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Chapter 1

Introduction

In this introduction, first a survey of the current conveyor and the related devices
will be presented. Secondly, a literature survey of the applications of current

conveyor, and related devices, in designing oscillators and filters will be presented.

1.1 Current Conveyor

At present there is a growing interest in using current conveyors for designing
analog signal processing circuits. This is attributed to the larger bandwidths and
wider dynamic ranges obtainable compared to the classical operational amplifier

based circuits. The current conveyor was originally conceived by Smith and
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Sedra[l] who presented the first-generation conveyor and subsequently the second-
generation conveyor {2]. The current conveyor is a three-terminal device with

terminals labeled X , Y and Z , as shown in Fig. 1.1.

The general current conveyor can be represented by the following matrix:

i, 0 a 0)v,
vol=|[1 0 o0} i, @
i, 0 b O0/\v,

When a=1 the first-generation current conveyor (commonly demoted CCI) is
obtained. For a=0 we obtain the second-generation current conveyor (commonly
denoted CCII). For a= -1 we obtain the third-generation current conveyor

(commonly denoted by CCIII ) [3].

Usually, b=t1. The sign of the b parameter determines the conveyor current-
transfer polarity. Positive b indicates that the CC has a positive current-transfer
ratio and is denoted by CCI+, CCII+ or CCIII+ while negative b means that it has a

negative current-transfer ratio and is denoted by CCI-, CCII- or CCIII-.

iy—ﬂy .

) Z —k
lx_NXCC 1

Fig.1.1 Electrical Symbol of the Current Conveyor



1.1.1 Current conveyor implementation using power supply current
sensing technique

Earlier designs of current conveyors suffered from an excessive number of
operational amplifiers, tightly matched resistances and very low bandwidths [4].
Operational transconductance amplifiers have also been used, but again with poor

bandwidths and output capability even into moderately low load [5].

Meanwhile, developments had been taking place in current mirror design that
would eventually prove to be useful for current conveyors. The traditional two
transistor current mirror circuit exhibited two weaknesses; poor accuracy beyond
approximately ImA and a strong dependence of output current on output voltage.
The addition of a third tramsistor in the output side of the mirror assisted in
buffering the primary pair against output voltage changes, resulting in itﬁproved
performance. Finally, errors in the current transfer ratio over a wide range of
current were minimized by the inclusion of a fourth transistor in the input side of
the mirror, as shown in Fig. 1.2. This four transistor version of the current mirror
which is named as Wilson current mirror had become the accepted building block
in precision application. The symbol most often used to denote a current mirror (no
matter how many transistors are used) is shown in Fig. 1.2, with the arrow

indicating both the input terminal and mirror polarity [6].

Combining the improvements in current mirror formulations with voltage

operational amplifier (VOA), supply current sensing technique resulted in one of the



most successful current conveyor designs where current mirrors are used to sense

the output current of the VOA via its power supply rails [7].

Fig. 1.3(a), illustrates the principle of operational amplifier (VOA)-based current
sensing in conjunction with current mirrors (modified Wilson current mirrors )
used in the design of new CCII+ conveyors. Input Y is short-circuit stable voltage
input of very high impedance that draws only the VOA bias current and input X
port reflects the voltage at Y (V; = V,) and performs as an open-circuit stable

current terminal .

Assuming unity transfer current ratio for the two current mirrors of Fig.1.3(a),

nodal analysis gives

L+iy =1, (1.2)

I,+i, =1, )

It results from the above two equations that ( iy = i, ). Also, it is obvious that (Vi=
Vy) and (iy = 0). Thus this circuit is performing the CCII+ function. To produce
CCII- conveyor requires that the phase relationship between i; and i, be inverted.
This can most effectively be achieved by the addition of a second pair of current

mirrors crosscoupled to produce the current inversion, as shown in F ig 1.3(b).



Fig 1.2 Four-transistor current mirror and symbol




+V

~ (a)

+V +V

-V (b)

Fig 1.3 Current Conveyor Implementations using Power Supply
current sensing technique

(a)CCII+

(b)CCII-




1.1.2 Translinear current conveyors implementation

An important and expanding branch of analog circuits is the translinear group
which was introduced by Gilbert [8]). Their primary function arises from the
exploitation'of the precise proportionality of transconductance to collector current
in bipolar transistors so as to result in fundamentally exact, temperature-insensitive
behaviour. Translinea.r implementations allow the design of high-performance
circuits that exhibit both extended band-widths and high thermal stability[8-14]. Of
particular interest here is the translinear mixed loop in Fig. 1.4(a) which comprises
two PNP and two NPN transistors. This cell today appears unsurpassed for high-
speed current-mode applications as it can be driven directly by currents with
bipolar values and enables a virtual ground to be obtained without requiring
feedback. Therefore, it is commonly used as the input stage of many high-

performance analog functions such as current conveyors [9].
Assuming that the following standard translinear conditions are satisfied [12] :

(a) emitter areas of transistors of the same type are equal and all at the same

temperature

(b) tranmsistors are forward-biased so that each base-emitter voltage is high in

comparison with Vr.(V1=26mv at 300 k being the thermal voltage)
(c) all the static current gains  are high in comparison with unity

Then the basic circuit, in Fig 1.4(b), is commonly described by the following general

equation :



Also assuming unity transfer current ratio for the two current mirrors, nodal

analysis gives

I =1+i, (1.5

I, =i,+i, =L, +1i, (1.6)
When the DC bias current I, and I; are the same( I; = I; = I, ), it results from
equation (1.5) that iy =0. In fact, for peak to peak input currents smaller than the
bias current (ix<< I; =I;), the input translinear loop also imposes V,=V,. From (1.6)
it follows that iy = i;. Thus the circuit of Fig.1.4(b) is capable of performing the
CCII+ function. Also, we can produce CCH with more than one output by
connecting more than one current mirror pair in parallel as shown in Fig. 1.4(c). To
produce CCII- conveyor requires that the phase relationship between i, and i, be
inverted. This can most effectively be achieved by the addition of a second pair of
current mirrors crosscoupled to produce the current inversion, as shown in Fig

1.4(d).

In fact, the current conveyor is not ideal. It is suffering from voltage and current
tracking errors. The voltage tracking error implies that V; is not exactly equal to Vy.
And the current tracking error implies that i; is not exactly equal to i, for CCII or i,

and i, for CCIL.

An integrated circuit implementing a current conveyor is now commercially

available AD844. It contains a CCII+ with built in voltage follower. Fig.1.5 shows



the schematic diagram of the AD844. Q1-Q4 constitute the translinear input cell,
Q5-Q9 and Q10-Q14 constitute two current mirrors to mirror I and L respectively,
Q15-Q18 constitute a buffer in which Q15 and Q16 form low output impedance and
Q17 and Q18 form emitter followers, thus providing the circuit with high input
resistance and provide V,. compensation for Q15 and Q16 respectively to have

Vz= we



Fig.1.4(a) Elementary translinear mixed loop Implemented
from four transistors

10



Figl.4(b) Translinear Current Conveyor Implementations
of CCII+

11
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Figl.4(c) Translinear CCII with two output
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Figl.4(d) Translinear Current Conveyor Implementations
of CCII-

13
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Fig. 1.5 Simplified Schematic of commercially available CCII+ AD844
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1.1.3 Conversion between first-, second- and third-generation conveyors

An obvious generalization of the conveyor concept is the introduction of multiple
output conveyors, as shown in Fig. 1.6. In this way the positive and negative
conveyors are combined in a single device with a differential current output. From
this extension of the current conveyor definition, conversion between CCls, CCIls
and CCIIls is easy by observing that, the difference in Y-input current in a CCI and
CCIII compared with a CCII, is Iz with two different polarity. Thus, the Y-input
current of the CCI and CCIII is achieved by connecting a CCII Y-input to a positive
or a negative Z-output respectively. Similarly, a CCII Y-input can be obtained by

connecting a CCI Y-input to a negative Z-output or a CCIII Y-input to a positive Z-

output [15].

These transformation are shown in Fig.1.7 and Fig.1.8 . It is obvious that a single
device implementing all of the fundamental current conveyor types could be a CCII

with two positive Z-output and two negative Z-output.

— j+
Zl,i fre—
Ix o
—p o
X ZN, |
:‘ Y Zl- pt—
iy g
o
M. e

— i

Fig. 1.6 Multiple-output current conveyor
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ix —>
ccn ; CCln ;
y A . | X A
iy—> | — iy —>» | —
(a) (b)
ccl iy CC1l iy
iy i e L
© (d)
Fig 1.7 Conversions from CCII to CCI and CCIII
(a) CCI+ configured from CCII
(b) CCI- configured from CCII
(c) CCIII+ configured from CCII
(d) CCIII- configured from CCII
ix —— Z _J ix —> Y Z. ——I
CCl iy CCl iy
iy = Zoe iy X Zir_
(a) (b)
ix —_— Z‘ —J ix — Y Z, __I
CcCIII i CCIll ;
. | y A . X y A
iy =] +— = —
(c) (d)

Fig 1.8 Conversions from CCI and CCIII to CCII
(a) CCII+ configured from CCI
(b) CCII- configured from CCI
(c) CCII+ configured from CCIII
(d) CCII- configured from CCIII
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1.1.4 Current follower implementation

A current follower (CF) is the antithesis of a voltage follower. It has extremely low
(ideally zero) input impedance, extremely high (ideally infinite) output impedance
and unity current gain [16-18]. The CF is a two-port network X and Z, where i is
equal to i; see Fig. 1.9. The CF can be obtained by grounding the Y terminal of a

current conveyor. CF can be represented by the following matrix:

v, =0 an

Where the plus and minus signs of the current transfer ratio denote CF+ and CF-.

—H®X CF Z@¢—"
Ix IZ

Fig.1.9 Electrical Symbole of a Current Follower
1.1.5 Current Controlled Conveyor

When the input cell of CCII is implemented from mixed translinear loop, it has the
disadvantage of presenting a parasitic resistance on port X (around 50 Q in
commercially available CCII+ AD844). It is possible to take advantage of this
parasitic resistance because its value depends on the bias current I, of the CCII.

This property is used in the realization of a current controlled conveyor CCCII as
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shown in Fig.1.10(a), which has therefore its serial resistance on port X controlled

by the bias current I, [19-20].

