equal to 30%. To investigate the
possible reasons behind these differences many proposed circuits were either reanalyzed
using Svoboda model or simulated by PSPICE using Bruun and modified Bruun models
of the CFOA. The agreement between the experimental and the improved analysis and /

or simulation appears to be good.
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To conclude, one can say that the CFOA-based filters, oscillators and signal generators

circuits presented in this thesis have attractive features compared to the related existing

circuits.

5.3 Directions for Future Work

Since nothing is perfect and complete in this life, this work can be improved and

extended in many directions.

¢ Finding universal filter circuits which have advantages over the proposed circuits in
terms of grounded capacitors, independent control of @, @,/Q,, minimum number of

passive and active components and no requirement for matching conditions

simultaneously.

* Realizing universal current-mode single input multiple outputs filters using the
CFOA.

« Introducing the CFOA into the signal generator area. For example, in chapter 3 we
have proposed a signal generator circuit. One way to improve this circuit is to replace

the voltage mode comparators by CFOA-based comparators.



APPENDIX
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Appendix A

Analyzing the circuit shown in Fig.4.5,we have,

i =—v,L (A.1)
' 1+RsC,
R,s(C, +C,)+1
lxz = z( ZR 3) vs (A2)
z
R,s(C, +C,)+1
iy, = 25( ZRZ . Vv, (A.3)

Applying KCL at node a yields,

V.

(stcz +1

- +Gx+G5)+ixl—-VoG5—Vsz =0 (A4
z

Applying KCL at node b yields,
V,(SC; +Gg )~ VG, +iy, =0 (A.5)

Substituting equation (A.3) in Equation (A.5), we get,
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R,s(C,+C,)+1
v, =[ v, + ReCatC+L, ¥ 1 (A6)
R, sC, +G,

Now

iy, =(Vs - V,, )Gx (A7)

Substituting Equations (A.3) and (A.6) in (A.7), we get,

Vy,=V3( G, )+V°(st(cz+c4)+1+st(cz+c4)+1] 48

sC, +G, R,(sC, +Gy) R,G,

Putting Vy; from equation (A.8) in equation (A.2) gives,

lxz =

st(cz+c3)+1V Gs v st(cz+c4)+1+st(cz+c4)+1
R, ’sC,+G,  °| R,(sC, +Gy) R,G,

(A.9)

At node a,
vV, =ix2Rx +V, (A.10)

Substituting equation (A.9) in Equation (A.10), we get,
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V- Rszs(Cz+C3)+Rx(V3 G,y Rps(Cz+C)+1  Rys(C; +C,)+1 v
R, | 7 sC, + G, R,(sC, +G;) R,G,

(A.11)

Equations (A.1), (A.4) and (A.11) gives

_ILLV;+ TV, + TV,
TLT, +T;

\Y%

o

(A.12)

where
T, =—Rxs(C, +C;)-R,G,
T, =sC, +G, +G, +Gq

T, =_G6_
sC, +G,

T, = -sC,
1+R,sC,

T, =R,s(C, +C,)+R,G,

T _s5(C,+C,)+G,
7T sC,+G,

+R,s(C, +C,)

and



120

Further simplification yields

=G,(G, +5C, + Rys*C,C, )V, +(sG,C, + G;G; WV, —(sC,C, +C,C, Y,

V =
s2C,C, + GG, +5G,C,

o

(A.13)
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Analyzing the circuit shown in Fig.4.9,we have,

. Va _VYI

121

by, = &_*_Rx (B.1)
V= B,Vyl (B.2)
Substituting equation (B.1) in equation (B.2), we get
V.- .
lx =2 ( I/Bl) (B3)
' Re+Ry
L
R,s(C, +C,
v, =a, G i DREPPR ®4)
R, + 1+ R,s(C, +C,)
s(C, +C)
Substituting Equation (B.3) in equation (B.4), we get
V.-V,
Vv, =a,|=2 (%/8.) R (B.5)
: R;+R, )J1+R,s(C,+C)
.V, =&Vz (B.6)
¥z B3 1

Putting Vz, from equation (B.5) in equation (B.6) gives

v, - (v,/8,)) R,
Ry+Ry J1+R,s(C,+C)

B
.Vy2 =B—:—a,

Applying kcl at node X yields,

B.7)
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B Vz"'Vn A 1 [Bza (VO—(VI/BI)) R, } (B.8)