X
ccen , |
Y L
¥
Controlled
current

Fig.1.10(a) Electrical Symbel of the CCCII

The schematic implementation of the second generation current controlled current
conveyor with a positive current transfer from X to Z CCCII+ is shown Fig 1.10(b).
The notations of the input-output ports: X , Y , Z are those generally used for
current conveyors. The matrix-relationship which is generally written for the CCII+
will also be valid for the CCCII+, by considering the intrinsic point X; of the

CCCII+ as shown in Fig. 1.10(c). Thus equation (1.1) becomes

i) (0 0 0y,
v |[=(1 0 0f i, (1.8)
i, ] o1 o)y,

This matrix-relationship can also be rewritten using conventional variables as
shown in Fig. 1.10(a), also valid for the CCCII+ taking into account its intrinsic

resistance R,
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i 0 0 O)vy
ve |={1 R, O i, (1.9)
i, 0 1 OAv,

Considering the schematic form of the CCCII+ in Fig 1.10 (b) and assuming unity
transfer current ratio for the two current mirrors, the relationship between R, and

the bias curréilt I, can be obtained as follows.

Vo) =V, 0280 = 1 ()= I exp(=22
I V.

V..
Ve =V 0220 = 1) = 1, exp(2)
| Io VT
vV 14
iy =1, -1, = I,[exp(=*) - exp(-—21)]
v, v,
i, =21 sinh(2)
Vr (1.10)
For iy <<,
v, .
Vi = z—lo"x(t) =V =Ry xiy
R, = .,V_r
21, (L.11)

As a general rule, a current controlled conveyor CCCII is a translinear CCII to
which the possibility of modifying the value of the DC bias current I, will confer

additional properties. All the other characteristics of the CCIIs are preserved.

In order to underline the advantages of the use of the controlled conveyors
described here, we will compare its performance with the conventional bipolar
operational transconductance amplifier (OTA) shown in Fig. 1.10(d). For OTA the

value of gm=L/(2Vr). Comparing this value with 1/R, deduced from (1.11), it can be
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seen that for the same value of L, the transconductance of the bipolar OTA will be
four times less than that of the CCCII. Thus, for the same transconductance the
power consumption of the bipolar OTA will be about three time greater than with
the CCCII. Second, with very high values for the collector currents of the
transistors, the maximum usable frequency of the OTA will be reached sooner. This
consequently indicates that the frequency performance of circuits with controlled

conveyors will be much better than that for OTA implementations.[20]

+V

+

-V

Fig 1.10(b) Current Controlled Conveyor Implementations
CCCIl+




iy
Yy = Y
R, ccI ez
X —Aan— X, h
—'.i,

cccIll

Figl.10(c) The relation between the ideal CCIl
and the CCCII

Fig.1.10 (d) Conventional bipolar implementation
of the operational transconductance amplifier
(OTA)




1.2 Literature Review

The current conveyor is now widely used for the implementation of high
performance electronic functions operating in the current-mode as well as in the
voltage-mode because it features a very high bandwidth, and of more importance
this bandwidth is substantially independent of the closed loop gain setting. This part
of the thesis is set out to survey the feasibility of developing multiphase sinusoidal
oscillators MPSOs using second-generation current conveyors CCllIs, the feasibility
of developing universal filters based on current and voltage followers which can be
deduced from CCII by grounding the Y terminal, the feasibility of taking advantage
of the parasitic resistance R,, which appears when the input cell of CCII is
implemented from mixed translinear loop CCCII, in developing new programmable
active-C current-mode universal filters and the feasibility of extending the use of

current conveyors to nonlinear applications.

1.2.1 Multiphase sinusoidal oscillators

Multiphase sinusoidal oscillators find a wide range of applications in
communications, signal processing and power electronics. Several multiphase
sinusoidal oscillator structures based on different design techniques are available in
the literature [21-32]. Multiphase sinusoidal oscillators circuits proposed in
references[21-25] suffer from complex structures and use of large number of active
and passive components. The simple structure operational transconductance

amplifier-based realization [26] suffer from limited output voltage swing, the inter-
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dependence of the basic parameters of the MPSOs and from the temperature
sensitivity. Although the voltage operational amplifier-based realization [27,28],
current conveyor-based realization [29-30], current feedback operational amplifier-
based realization [31] and current-follower-based realization [32] possess better
performance, they lack the electronic tunabilty and suffer from the inter-
dependence of the frequency of oscillation and condition of oscillation. Finally, most

of these circuits can realize odd-phase signals only.

L.2.2 Universal filter based on unity gain cells

Recently, there has been a growing interest in designing current-mode and voltage-
mode continuous-time filters using unity gain current mirrors and/or voltage
followers [33-36]. This is attributed to their low power dissipation and high
frequency of operation. While [33-35] report several specific application filters,
Celma, Sabadell and Martinez [36] report a universal filter structure which can
implement all the basic second-order filter functions (lowpass, highpass, bandpass,
notch and allpass). These five filters, however, can not be simultaneously realized as

it is necessary to change the circuit topology to achieve a specific filter function.

1.2.3 Active-C programmable Current-Mode Filter Using The CCCII

Universal active-C programmable filter which use active devices and capacitors only
to realize all the basic second order filter responses (lowpass, highpass, bandpass,

notch and allpass) received wide attention due to integratability and
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programmability. Using OTA to implement these types of filters is one of the most
successful methods due to its simplicity [37-41]. However, they have some problems
with dynamic range and at high frequencies of operation. On the other hand,
current-mode current-conveyor based filters can offer wider signal bandwidths,
greater linearity and wider dynamic ranges of operation [42-54]. However, they
lack programmability. While programmability can be achieved by combining
current conveyor and OTAs [54], the recently introduced second-generation current
controlled conveyor (CCCII) [19,20] allows current conveyor applications to be
extended to the domain of electronically programmable functions. Using CCClls, a
current-mode band pass filter was reported by Fabre et al, [19] and a voltage-mode
bandpass filter was reported by Fabre et al, [20]. No attempt has been reported, so

far, to present universal second-order filters using CCClIls.

1.2.4 A Current-Mode Current-Controlled current-conveyor-Based Analog

Multiplier/Divider

Analog multipliers and dividers are widely used in telecommunications, control,
instrumentation and signal processing. The application of the second-generation
current conveyor in realizing voltage-mode multiplier and divider circuits has been
demonstrated [55-57]. These circuits invariably use MOS transistors. In order to
avoid the effect of the nonlinearities of the MOS transistors, it is essential to ensure
the operation of the MOS transistors in the linear region. This requires some

operation constraints [55-57]. The application of the second-generation current
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conveyor in realizing current-mode multiplier and divider circuits has not been
introduced yet. Also, the use of the recently introduced second-generation current
controlled conveyor (CCCII) for implementing nonlinear signal processing circuit

has not been reported yet.

From all of the above literature survey, it appears, that there is a need to investigate
the feasibility of using second generation curremt conveyors in developing the

following :

1. generalized simple structure MPSOs which can realize either odd or even-phase
signals and enjoy the use of grounded resistors and the independent control of the
frequency and the condition of oscillation. This would be attractive for monolithic

integration and pave the way of electronic tunability.

2. universal filters using unity gain cells which can realize lowpass, bandpass,
highpass, notch and allpass responses without changing the circuit topology and
enjoy the independent tuning of the natural frequency (@,), the bandwidth (0,/Q,)

and the gains of all of the responses.

3. programmable universal filter using CCCllIs and capacitors only (no externally
connected resistors) which can realize lowpass, bandpass, highpass, notch and
allpass responses and enjoy the independent current control of the parameters o,

©y/Q, and the gains of all of the responses.



All of the new circuits should enjoy the following features :
a. use of the minimum number of active and passive elements,

b. employment of grounded capacitors which pave the way for high frequency

operation and this would be attractive for monolithic integration,

and
c. low active and passive sensitivities.

Moreover, there is a need to investigate the feasibility of using CCCII in developing
current-mode mulitipliers and dividers without using any external passive elements

or MOS transistors.
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Chapter 2

Multiphase sinusoidal oscillators

2.1 Introduction

Because of the potential applications in communications, signal processing and
power electronics, multiphase oscillators have been receiving significant attention.
Several multiphase sinusoidal oscillator structures based on different design
techniques are available in the literature [21-32). While the oscillator circuits
proposed in references[21-25] exhibit good performance, they suffer from complex
structures and use of large number of active and passive components. The simple

structure operational transconductance amplifier-based realization [26] enjoys
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electronic tunability but suffer from limited output voltage swing, the inter-
dependence of the basic parameters of the MPSOs and from the temperature
sensitivity. Although the active-R realization using the voltage mode operational
amplifier [27,28] enjoys simple structure it lacks electronic tunability and it uses
floating passive elements. The basic second-generation current-conveyor based
structures [29-30] possess better performance in bandwidth, linearity and dynamic
range than previous MPSOs. It uses a single current conveyor per phase. However,
to achieve electronic tunability a JFET and three current-conveyors are required
for each phase[30]. The current feedback operational amplifier-based realization
[31] is simple. It exploits the internal pole of the amplifier to advantage and can
operate at relatively high frequencies. However, it requires a current feedback
operational amplifier with accessible compensation terminal. It lacks the electronic
tunabilty and suffers from the inter-dependence of the frequency of oscillation and
condition of oscillation and the use of floating passive elements. The current-
follower based structure [32] suffer from complexity and use of large number of
active and passive components, it requires two current followers with variable gain,
one floating resistor and one floating capacitor for each phase and does not enjoy

electronic tunability. Most of these circuits can realize odd-phase signals only .

In this chapter, three multiphase sinusoidal oscillators (MPSOs) realizations will be
presented. These oscillators can produce (n) signals (n being even or odd) equally
spaced in phase and enjoy independent control of the frequency and the condition of

oscillation. The first one is an active-RC realization with grounded resistors and
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capacitors. The second one is an active-R realization with grounded resistors. The
last one is an active-C realization with grounded capacitors. Comparison between

the proposed oscillators and previously published realizations will be performed.

2.2 Active-RC Multiphase Oscillator

A new simple active-RC multiphase sinusoidal oscillator will be presented. The
propesed MPSO uses the CCIIs with grounded resistors and capacitors which
makes it suitable for high frequency oscillation and monolithic IC fabrication. It
enjoys the independent control of the frequency and the condition of oscillation, low
sensitivity performance and possible electronic tunability. The proposed active-RC
MPSO has two schemes, one can realize even or odd number of phases while the

other one can realize odd number of phases only.

2.2.1 Even/odd-phase sinusoidal oscillator

The generalized scheme for even/odd-phase sinusoidal oscillators is shown in
Fig.2.1. The n-th stage is an inverting, first-order high-pass section. All the other
basic building blocks for this scheme are identical, non-inverting, first-order high-

pass sections. Each of these are characterized by the voltage transfer function:

sa

I(s)= @

s+b
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v, \'A v, Vi
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Fig. 2.1 Basic scheme for even/odd-phase sinusoidal
oscillators

where a is the gain and b is the pole frequency. The loop-gain between the points X

and Y can be expressed for (n) sections by

sa

L(s) =~

)n
s+b ¢

For this scheme to produce and sustain sinusoidal oscillation, the loop gain must be
equal to unity. Thus, the characteristic equation of the scheme of Fig. 2.1 can be

expressed as:

sa

—( "= 2.3)
s+ b)s'“'“
(J0,+b)" +(jo,a)" =0 @

From (2.4) the condition of the magnitude can be expressed as

2

0 +b? =a’ o as

Q o
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and the condition of the phase can be expressed as

180 .
n b

Using (2.5) and (2.6) the frequency and the condition of oscillation for different

values of 7 can be calculated. Sample results are shown in Table 2.1.

No. of No.of Condition of oscillation Frequency of oscillation
building phases @)
blocks (m)
3 3,6 a=2 0.5774b
4 4,8 a=1.414 b
5 5,10 a=1.237 1.374b
6 6,12 a=1.154 1.733b
7 7,14 a=1.11 2.07b
8 8,16 a=1.082 2.415b

Table 2.1. Frequency and condition of oscillation of even/odd-phase sinusoidal
oscillators.

Fig. 2.2 shows a possible realization for the proposed even/odd-phase MPSOs using
the dual output second-generation current-conveyor. Each phase requires a first-
order high-pass section consisting of a dual output CCII, three grounded capacitors
and one grounded resistor. The use of dual output CCIIs provides an outptut with
180 degree phase shift from the phase of the previous output such that there are (2n)
phase output signals. Therefore, the circuit of Fig. 2.2 can realize n- or 2n-phase
sinusoidal oscillator for n>2. Assuming identical current conveyors and using the

standard notation, the dual-output current-conveyor can be characterized by i.. =



32

+Biy , iy =0 ,v,= avy, where a = 1-¢, [ej<<] represents the voltage tracking error and
B=1-9, |5]<<1 represents the current tracking error. Routine analysis shows that the

transfer function of a single stage of the circuit of Fig. 2.2 can be expressed as

T(s) = saf(C,/C)

s+1/(RC) &7
From (2.1) and (2.7), we can see that
a=afC,/C (2.8a)
b=1/(CR) (2.8b)

From (2.5), (2.6) and (2.8), the frequency of oscillation can be expressed as

1
®,= L tan(90 — —§9) 2.9)
RC n

and the condition of oscillation can be expressed as

c tan® (90 - 122) + 1
(ap =) = L . (2.10)
tan” (90 - @)
n

From (2.9) and (2.10), we can see that the frequency of oscillation can be adjusted
by tuning the grounded resistor R without disturbing the condition of oscillation
which can be adjusted by tuning the grounded capacitor C; without disturbing the

frequency of oscillation. Also, we can see that while the frequency of oscillation of
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the MPSOs will not be affected by the current and voltage tracking errors of the

current conveyors, the condition of oscillation will be slightly affected.

Y Z- | L
Cl
ccu

I
X z+ LV..l

Yy z C]I
CcCcH
c Vi \'A
X Z+ -————{y z LVM

s
- L

'll—-in}—‘

Fig 2.2 Generalized circuit for realizing an even/odd-phase muitiphase oscillator.

2.2.2. Odd-phase sinusoidal oscillator

The generalized scheme for odd-phase (n) sinusoidal oscillators is shown in Fig.2.3.
The basic building blocks for this scheme are identical, inverting, first-order high-

pass sections. Each of these are characterized by the voltage transfer function:

I(s)= 2.11
s+b ®10

Yy

XL -as -as -as
> - - - - -

s + b |v, |s+ b |v, s + b

Va

Fig 2.3 Basic scheme for odd-phase sinusoidal oscillators
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where a is the gain and b is the pole frequency. The loop-gain between the points X

and Y can be expressed for n (odd integer) sections by

sa

L(s)=(-

n
+b ) (2.12)
S

If the loop gain is unity, this scheme can be set to provide and sustain sinusoidal

oscillation. Thus, the characteristic equation of the scheme of Fig. 2.3 can be

expressed as

sa

- ooo=1 (2.13)
( s+b ecsa,
(Jo,+8)"+(-)"'(jw,a)"=0 @14)

From (2.14) the condition of the magnitude can be expressed as

2 2 2 2
O, + b =a @, 2.15)
and the condition of the phase can be expressed as
180 ®
90 — — = arctan(—2) (2.16)
n b

Using (2.15) and (2.16) the frequency and the condition of oscillation for different

values of 7 can be calculated. Sample resuits are shown in Table 2.2.
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No. of phase Condition of oscillation Frequency of
oscillation
()
(o)
3 a=2 0.5774b
5 a=1.237 1.374b
7 a=l.11 2.07b

Table 2.2. Frequency and condition of oscillation of odd-phase sinusoidal
oscillators.

Fig. 2.4 shows a possible realization for the proposed odd-phase oscillator using the
second-generation current-conveyor. Each phase requires a first-order high-pass
section consisting of a CCII-, two grounded capacitors and one grounded resistor.
Assuming identical current conveyors and using the standard notation, the CCII-
can be characterized by i, = -Bi, , iy =0 ,v;= avy, where a = 1-g, |g|<<] represents the
voltage tracking error and B=1-3, [5|<<] represents the current tracking error.
Routine analysis show that the transfer function of a single stage of the circuit of

Fig. 2.4 can be expressed as

C
saf—
T(S) = C 2.17)
S+ —
RC
From (2.11) and (2.17), we can see that
a=aBC1/C (2.182)

b=1/(CR) (2.18b)



From (2.15), (2.16) and (2.18), the frequency of oscillation can be expressed as

1 180
@, ==~ an(90--—)
RC 2.19)

and the condition of oscillation can be expressed as

o tani(o0- 180, 11
(ap=2)* = I;S 5 (2.20)
an’®(90-10)

From (2.19) and (2.20), we can see that the frequency of oscillation can be adjusted
by tuning the grounded resistor R without disturbing the condition of oscillation
which can be adjusted by tuning the grounded capacitor C; without disturbing the
frequency of oscillation. Also, we can see that while the frequency of oscillation of
the MPSOs will not be affected by the current and voltage tracking errors of the

current conveyors, the condition of oscillation will be slightly affected.

Vi
Y
cco- z !

CcCu- z

1
i
l L] I

- emmn o vu
) 1

'”__A'-_l
N o Lo

Fig 2.4 Generalized circuit for realizing an odd-phase oscillator
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2.2.3 Sensitivity Analysis

Sensitivity study forms an important index of the performance of amy active
network. The sensitivity of a parameter F to an element of variation x; can be

expressed as

Xx; OF

SFf = S(F;x,) =
T F ox,

2.21)

For oscillators, the frequency of oscillation (v,) is the parameter of major interest. It
is easy to show that the active and passive sensitivities of the frequency of oscillation

for Fig. 2.2 and Fig. 2.4 are given by
wo — wo —

S R = S c - -1 (2.22)
wa — a)o — mo -—

Sc, =8,°=8;°=0 2.23)

Thus the proposed circuits enjoy low active and passive w,-sensitivities

2.2.4 Simulation Result and Discussion

The three-phase and the six-phase sinusoidal oscillators shown in Fig 2.5 (a) and (b)
were obtained from Fig.2.2 and Fig2.4. To investigate the workability of these
oscillators, both circuits were simulated using Pspice circuit simulation program.
Although there are several ways to simulate the current-conveyors required, the

simulation was performed using the modified version, shown in Fig. 2.5(c), of the
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model proposed by Svoboda[55] because, it can represent the most iinportant
sources of nonidealities of CCII. The Kernel of the work presented here is
independent of the particular simulation selected. The start of the oscillation is
caused by a fast decaying sinusoidal function. To demonstrate that the oscillations
are self-starting, the voltage across the capacitors was initialized at zero. To provide
a simple method for amplitude control, an antiparallel Zener-diode pair, with
V=5V, was connected between terminals Y and the ground for each current-
conveyor. Fig.2.6 (a) and (b) show the simulated oscillations obtained from the
circuits of Fig. 2.5 (a) and (b) for three-phase and six-phase oscillations with R=1k(,

C=1nF and C;=2.1nF.

The results obtained in (2.8) and (2.18) take into consideration the current and
voltage tracking errors of the current conveyor. To study in-depth the effect of
current conveyor non-idealities on the performance of the circuits of Fig.2.5 (a) and
(b), we have to use the nonideal model of the current conveyor in the circuit of
Fig.2.5(c). Of particular interest here is the effect of the finite pole represented by
(Rz and Cz). We can add them in parallel with (R and C). Also, we can add R, in

parallel with R. Thus the frequency of oscillation can be expressed as

1 180
tan(90 ~ —) 2.24)

C(R/R,/R,)C+C,) n

0}

[¢]
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and the condition of oscillation can be expressed as

180

tan?(90-—) + 1
(aB G ) = a 2.25)
CtC anr0-1%)
n

Fig.2.6(c) shows the theoretical results obtained from (2.24) and the simulation
results of the frequency of oscillation at different values of R with (Rz=3MQ,
Ry=10MQ R,=50Q C=1nF and C;=2.1nF). The simulation results deviate from the

theoretical results by an error less than 6%.

The parasitic resistance R, at port X, of the current-conveyor, may lead to incorrect
transfer functions when a capacitor is connected to port X. To minimize these
errors, current conveyor realizations of Fig.1.3 built around unity-gain amplifiers
and using the power-supply current-sensing technique [3] would be more
appropriate as they have lower parasitic resistance at port X compared to current-
conveyor rcalizations using the mixed translinear loop[8]. To show the effect of R,
on the frequency and condition of oscillation, Table 2.3 shows the deviation of the
simulated frequency and condition of oscillation from the results obtained using
(2.24), for different values of R, with R=1kQ, R,=3MQ, Ry=10MQ, C=1nF and

Cz=4.5pF. Thus for small percentage of error, R, should be small.



% error in frequency of

Rx Condition of oscillation oscillation
100Q2 C=12C 21%
80Q C,=4.8C 11.3%
602 Ci=2.2C 7.1%
40Q Ci=2.1C 4.1%
20Q C=2.02C 1.9%
10Q Ci=2C 0.7%

5Q Ci=2C 0.5%

Table 2.3 The deviation of the simulated frequency and condition of oscillation from the

results obtained using (2.24), for different values of R,

40

Since, the frequency of oscillation can be adjusted by tuning the grounded resistor R

without disturbing the condition of oscillation, then obtaining a voltage controlled

multiphase oscillator is feasible by replacing the resistor R by a JFET.

To show the merits and demerits of this MPSOs, Table 2.4 shows a comparison

between the proposed MPSOs and the most recently published MPSOs.

Comparison shows that the proposed MPSOs and the MPSOs published in [28] are

able to produce even or odd numbers of phases while the MPSOs published in 1992

[26] and 1995 [31] can produce odd number of phases only. Moreover, the proposed

MPSOs use less number of active devices and grounded passive elements than what

has been reported in 1995 [29]. The big advantage of the proposed MPSOs over the
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previously published MPSOs is the ability of controlling ®, without changing the

condition of oscillation through grounded resistor while the other can’t do that.