TR *R, R +Ry :
,+Ry Ry +Ry Ry+Ry|B,; Ri+R, J1+R;s(C,+C)

R4 [—1:—+SCZ+-I—:—+SC2:|—V3SC2+oc2ixz =0 (B.9)

L+
4 A
Applying kel at node Z; yields,

sC,

a2
Vv, =
' G, +5C,+G, +5C,

- iy (B.10)
G, +sC,+G, +sC, ™

Vs

V=BV, (B.11)

Substituting Equations (B.8)and (B.10) in equation (B.11), we get,

VB Sy By [ w1 [Ela(v,—(w.)\ R,
© UG +C+G+5C, ° G+5C+G+5G| R+R R+R(|B, '\ R+R JI+RSAG+G)
(B.12)
or
I B.
P R Ry e
Vit +
‘1" G, +sC,+G,+s5C,\1+R,s(C, +C,) )R, + R,

o %y B ¥ 1B, K 1 ¥
T GHCHGHSC, | GGG +G| R+R, R+R|B, ' 1+R{G+C) R+R, B
(B.13)

Since
Cz<< C;

Cz<< C;
Gz << Gy

We can simplify equation (B.13)
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B,

al
v|14Pad2 1 Ry S
| G, +sC, (Ry+Ry)\1+R,sC, JR;+R,

B sC, B, v, 1 _B_za R, 1 Vi
‘G, +SC, G,+sC,|R,+R, R,+R,|B, '1+R,sC, R,+R, B,

(B.14)
or

L IV+ TV, + TV,
v, 2

(B.15)

where

.T= B4a2 1 [Bz al Rz ]
' Gy +5C, (Ry+ R (BB ' (1+R,sC YR, +Ry)

T = B4a2
2 (Gy+5G,) R, +Ry)

- B4SC2
2 (G, +sCy)

T =1+ Baaz R, Bzal
e (G +5C, YRy + RO\ (1+ R,C,) | B, (R, + Ry)




Appendix C

Analyzing the circuit shown in Fig.4.12, we have,

V.=V R,
y ‘[R, +R2(1+R2sC3))

i = 1+ R;sC,
¥~ 'R +R(1+RSC,)

also

R,

- V,(H R,s(C, +C,_)J

Combining equations (C.2) and (C.3) yields,

1+ R;sC, 1+ R,s(C,+C;)
-V, =V,

R +R,(1+R;sC,) R,

(C.1)

(C2)

(C3)

(C4)
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By substituting equation (C.1) in equation (C.4), we get,

1+Rs(C, +C,) ©5)
R, )

R, 1+ R,sC,
\ R, +R,(1+ R,sC,) \ R, + R (1+R;sC,)
Simplifying equation (C.5) we get the characteristic equation of the circuit as,

R,R,(1+ R;sC,)= (1+ R,s(C,+C;,))
(R,R, + R, Ry (1+ R,sC, )+ R,R, (L+ R,sC, )+ R, (1+ R,sC, R (1+ R,sC, )

(C.6)
Now, comparison of real quantities on both sides of equations (C.6) and simplification

gives

(R.CyR,R,(R,C, +R,C,)+ R,C,R,R, (R,C, +R,C)+ R,R,RyR.C,C Jo? =
R, (R, + R, )+ R,(R, + Ry )- R,R,

(C.7)

where

C,=C,+C,
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Similarly, comparing imaginary quantities on both sides of equations (C.6) and

simplifying, we get,

(R.R,R,RyR,C,C,C, )" =
R R,(RyC, +R,C;)+ R,Ry (R,C, + R,C,)+ R,Co(R, + R, (R, + Ry )~ R.R,R,C,
(C8)

From the last two equations we can obtain the frequency of oscillation as

o (R, + R, YR, +Ry)-R,R,
°" R,R,R,Cy(RyC, + R,C;)+ R.CyR, R, (R,C, +R,C,)+ R,R Ry R,C,C,

(C9)

and the condition of oscillation as

(R.R,R,RyR,C;C;C, (R, + R, YR, + Ry )~ RR, =
(R4RyR,C,, (RyC, + R,C;)+ R,CsR, Ry (R,C, + R,C, )+ R,R R, R,C3C,)
(R,R Ry C, + RyCy)+ RyRy (RiC, + R,C,)+ R,Cy(R, + R, (R, + Ry)~R.R,R, C)
(C.10)
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