MPSOs MPSOs MPSOs Proposed
using using CFA | using CCII | active-RC
OTA|26] [31] 1995 [29] 1995 MPSOs
1992
No. of active devices for
(2n) EVEN-MPSOs ————eeee (2n) (n)
No. of passive elements
for (n) EVEN-MPSOs ————— e (5n) (4n)
No. of Active Devices
for (n) ODD-MPSOs (2n) (n) (n) (n)
No. of passive elements (2n)
for (n) ODD-MPSOs (n) (n) of them (3n) (3n)
floating
The ability of
controlling o, without No No No Yes
changing the condition
of oscillation through
grounded resistor or
through gm of the OTA

Table 2.4 Comparison between the latest MPSOs and the proposed one
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Fig 2.5 (a) Three-phase sinusoidal oscillator
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Fig 2.5 (b) Six-phase sinusoidal oscillator
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oddphase (1)
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Fig 2.6 (a) Three-phase output obtained from
2.5(a) with
R=1kQ, C=1nF,C,=2.1nF
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SIX PHASE OSCILLATOR
Date/Time run: 11/05/96 06:48:34 Temperature: 27 0
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Fig 2.6 (b) Six-phase output obtained from
2.5(b) with
R=1kQ, C=1nF,C;=2.1nF
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Fig 2.6 (c) The frequency of oscillation (w,) in
(rad/second) vs.
the values of R in(Q))
with
C=1nF and C;=2.1nF
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2.3 Active-R Multiphase Oscillator

A pew simple active-R multiphase sinusoidal oscillator will be presented. The
proposed MPSO exploits the internal pole of the CCII to advantage. The use of
grounded resistors makes it suitable for high frequency oscillation and monolithic
IC fabrication. It enjoys the independent control of the frequency and the condition
of oscillation, low sensitivity performance and possible electronic tunability. The
proposed active-R MPSO has two schemes, one can realize even or odd number of

phases while the other can realize odd number of phases only.
2.3.1 Even/odd-phase sinusoidal oscillator

The generalized scheme for even/odd-phase sinusoidal oscillators is shown in Fig.
2.7. The last stage is an inverting first-order low-pass section, while the other basic
building blocks for this scheme are identical, non-inverting, first-order low-pass

sections. Each of these are characterized by the voltage transfer function:

a

(2.26)

T —
(<) s+b

XL’a_’ah_’ar’. _____ —a_ | |,

s+ b s+ b s+ b s+ b
|
\A V, Vs v
Vet Ve Vo3 V.

Fig 2.7 Basic scheme for even/odd-phase sinusoidal oscillators.
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where a is the gain and b is the pole frequency. The loop-gain between the points X

and Y can be expressed for (n) sections by

L(s) = ~(——)" (2.27)
s+b

For this scheme to produce and sustain sinusoidal oscillation, the loop gain must be

equal to unity. Thus, the characteristic equation of the scheme of Fig. 2.7 can be

expressed as

a .»
-(S+ b)s=jma = 1 228)
(jCOo+b)"+an=0 . (2.29)

From (2.29) the condition of the magnitude can be expressed as

o)f,+b2 = q* (2.30)

and the condition of the phase can be expressed as

I‘;O = arctan(&)
n b (2.31)

Fig. 2.8 shows a possible realization for the proposed even/odd-phase oscillator
using the current conveyors (CCIIs). Each phase requires a first-order lowpass
section consisting of a CCII and two grounded resistors. The use of multiple output

CCII provides an inverted version of the output. Thus, for (n) building blocks there
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are 2n-phase sinusoidal oscillator. Therefore, the circuit in Fig. 2.8 can realize n- or
2n-phase sinusoidal oscillator for p>2. Assuming identical CCII and using the
modified version, shown in Fig.2.5 (c), of the CCII model proposed by Svoboda[55],
routine analysis show that the transfer function of a single stage of the circuit of Fig.

2.8 can be expressed as

_af
C.(R, +R,
T(s) = & 1 ) 2.32)

+
C.(R,/IR.I/R,)

S

From (2.26) and (2.32), we can see that

a =af/(C,(R;+R;)) (2.33a)
b=1/(C.(Ry//R.//R3)) (2.33b)

From (2.30), (2.31) and (2.33), the frequency of oscillation can be expressed as

C,(R,//R./IR,) n @39

0}

[\]

and the condition of oscillation can be expressed as

180

aB(R,//R,//R,)=(R, +Rx)‘/((tan—)2 +1) 235)
n



Using (2.34) and (2.35) the frequency and the condition of oscillation for different

values of n can be calculated. Sample results are shown in Table 2.5.

No. of No. of Frequency
b‘:::l:; l('g) phases Condition of oscillation os cil‘l):ti on
(@)
3 3,6 aB(R//Ry //Rz) =2(Ri+Rx) 1.732/(Cz(Ry//R//R3))
4 4,8 aB(RA//Ry //R2) =1.414(R;+Rx) 1/(Cz(Ry//R,//R3))
S 5,10 apB(RA//Ry //R2)=1.237(R;+Rx)  0.728/(Cz(R,//R.//R;))
6 6,12 aBR//Ry //R2) =1.154R+Rx)  0.577/(Cz(R,//R.//R3))
7 7,14 aBRA/Ry //Ry))=1.11(Ri+Rx)  0.482/(Cz(R,//R.//R2))
8 8,16 aB(R//Ry //R2)=1.082(R;+Rx)  0.414/(Cz(R,//R,//R3))

Table 2.5 Frequency and condition of oscillation of even/odd-phase

sinusoidal oscillators.

From (2.34) and (2.35) we can see that the frequency of oscillation can be adjusted

by tuning the total parasitic grounded capacitor without disturbing the condition of

oscillation which can be adjusted by tuning the grounded resistor R, without

disturbing the frequency of oscillation.

ccn

R;

R,

b
'

R,

Fig 2.8 Generalized circuit for realizing an even/odd-phase

MPSOs
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2.3.2 Odd-phase sinusoidal oscillator

The generalized scheme for odd-phase (n) sinusoidal oscillators is shown in Fig.2.9.
The basic building blocks for this scheme are identical, inverting, first-order low-

pass sections. Each of these are characterized by the voltage transfer function:

T(s) = — (236
s+b
Yy
X| [—a Mg v g %
— e
s+ b s+b s+ b

Fig 2.9 Basic scherme for odd-phase sinusoidal oscillators

where a is the gain and b is the pole frequency. The loop-gain between the points X

and Y can be expressed for (n) odd sections by

L(s) = (-——)" @37
s+b

If the loop gain is unity, this scheme can be set to provide and sustain sinusoidal
oscillation. Thus, the characteristic equation of the scheme of Fig. 2.9 can be

expressed as

s=jo, 1 (2.38)

(_

S+b
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(_iCOo+b)"+a"=O (2.39)
From (2.38) and (2.39) the condition of the magnitude can be expressed as

Ct)‘2,+b2 = q° (2.40)

and the condition of the phase can be expressed as

180 = arctan(m°
n

) (2.41)

Fig 2.10 shows a possible realization of the proposed odd-phase MPSOs using the
CClls. Each phase requires a first-order lowpass section consisting of a CCII and
two grounded resistors. Assuming identical current conveyors and using the CCII
model, proposed by Svoboda [55] and shown in Fig.2.5 (c), routine analysis show
that the transfer function of a single stage of the circuit of Fig. 2.8 can be expressed

as

apf
C.(R +R))
1
C.(R,//R.//R,)

I(s)= (2.42)

S+

From (2.36) and (2.42), we can see that

a =aB/(C(R+R;)) (2.43a2)



b=1/(C.(Ry//R,//Rz) ) (2.43b)

From (2.40), (2.41) and (2.43), the frequency of oscillation can be expressed as

1 180
= (tan
C.(R,//R_//R,) n

0 ) (2.44)

(]

and the condition of oscillation can be expressed as

180,
T) +1) (2.45)

apR, //R,//R,) =R, +Rx)‘/«tan

Using (2.44) and (2.45) the frequency and the condition of oscillation for different

values of n can be calculated. Sample results are shown in Table 2.6.

No. of phase Condition of oscillation Frequency of oscillation
(m) (@)
3 aB(Rz//Ry//R;) =2(R,+Rx) 1.732/( Cz(R,//RA//R2))
5 aB(R//Ry //R2) =1.237(R;+Rx) 0.728/( Cz(R,//R./IR3))
7 aB(R//Ry //Rz) =1.11(Rj+Rx) 0.482/( Cz(Ry//R//R7))
9 apB(R//Ry //Rz) =1.063(R,+Rx) 0.364/( Cz(Ry//R./[R3))

Table 2.6 Frequency and condition of oscillation of odd-phase sinusoidal oscillators.

From Table 2.6 it can be seen that the frequency of oscillation can be adjusted by
tuning the total parasitic grounded capacitor without disturbing the condition of
oscillation which can be adjusted by tuning the grounded resistor R, without

disturbing the frequency of oscillation.



< R, R:

Fig 2.10 Generalized circuit for realizing an even-phase
MPSOs

2.3.3 Sensitivity Analysis

From (2.21), (2.23), (2.34) and (2.44), it is easy to show that the active and passive

sensitivities of the frequency of oscillation of Fig. 2.8 and Fig 2.10 are given by

-1 " (2.46)

§2e =-1,82 = nt =
: * 1+ R,/(R,//R))

@ —1 a, @, @,
S ] zO,S'Rl =Sa =Sﬂ =O (2.47)

(R,/1R) 1+(R. //R.,,)/Rz

Thus the propoesed circuits enjoy low active and passive w.-sensitivities

2.3.4 Simulation Results and Discussion

The three-phase and the six-phase sinusoidal oscillators shown in Fig2.11 (a) and (b)
were obtained from Fig.2.8 and Fig.2.10. To investigate the workability of these
MPSOs, both circuits were simulated using Pspice simulation circuit program. The
simulation was performed using the modified version, shown in Fig.2.5(c), of the

circuit proposed by Svoboda[S5]. Fig 2.13 (a) and (b) shows the simulated
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oscillations obtained from the circuits of Fig. 2.11 a and b for three-phase and six-

phase oscillations obtained with R;=4.5kQ2 and R,=10k.

From (2.34), (2.35), (2.44) and (2.45), we can see that while the frequency of
oscillation will not be affected by the current and voltage tracking errors of the
CCII, the condition of oscillation will be slightly affected. The proposed circuits
prove fhat, they can absorb the effect of the nonidealites shown in the model of Fig
2.5 (c). To show the effect of other possible sources of nonidealties of the current
conveyors of the proposed circuits of Fig2.11 (a) and (b) have been simulated using
the modified version of the Bruun-model [59], shown in Fig.2.12. Fig.2.13(c) shows
the theoretical results of the frequencies of oscillation at different values of Cz
obtained by using (2.34) and (2.45) with (R=4.5kQ, R2=10kQ, R,=10MQ, and
Rz=3M(QY) and the simulation results obtained by using the Bruun-model. The

simulation results deviate from the theoretical results by an error less than 2%.

Since, the frequency of oscillation can be adjusted by tuning the total parasitic
grounded capacitor without disturbing the condition of oscillation, then obtaining a
voltage controlled multiphase oscillator is feasible by connecting a voltage controlled
grounded-capacitor at terminal Z of the CCIIL. Such a capacitor can be realized in

active-R technique using the voltage-feedback operational amplifier pole[60].

To show the merits and demerits of this MPSOs, Table 2.7 shows a comparison
between the proposed MPSOs and the most recently published MPSOs.
Comparison shows that the proposed MPSOs and the MPSOs published in [28] are

able to produce even or odd numbers of phases while the MPSOs published in
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1992[26] and 195[31] can produce odd number of phases only. Howe.ver, the
proposed MPSOs use less number of active and passive elements than what has
been reported in 1995 [29]. For (n) odd-phase MPSOs, the proposed MPSOs use the
same number of passive elements as what has been reported in [31] but all of them
are grounded. Moreover, the MPSOs in [31] use (n) floating elements. The
proposed MPSOs has the ability to control o, through grounded capacitor without

changing the condition of oscillation while the other can’t do that.

MPSOs MPSOs MPSOs Proposed
using using CFA | using CCII active-R
OTA[26] [31] 1995 [29] 1995 MPSOs
1992
No. of active devices for
(2n) EVEN-MPSOs  —— —meomeee (2n) (n)
No. of passive elements
for (n) EVFN-MPSOs et S PSR (5n) (3n)
No. of Active Devices
for (n) ODD-MPSOs (2n) (n) (n) (n)
No. of passive elements (2n)
for (n) ODD-MPSOs (n) (n) of them (3n) (2n)
floating
The ability of
controlling o, without No No No Yes
changing the condition
of oscillation through
grounded resistor or
through gm of the OTA

Table 2.7 Comparison between the latest MPSOs and the proposed one
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I
26pF l x § -
L R, T C.
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Fig.2.12 A modified version of Bruun-model for the modelling of the
dual-output current conveyor R,=50Q, R;=3MQ and C2=4.5pF
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THREE PHASE OSCILLATOR
Date/Time run: 11/10/96 08:26:39 Temperature 27 0O

0 V(3) o V(S) a V(7)

Fig 2.13 (a) Three-phase output obtained from
2.11(a) with
R=4.5kQ,R;=10kQ



SIX PHASE OSCILLATOR

Date/Time run: 11/10/96 07:59:59 Temperature- 27 0

1 .80us 1 85us 1 .90us 1 .9Sus 2 Q0us
a V(3) o V(S) a V(7) v V(8) o V(9) + V(10)

Time

Fig 2.13 (b) Six-phase output obtained from
2.11(b) with
Ri=4.5kQ,R;=10kQ2
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e -1 1

0.2 04 0.6 0.8 1
The values of Cz in (nF)

+ The theoretical results obtained using (2.34) and (2.45)
x The simulation results obtained using the Bruun-model

Fig 2.13 (c) The frequency of oscillation (w,) in (rad/second) vs.
the values of C, in (nF)
with

R;=4.5kQ, R:=10kQ, R,=10MQ, R;.3MQ

x 10
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2.4 Active-C Multiphase Oscillator

A new active-C multiphase oscillator structure using CCCllIs will be presented. The
use of second-generation current controlled conveyor (CCCII) allows MPSO to be
electronically programmable. The broposed structure can be configured to produce
an even-number or odd-number of equal-amplitude equally-spaced-in-phase output
currents. This structure enjoys the following attractive features: the use of
grounded capacitors only without using any external resistors, independent current-
control of the frequency of oscillation using the bias current of the CCCII and low
active and passive sensitivities. The proposed active-C MPSO has two schemes, one
can realize even or odd number of phases while the other can realize odd number of

phases only.
2.4.1 Even/odd-phase sinusoidal oscillator

Fig. 2.13 shows the proposed even/odd-phase sinusoidal oscillator structure using
the current controlled current conveyors CCCII deduced from the block diagram of
Fig.2.7. Each phase requires a first-order lowpass section consisting of a CCCII and
two grounded capacitors. The use of multiple output CCCII provides an inverted
version of the output current. Thus for n-building block there are 2n-phase
oscillator. Assuming identical CCCII and using the standard notation, the CCCII
can be characterized by iy=0, V.=V;+R., and i~=ti, where R,=V1/(2l,), Vris the
thermal voltage and I, is the bias current of the CCCII. Routine analysis yields the

current transfer function of a single stage of Fig. 2.14 (a) which can be expressed as



T(s) = af(C, /C,) 248)
s+(1/CR))

—
0
—

o
—
0

Z+ —p L
.LxcccuZ-—’Im T" xcccn:::l: T_ X | L
Y Z+ v 2 ccaz | 1,
La= M IS L AL

Fig. 2.14 (a) Generalized circuit for realizing 2 multiphase oscillator

The loop-gain between the points X and Y can be expressed for n (odd integer)

sections by

aﬁ(cl /CZ) n
- —— .
L(s)= s+(1/ l ,)) (2.49)

If the loop gain is unity, this structure can be set to provide and sustain sinusoidal

oscillation. Thus, the characteristic equation of the scheme of Fig. 2.13 can be

expressed as



af(C,/C,) .
o, =1 (2.50)
s+(l/C,R,) ©™
(Jo,+A/CR)" +(af(C,/C,))" =0 @2.51)

From (2.51) the condition of the magnitude can be expressed as
02+(1/CR,)* = (af(C, /C,)) @52
and the condition of the phase can be expressed as

180 _ arctan(o , R, C)) (2.53)

n

Using (2.52) and (2.53) the frequency of oscillation for different values of #» can be

expressed as

1 180 21, 180
0, = (tan ) = (tan—) 2.54)
R.C, n C\V; n )

and the condition of oscillation can be expressed as

180,
n

Using (2.54) and (2.55) the frequency and the condition of oscillation for different

values of 7 can be calculated. Sample results are shown in Table 2.8.



No. of No. of Condition of Frequency of
building phases oscillation oscillation
blocks (n) (@)
3 3,6 apC=2C, 1.732/(CyRx)
4 4.8 apC;=1.414C, 1/(CiRx)
5 5,10 apC;=1.237C; 0.728/(C1Rx)
6 6,12 afC;=1.154C; 0.577/(CiRx)
7 7,14 affC=1.11C, 0.482/(CiRx)
8 8,16 apC;=1.082C; 0.414/(C\Rx)

Table 2.8. Condition and frequency of oscillation of even/odd-phase
sinusoidal oscillators.
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From (2.54) and (2.55) it can be seen that the frequency of oscillation can be

adjusted linearly by tuning I, without disturbing the condition of oscillation which

can be adjusted by tuning the grounded capacitor C, without disturbing the

frequency of oscillation. Thus obtaining a current controlled multiphase oscillator is

feasible. Also, we can see that while the frequency of oscillation will not be affected

by the current and voltage tracking errors of the CCCII, the condition of oscillation

will be slightly affected.

2.4.2 Odd-phase sinusoidal oscillator

Fig. 2.14 (b) shows the proposed odd-phase MPSOs oscillator structure deduced

from the block diagram of Fig.2.9 using the CCCIL. Each phase requires a first-

order lowpass section consisting of a CCCII and two grounded capacitors.



Assuming identical current conveyors and using the standard notation of the

CCCI], routine analysis yields the current transfer function of a single stage of Fig

2.14 which can be expressed as

af(C, /C.
T(S)z ﬂ( 1 2) 2.56)
s+(1/CR.)

CC

Z | |
‘L l .L X Z+ | 9 'L " Z+_’I“

1, IC,-- v cnzfz-
G
SN

Fig. 2.14 (b) Generalized circuit for realizing an odd-phase sinusoidal

oscillator

The loop-gain between the points X and Y can be expressed for n (odd integer)

sections by
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__ap(C/G,) .,
L(s)= (s+(l/C1Rx)) 2.57)

If the loop gain is unity, this structure can be set to provide and sustain sinusoidal
oscillation. Thus, the characteristic equation of the scheme of Fig. 2.14 can be

expressed as

aﬂ(cl /C2) n
s+(1/C,R) "™

=-1 (2.58)

Jo,+(1/CR,)" +(@f(C,/C,)" =0 (2.59)
From (2.59) the condition of the magnitude can be expressed as
i+ (1/CR,) =(af(C, /C,))* (2.60)
and the condition of the phase can be expressed as

180 =arctan(o , R C,) (2.61)

n

Using (2.60) and (2.61) the frequency of oscillation for different values of 7 can be

expressed as

1 180 21, 180
®, = (tan ) = (tan )
R.C, n C\V; n

P ¢

(2.62)

and the condition of oscillation can be expressed as



C, = Cz\/((tanl—sﬂ)2 +1)
n (2.63)

Using (2.62) and (2.63) the frequency and the condition of oscillation for different

values of 7 can be calculated. Sample results are shown in Table 2.9.

No. of phase Condition of oscillation Frequency of oscillation
(n) (@)
3 apC;=2C; 1.732/CiRx)
5 apC=1.237C, 0.728/(CiRx)
7 apCi=1.11C; 0.482/(CiRx)
9 apC=1.063C; 0.364/(CiRx)

Table 2.9. Condition and frequency of oscillation of odd-phase sinusoidal oscillators.

From (2.62) and (2.63) it can be seen that the frequency of oscillation can be
adjusted by tuning I, without disturbing the condition of oscillation which can be
adjusted li.early by tuning the grounded capacitor C, without disturbing the
frequency of oscillation. Also, we can see that while the frequency of oscillation will
not be affected by the current and voltage tracking errors of the current conveyors,

the condition of oscillation will be slightly affected.
2.4.3 Sensitivity Analysis

From (2.21), (2.54), and (2.62) it is easy to show that the active and passive

sensitivities of the frequency of oscillation of Fig. 2.13 and Fig. 2.14 are given by



69

Sge =-1 (2.64)
S;”" =1 (2.65)
§% = S;"’ = (2.66)

2.4.4 Simulation Results and Discussion

The three-phase MPSO shown in Fig 2.15 and the six-phase MPSO shown in
Fig.2.16 were deduced from Fig.2.14 (a) and (b). To investigate the workability of
these oscillators, both circuits were simulated using ICAPS circuit simulation
program. The multiple output plus/minus CCCllIs were simulated using realization
of Fig.1.10 proposed in [20] by adding current mirrors and cross-coupled current
mirrors. The PNP and NPN transistors were simulated using the parameters of the
PR200N and NR20ON bipolar transistors[61]. The results obtained for C;=41.5nF,
C:=20nF and I,=SOuA are shown in Fig. 2.17 and Fig. 2.18 for n=3 and and n=6
respectively. Fig 2.19 shows the frequency of oscillation vs. control curremt. As
shown in Fig 2.19, the simulated values of frequency of oscillation are in good
accordance with theoretical ones. Deviations less than 6% were obtained on the
range 1-200uA for I,. The most important deviations, which appear for the very
high values of I, principally come from the diminutions of the betas of the
transistors of the translinear loop of the CCCII (betas used in simulation equals
137.5 for NPN transistors and 110 for PNP transistors). To reduce these deviations,

transistors with higher values of beta should be used in realizing the CCCII. By
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using smaller capacitors, we can work at higher frequencies. For oscillation at
22.053MHz with 1,=100uA and C,=100pF the frequency obtained from simulation is

20.9MHz with error 5.2%.

To show the merits and demerits of this MPSOs, Table 2.10 show a comparison with
the previously published MPSOs. It can be seen that, the proposed MPSOs are able
to produce even or odd numbers of phases using less number of active devices and
grounded elements than the previously published MPSOs. While MPSOs published
in [31] and [29] lacks programmability, MPSOs published in [26] are not able to
tune o, without changing the condition of oscillation. However, the big advantage of
the proposed MPSO:s is the ability of controlling o, through I, of the CCCIIs without

changing the condition of oscillation and without using any external resistors.



n

MPSOs MPSOs
MPSOs using using using CCII Proposed
OTA [26] 1992 | CFA[31] | [29]) 1995 MPSOs
1995
No. of active devices for
(2n)EVEN-MPSOs S (2n) (n)
No. of passive elements
(2n)for EVEN-MPSOs oo e (5n) (2n)
No. of Active Devices
(n)for ODD-MPSOs (2n) (n) (n) (n)
No. of passive elements (2n)
(n)for ODD-MPSOs (n) (n)of them (3n) (2n)
floating
The ability of we can’t program we can program
programming o, o, through gm lakes lakes @, through Ic
without cnanging the | without changing o _ | without changing
condition of oscillation | the condition of | P r- gbrz;mm P ro%{allimm the condition of
through external oscillation abtlity ability oscillation
current or voltage
Table 2.10 Comparison between the latest MPSOs and the proposed one
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Chapter 3
Active-RC Universal Filter using unity gain cells

3.1 Introduction

The active-RC filter is the filter implemented by embedding active devices within a
passive RC network. It is desirable to minimize the complexity of the active
circuitry required. Consequently, the use of simple active devices like the unity gain
current and voltage followers to realize active-RC filters has been receiving
considerable attention [33-35] and results in the merits of greater linearity, larger
dynamic range and wider bandwidth which is not inversely related to the closed-

loop gain. A universal filter which can realize different responses i.e. lowpass,
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highpass, bandpass, notch and allpass has been reported by [36]. However, it can’t
realize the different responses without changing the circuit topology. In this chapter,
we will investigate the use of unity gain cells in designing both current and voltage
mode universal filters which can realize different responses without changing the

circuit topology.

3.2 Universal Current-mode Multiple Inputs-Single Output Filter

A new universal current-mode filter with three inputs and one output using unity
gain cells will be presented. It can realize lowpass, bandpass and highpass responses
without changing the circuit topology. The circuit can also realize notch and allpass
responses without using additional active or passive elements. The proposed filter
circuit enjoys high output impedance, independent tuning of the parameters o, and
©o/Q,, independent tuning of the gain without changing o, and ©,/Q,, employment
of grounded capacitors which paves the way for high frequency operation and low

active and passive sensitivities [62].
3.2.1 Proposed Circuit

The proposed circuit is shown in Fig. 3.1. Using standard notations, the current-
follower CF+ can be characterized by i=tcui;, 7=1-4 and the unity gain voltage
follower can be characterized by Vou~BaVimpun n=1-3 where a,=l-g, |g,|<<1

represents the current tracking error of the n-th current follower and Ba=1-0p,
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|3x|<<1 represents the voltage tracking error of the n-th voltage follower. Routine

analysis of Fig.3.1 yields the current transfer function given by

B 2
Lone
L
G
Fig 3.1 Proposed universal current-mode filter
with three inputs and one output
]2(32)4.1'(5_'3'_)4.[3(&6_1_&_)
s CiR, C.GR R,
l,=aa,f,— (3.1
R 2 +sala2ﬂn32R4 + a,a,a2,5,8,8;R,
Cl RZ R3 Cl CZ Rl RJ RS

From (3.1) the parameters o, and ©,/Q, can be expressed as



w0’ = a,a,a;B,8,8;R,
’ C,C,R,R;R;

(3.2)

D, _ a,a,p,p,R,
Qo C1R2R3

(3.3)

From (3.1) it can be seen that
(i) the lowpass response can be realized with
I=I~0,
(ii) the highpass response can be realized with
I=1;=0,
(iii) the bandpass response can be realized with
I=I=0,
(ii) the notch response can be realized with
I;=0 and I=I;and Rs=Ry
(ii) the allpass response can be realized with
I=I:=-I;, and R=R~=R;s

From (3.1) it can also be seen that the lowpass dc gain is equal to,
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a,R
G = —— (3.4)
a;R
the high frequency gain of the highpass response is equal to,
a,a
R
and the bandpass gain at o, is equal to
a,R
Gop = —— (3.6)
a R

From (3.2)—(3.6) it can be seen that the parameter o, can be adjusted by controlling
the resistors R;, Rs; and/or the capacitor C; without disturbing the parameter ©,/Q,-
Moreover, the parameter ©,/Q, can be adjusted by controlling the resistor R, without
disturbing the parameter o,. However, controlling the resistance R, and/or Rs will
disturb the lowpass and the bandpass gains. A possible strategy for adjusting the
parameters o,, ©o/Q,, the lowpass gain, the highpass gain and the bandpass gain, is
therefore as follows: first the resistor R; is adjusted to control the parameter vo/Q,,
then the resistor R is adjusted to control the highpass gain or the bandpass gain; the
resistor Rs is adjusted to control the lowpass gain, and finally the resistor R; is

adjusted to control the parameters o,.
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3.2.2 Sensitivity Analysis

Using (2.21), (3.2) and (3.3), Table 3.1 show the active and passive sensitivities of the

proposed filter of Fig. 3.1.

S @ Q
oy 0.5 -0.5
a; 0.5 -0.5
o3 0.5 0.5
B; 0.5 -0.5
B2 0.5 -0.5
Bs 0.5 0.5
C -0.5 -0.5
C:; -0.5 -0.5
R, -0.5 0.5
R; 0.0 1

R; -0.5 0.5
R, 0.5 -0.5
R; -0.5 -0.5
R 0.0 0.0

Table 3.1 The active and passive sensitivities of

the proposed filter in Fig.3.1

From Table 3.1, it is clear that the active and passive sensitivities are small.



3.2.3 Simulation and Experimental Results and Discussion

The proposed circuit was tested experimentally using the AD844; the ADS844
contains a unity-gain follower and a second-generation current-conveyor which can
be converted into a current-follower by grounding its high-impedance terminal. The
circuit was also simulated using Pspice. The simulation was performed using the
model of AD844, shown in Fig. 3.2, proposed by Svoboda 1994[55). Fig. 3.3 (a,b,c,d
and e) show the simulation and the experimental results obtained from the lowpass,
bandpass, highpass, notch and allpass responses. It appears that the simulation and
the experimental results are in fairly good agreement with the presented theory.
However, it can be seen that there are some deviation between the theoretical, the
simulation and the experimental results. That is due to the nonidealties of the active
devices. The major source of the nonidealites is the parasitic resistance that appears
at port X of the CF. We can take care of Ry;, R,3 and R, by adding them in series to

R3 Rs and R respectively.

For the natural frequency (©,) the deviation between the theoretical, simulation and

experimental results is less than 5%.

For the gain the deviations between the theoretical, simulation and experimental

results can be summarized as follows:
1. the lowpass gain deviates by a percentage error less than 1%,

2. the bandpass gain deviates by a percentage error less than 6%,
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3. the highpass gain deviates a percentage error less than 4% for frequencies <

1MHz,
4. the notch response deviates by a percentage error less than 10%,

5. the allpass response deviates by a percentage error less than 10%. while the phase

of the allpass responce deviates by a percentage error less than-12%.

In order to explore the possible reasons for the deviation between the theoretical
and experimental resuits, the analysis was repeated, in Appendix A, using 2 more
sophisticated model, shown in Fig. 3.2, for the CCII which includes the effect of the
parasitic resistance that appears at port X, voltage and current tracking error and
the poles of the CCIIs. As shown in Appendix A, the deviation between practical
results and theoretical results are due mainly to the R,; and the pole of the current
conveyor (R, and C,). It must alse be mentioned that the stray capacitance may
affect the operation of the circuit for the discrete implementation. Thus, designing

this filter in integrated form will improve the accuracy of the results.

Table 3.2 shows a comparison between the proposed filter and Celma’s universal
filter [36] which is the only proposed one in the literature using unity gain cells.
Comparison shows that the proposed filter uses same number of active devices and
less number passive elements to achieve all of the feature of the previously published
universal filter. The big advantage of the proposed universal filer over the previous
filter is the ability of realizing all of the five responses i.e. lowpass, bandpass,

highpass, notch and allpass response without changing the circuit typology.



3-Capacitor

Celma Universal filter Proposed Universal
[36]1995 Filter in Fig 3.1
No. of active elements Three current and Three current and
voltage follower & voltage follower &
additional current additional current
follower to sense the follower to sense the
output output
No. of passive elements 7-Resistor 6-Resistor

2-Capacitor

passive element to realize
notch and allpass
response

No. of input and output Single input Three inputs
Single output One output
It can realize lowpass, No Yes
bandpass and highpass
without changing the
circuit typology
Does not require
additional active or No Yes

Table 3.2 Comparison between Celma’s universal filter and the proposed current-

mode universal filter
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Fig. 3.2 Model of the negative-type current-conveyor CCII- which can
be converted into CF- by grounding terminal Y. The VCVS V, simulates
the unity-gain voltage follower. R..5002 R,=10Megd R, =3Meg)
C4.5PF,



Current Gain (db)

-40

10

Iy S . P AT B | N deeded bt 2 b i demd i b I S S S N WY

10

10° 10° 10* 10° 10°
Frequency (Hz)

- Theoretical

osimulation

x Experimental

Fig. 3.3 (a) The lowpass response with
R/=R>=R=1 k{2 R;=RRs=2kS2
C 1=C2 =1.2nF



(ap) ujeo yuauny

87

Frequency (Hz)

- Theoretical
oSimulation
+ Experimental

Fig. 3.3 (b) The bandpass response with
R;=1 k(3 Rs=RRs=2k$) Ry=15 k2
R=5k$, C;=Cs=1.2nF



10

)
N
L

N
=]

Current Gain (db)

10°
Frequency (Hz)

- Theoretical
o simulation
x Experimental

Fig. 3.3 (c) The highpass response with
R/=R;=R=I kS R;=RRs=2k{2
C=C=1.2nF

10



89

10

Current Gain (db)
8 3

&
(=}
T

)
X
10°
Frequency (Hz)
- Theoretical
o sSimulation

x Experimental

Fig. 3.3 (d) The notch (bandreject)
response with
R/= R=1 k$2 Rs=R,-Rs=2k$2 R=10 k £2
Ci=C~=1.2nF




-t
Q

Current Gain (db)
<

YT r T

-10 sasal " PR WYY | " 2 122221 " st 22221l e aaagl
10° 10’ 10° 10° 10* 10° 10°
Frequency (Hz)
200 M T 2| T v MM ¥ T T ~ T T
=)
[}]
Q
[+}]
(7]
(1]
=
a
-200 —_— g al aal i aazl e adsal aaal ~
10° 10’ 10° 10° 10* 10° 10°
Frequency (Hz)
- Theoretical
o simulation

x Experimental

Fig. 3.3 (e) The magnitude and the phase
of the allpass response with
R;=R=1 k€2 R=Rs= R(Rs=2k$2,

C 1=C 2 =1.2nF



91

3.3 Universal Current-mode Single Input — Multiple Outputs Filter

The previous proposed universal filter can realize one function at a time by
controlling the input current. In this section, a new universal current-mode filter
with one input and three outputs which can simultaneously realize lowpass,
bandpass and - highpass responses will be presented. The circuit can also realize
notch and allpass responses without using additional active or passive elements. The
proposed filter enjoys high output impedance, low input impedance, independent
tuning of the parameters o, and o,/0, employment of grounded capacitors which
pave the way for high frequency operation and low active and passive sensitivities

[62].
3.3.1 Proposed Circuit

The proposed circuit is shown in Fig. 3.4. Using standard notations of the two
output current-follower CF and the unity gain voltage follower, routine analysis

yields the current transfer functions

R,
A AA

R2

<

CF, _|T CF, _jT

Z- Z-

%r
Ry
1

Y Y Y
I [~ I I

Fig 3.4 Proposed universal current-mode filter with single input and three
outputs
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2
Lpp _ =B 3
I, Sz+sazﬂ|ﬁ2 +a|a2a3ﬂ1ﬂz .
CiR, CiCR R,
_a,a3p,5,
yp _ C,CR R, (3.8)
I; §? +sazﬂ|ﬂz + a,a,a;8,p,
CiR, CiG R\ R,
Sazﬂl
I C.R
8P _ 1% (3.9)
I; JERS a,p.p, + a,a,a;5,5,
CiR, C\C; RiR,
From equations (3.7-3.9) the parameters 0, and ©,/Q, can be expressed as
: _a,ea;:8,B,
Do = (3.10)
C,C,R/R;
@, _ b5,
- 3.11)
Qo C1R2 (

From (3.7)-(3.9) it can be seen that the lowpass dc gain and the high frequency gain

of the highpass are approximately equal to unity and the bandpass gain at o, equals
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R,
PR,

G = (3.12)

From (3.7)—(3.9), it can also be seen that an inverting notch response can be realized
by connecting the Iypand I;p output terminals. An inverting allpass response can be
obtained by connecting Iyp, Ispand Irp output terminals provided that R; =R.. Thus

no additional current followers are required for realizing mnotch and allpass

responses.

From (3.10)-(3.12) it can be seen that the parameter o, can be adjusted by
controlling the resistors R; R; and/or the capacitor C, without disturbing the
parameter ©,/Q,. Moreover, the parameter ©./Q, can be adjusted by controlling the
resistor R; without disturbing the parameter ©,. However, controlling the resistance
R; and/or R; will disturb the bandpass gain. A possible strategy for adjusting the
parameters ©,, ®./Q, and the bandpass gain, is therefore as follows: first the resistor
R; is adjusted to control the parameter o,/Q, then the resistor R; is adjusted to
control the bandpass gain; and finally the resistor R; is adjusted to control the

parameters Q,.



3.3.2 Sensitivity Analysis

Using (2.21), (3.10) and (3.11), the sensitivities of the proposed filter shown in Fig.3.4

were calculated and the results are shown in Table 3.3.

S @o o,
o 0.5 0.5
o 0.5 -0.5
a3 0.5 0.5
B 0.5 -0.5
B2 0.5 -0.5
Ci -0.5 0.5
C; -0.5 -0.5
R, -0.5 -0.5
R; 0.0 1

Rs -0.5 -0.5

Table 3.3 The active and passive sensitivities of
the proposed filter in Fig.3.4

From Table 3.3, it is clear that the active and passive sensitivities are small.

3.3.3 Simulation Results and Discussion

The proposed circuit was simulated using Pspice. The simulation was performed
using the modified version of Svoboda model [55] shown in Fig.3.5. Fig. 3.6 (a,b,c,d
and e) show the theoretical and the simulation results obtained from the lowpass,

bandpass, highpass, notch and allpass responses. It appears that the simulation
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results are in fairly good agreement with the presented theory. However, it can be
seen that there are some deviation between the theoretical, the simulation and the
results that is due to the nonidealties of the active devices. The major source of the
nonidealites is the parasitic resistance that appears at port X of the CF. We can take

care of R;; and R,; by adding them in series to R, and R; respectively.

For values of the natural frequency (f,)<60MHz, the deviation between the

theoretical results and the simulation results is less than 3%.

For the gain, the deviation between the simulation and theoretical results can be

summarized as follows:
1. the bandpass gain deviates by a percentage error less than 5%,
2. the highpass gain deviates by a percentage error less than 2% for f,<100MHz,

3. the lowpass, notch and allpass gains deviate by a percentage error less than 1%,

while the phase of the allpass responce deviates by a percentage error less than 4%.

Similar to circuit of Fig. 3.1, these errors are attributed to the effect of the parasitic

resistance R,; and the finite pole of the current conveyor (R;and C,).

Table 3.4 shows a comparison between the proposed filter and Celma’s Universal
filter [36]. Comparison shows that the proposed filter uses less number of active
devices and passive elements to achieve all of the features of the previously
published universal filter. However, the big advantage of the proposed filter is the

ability of realizing lowpass, bandpass and highpass responses simultaneously. Also



notch and allpass responses can be achieved without using additional active or

passive elements.

Celma Universal filter

Proposed Universal

[36]1995 Filter in Fig 3.4
No. of active elements Three current and Three dual output
voltage follower & current follower and
additional current Three voltage follower
follower to sense the
output
No. of passive elements 7-Resistor 3-Resistor
3-Capacitor 2-Capacitor
No. of input and output Single input One input
Single output Three outputs
It can realize lowpass, Yes
bandpass and highpass No Simultaneously
without changing the
circuit typology
Does not require
additional active or No Yes

passive element to realize
notch and allpass
response

Table 3.4 Comparison between Celma’s universal filter and the proposed current-

mode universal filter
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Fig. 3.5 Model of the dual outputs current-conveyor CCII which can be
converted into dual output CF by grounding terminal Y. The VCVS V,,
simulates the unity-gain voltage follower. R,.5002 Ry=10M<2 R,=3M(2 C.4.5PF
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3.4 Voltage-mode Filter with Single Input and two Outputs

The previous proposed universal filters are current-mode filters. However, analog
voltage-mode signal processing needs voltage-mode filters. In this regard, a new
voltage-modé bandpass/lowpass filter using unity gain cells will be presented. It can
simultaneously realize lowpass and bandpass responses. The proposed filter enjoys
low output impedance, independent tuning of the parameters o, and ©,/Q,,
independent tuning of the lowpass and bandpass responses gains without changing
©w, and ®,/Q,, employment of grounded capacitors and low active and passive

semsitivities.
3.4.1 Proposed Circuit

The proposed circuit is shown in Fig. 3.7. Using the standard notations of the
current-follower CF+ and the unity gain voltage follower, routine analysis yields the

voltage transfer functions:

&
>
t||——— 4@9
D
3

F-
x[_?_\_l{ Z|
L

C‘L& Vap G| Vi

Il l

Fig 3.7 Proposed bandpass/lowpass filter voltage-mode filter with single input
and two outputs
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Ver _ CiR, (3.14)
Vi ¢ + s +ala2ﬁlﬂ2
C\R, C,C,R,R,

From (3.13) and (3.14) the parameters o, and ©,/Q, can be expressed as

2 _ a,a,B,B,

wo - .
C,C2R2R3 (3.15)
o, 1
- (3.16)
Qa ClRl

From (3.15) and (3.16) it can be seen that the lowpass dc gain and the bandpass

gain at o, are equal to

R
Gy, =—2
© R, (3.17
Gy = R (3.18)
. R4

From (3.15)—(3.18) it can be seen that the parameter w, can be adjusted by
controlling the resistors R, R; and/or the capacitor C, without disturbing the
parameter ©,/Q,- Moreover, the parameter v,/Q, can be adjusted by controlling the
resistor R; without disturbing the parameter o,. However, controlling the resistance

R; and/or R; will disturb the bandpass and/or the lowpass gain. A possible strategy
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for adjusting the parameters o, ©,/Q,, the lowpass and the bandpass gains, is
therefore as follows: first the resistor R; is adjusted to control the parameter 0,/Q,
then the resistor R, is adjusted to control the bandpass gain, the resistor R; is

adjusted to control the lowpass gain and finally the resistor R is adjusted to control

the parameters ©,.

3.4.2 Sensitivity Analysis

Using (2.21), (3.15) and (3.16), the sensitivities of the proposed filter shown in Fig.3.7

were calculated and the resuits are shown in Table 3.5.

A @o Q
o 0.5 0.5
(s 2 0.5 0.5
B, 0.5 0.5
B; 0.5 0.5
C -0.5 0.5
C; 0.5 0.5
R, 0.0 1.0
R; -0.5 0.5
R; -0.5 -0.5

Table 3.5 The active and passive sensitivities of
the proposed filter in Fig.3.7

From Table 3.5, it is clear that the active and passive sensitivities are small
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3.4.3 Simulation and Experimental Results and Discussion

The proposed circuit was tested experimentally using the AD844. The circuit was
also simulated using Pspice. The simulation was performed using the model of
AD844 proposed by Svoboda [55] shown in Fig.3.2. Fig. 3.8 (a,b,c,d and e) show the
simulation and the experimental results obtained from the lowpass, bandpass,
highpass, notch and allpass responses. It appears that the simulation and the
experimental results are in fairly good agreement with the presented theory.
However, it can be seen that there are some deviation between the theoretical, the
simulation and the experimental resuits that is due to the nonidealties of the active
devices. The major source of the nonidealites is the parasitic resistance that appears

at port X of the CF. We can take care of R, by adding it in series to R,.

For the natural frequency (w,) the deviation between the theoretical, simulation and

experimental results is less than 5%.

For the gain, the deviations between the theoretical, simulation and experimental

results can be summarized as follows:
1. the bandpass gain deviates by a percentage error less than 6%,
2. the lowpass gain deviates by a percentage error less than 2%,

Similar to circuit of Fig. 3.1, these errors are attributed to the effect of the parasitic

resistance R,; and the finite pole of the current conveyor (R, and C,).
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Table 3.6 shows a comparison between the proposed filter and Celma’s universal
voltage-mode filter [36]. Comparison shows that the proposed filter has the ability
to simultaneously realize lowpass and bandpass responses while Celma’s filter can’t

do that. The proposed filter uses less number of active devices and passive elements.

However, It can’t realize the highpass response.

Celma Universal filter Proposed Universal
[36]1995 Filter in Fig 3.7
No. of active elements Three current and Two current and voltage
voltage follower follower
No. of passive elements 7-Resistor 4-Resistor

3-Capacitor

2-Capacitor

No. of input and output Single input One input
Single output Two outputs
It can realize lowpass, Yes, it can
No simultaneously realize

bandpass and highpass
without changing the
circuit typology

lowpass and bandpass.

Table 3.6 Comparison between Celma’s universal filter and the proposed voltage-
mode lowpass/bandpass filter
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3.5 Voltage-mode Filter with Single Input and Three Outputs

The previous voltage-mode filter can realize lowpass and bandpass responses only.
A new voltage-mode universal filter with single input and three outputs which can
simultaneously realize lowpass, bahdpass and highness responses will be presented.
The proposed filter enjoys low output impedance, independent tuning of the
parameters o, and o,/Q,, independent tuning of the lowpass, bandpass and highpass
responses gains without disturbing o, and ©,/Q, employment of grounded

capacitors and low active and passive sensitivities.
3.5.1 Proposed Circuit

The proposed circuit is shown in Fig. 3.9. Using the standard notations of the
current-follower CF+ and the unity gain voltage follower, routine analysis yields the

voltage transfer functions:

Vie CF+ R CF- M
am— X E] J:%—Wr—- X E Z I&
1 R Y Y 3
R, L] * = Icz

Fig 3.9 Proposed universal voltage-mode filter with single input and three
outputs
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Vie C,C,R,R,R,
Vi §? +sa|a2ﬂ1ﬂ2Rs +a1a2a3ﬂ|ﬂzﬂ3R6
C,R|R, C,C,R\R, R,
_s a,,f,B,Rs
Vep _ CiR R,
Vi §? +Sa1a2ﬂ|ﬂst + a,a,a;8,8,B;R;
C,R R, C,C,R R, R,
2 al ﬁl R6
s —_——
Vip R,

Vi 2 salazﬂlﬂZRG +a1aza3ﬂ1ﬂzﬁ3R6

s+
Cl Rl R4 CI Cz Rl Rz Rs

From (3.19)-(3.21) the parameters o, and ©,/Q, can be expressed as

o’ = a,a,a;B,B,B;R;
’ C,C,R R, R,

o, a, a,p B,k

Qo Cl Rl R4

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)
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From (3.19)-(3.21) it can be seen that the lowpass dc gain, the high frequency gain

of the highpass and the bandpass gain at w, are equal to
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Gy = %’ (3.24)
a . R
Gp = —-'%—i (3.25)
R
Gy = }i (3.26)
3

From (3.15)-(3.26) it can be seen that the parameter ®, can be adjusted by
controlling the resistors R, R; and/or the capacitor C; without disturbing the
parameter ©,/Q,. Moreover, the parameter ,/Q, can be adjusted by controlling the
resistor R; without disturbing the parameter ©,. However, controlling the resistance
R; and/or R; will disturb the bandpass and/or the lowpass gain. A possible strategy
for adjusting the parameters o, 0./Q,, the lowpass and the bandpass gains, is
therefore as follows: first the resistor R, is adjusted to control the parameter ©,/Q,
then the resistor R, is adjusted to control the bandpass gain, the resistor R; is
adjusted to control the lowpass gain and finally the resistor R; is adjusted to control

the parameters w,.
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Using (2.21), (3.22) and (3.23), the sensitivities of the proposed filter shown in Fig.3.9

were calculated and the results are shown in Table 3.7.

S @y 0,
a; 0.5 -0.5
a; 0.5 -0.5
a3 0.5 0.5
Br 0.5 -0.5
B2 0.5 -0.5
Bs 0.5 0.5
C -0.5 0.5
C; -0.5 -0.5
R, -0.5 0.5
R; -0.5 -0.5
R; 0.0 0.0
R, 0.0 1

R;s -0.5 -0.5
Rs 0.5 -0.5

Table 3.7 The active and passive sensitivities of

From Table 3.7, it is clear that the active and passive sensitivities are small

the proposed filter in Fig.3.9
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3.5.3 Simulation and Experimental Results

The proposed circuit was tested experimentally using the AD844. The circuit was
also simulated using Pspice. The simulation was performed using the model of
AD844 proposed by Svoboda [55] shown in Fig.3.2. Fig. 3.10 (a,b,c,d and e) show the
simulation and the experimental results obtained from the lowpass, bandpass,
highpass, notch and allpass filters. It appears that the simulation and experimental
results are in good agreement with the theory presented. However, it can be seen
that there are some deviation between the theoretical, the simulation and the
experimental results that is due to the nonidealties of the active devices. The major
source of the nonidealites is the parasitic resistance appears at port X of the CF. We

can take care of R,; and R,; by adding them in series to R, and R; respectively.

For the natural frequency (w,) the deviation between the theoretical, simulation and

experimental results is less than 5%.

For the gain the deviation between the theoretical, simulation and experimental

results can be summarized as follows:

1. the lowpass gain deviates by a percentage error less than 3% due to the effect of

the parasitic resistance R,;.

2. the bandpass gain deviates by a percentage error less than 4% due to the effect of

the parasitic resistance R,;.

3. the highpass gain deviates by a percentage error of less than 7% for

frequencies<2MHz.
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Similar to circuit of Fig. 3.1, these errors are attributed to the effect of the parasitic

resistance R,; and the finite pole of the current conveyor (R; and C,).

Table 3.8 shows a comparison between the proposed filter and Celma’s universal
voltage-mode filter [36]. Comparison shows that using the same number of active
devices and less number of passive elements the proposed universal filter has all of
the features of the previously published universal filter. The big advantage of the

proposed universal filer over the previously published filter is the ability of realizing

lowpass, bandpass and highpass simultaneously.

S. Celma Universal filter
[36]1995

Proposed Universal
Filter in Fig 3.9

No. of active elements

Three current and
voltage follower

Three current and
voltage follower

No. of passive elements

7-Resistor
3-Capacitor

6-Resistor
2-Capacitor

No. of input and output Single input One input
Single output Three outputs
It can realize lowpass, Yes, it can
bandpass and highpass No simultaneously realize

without changing the
circuit typology

lowpass, bandpass and
highpass.

Table 3.8 Comparison between S. Celma’s universal filter and the proposed
voltage-mode universal active filters
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Chapter 4

Active-C Programmable Universal Filter using
CCClIIs

4.1 Introduction

The popularity of programmable active filters have increased over the past
decade[37-54]. Using OTAs to implement this type of filters is one of the most
successful methods due to its simplicity [37-41]. However, performance limitations
of OTAs s;uch as poor bandwidths and poor output drive capabilities will restrict the

overall operating performance of the filter. On the other hand, current-mode
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current-conveyor based filters can offer wider signal bandwidths, greater linearity
and wider dynamic ranges of operation [42-54]. However, they Ilack
programmability. With the advent of current control conveyors CCClIIs, filter
parameters such as the natural frequency and bandwidth can be con;inuously tuned
by varying the bias current I, of the CCCII. Using two CCCII+ and two grounded
capacitors a current-mode band pass filter was reported by Fabre et al, 1995 [19]
and a voltage-mode bandpass filter was reported by Fabre et al, 1996 [20]. No
attempt has been reported, so far, to present universal second-order filter using
CCClIlIs. In this regard, a new universal programmable current-mode second-order
filter with three-inputs and one-output will be presented. The proposed filter enjoys

the following advantages:

(i) current control of the parameters o, and ©,/Q, of the filter and the gains of the

bandpass and the lowpass responses,
(ii) high output impedance,

(iii) independent control of the parameter o, without disturbing the parameter

©o/Q, and the bandpass and the lowpass gains,
(iv) no externally connected resistors,

(v) employment of grounded capacitors which pave the way for high frequency

operation and

(vi) low active and passive sensitivities.
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4.2 Proposed Circuit

The proposed circuit is shown in Fig. 4.1. Using standard notations, the CCCII+ of
Fig.1.10 can be characterized by iy=0, V.=V, +Ri. and i=tiy, where R,=V1/(2l,), Vris
the thermal voltage and I, is the bias current of the CCCII. Routine analysis yields

the current transfer function which can be expressed by

s, +s 1 I, + 1 I,
]ow - - C;sz CI CZ:XIRXZ (4.1)
2 x3 x3

S +s +
CZ RxZ Rx4 Cl CZ Rxl Rx2 RxS

Now, a current-mode bandpass filter is obtained if we choose I,=I;=0, thus,

== 4.2)
L . Ry Ry

S
CZ sz Rxl Cl CZ Rxl RxZ RxS

A current-mode lowpass filter is obtained if we choose I=I;=0, thus,
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1
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z -
Y

X

m

T,

Fig 4.1 Proposed universal current-mode filter with three inputs and single
output

A current-mode highpass filter is obtained if we choose I,=I,=0, thus

2
he _ _ $ @.4)
13 2 RxJ + Rx3

ST+S
C2 RxZ Rx4 Cl C2 Rxl RxZ Rxs

A current-mode notch (bandreject) filter is obtained if we choose 1= 0, I,=I;=I;and

R.3= R.sthus



I S
INOTCH - CICZ Rlexz (4 5)
Il 2 Rx3 1

S°+s +
CZ sz Rxd Cl CZ Rxl Rxl

A current-mode allpass filter is obtained if we choose I;=-I>= Is=I;and Rx;= R,

=R.;s thus

o 1
IAP -— CZ RXZ CICI RlexZ (4.6)
I ) 1 1

s"+

s +
CZ sz Cl C~2 Rxl RxZ

From eqn. 4.1-4.6 the parameters o, and ®,/Q, can be expressed as

R
wl = x3 4.7
CI CZ Rxl Rx2 Rx5
@ [?) Rx3
4.8)

Qo CZ RxZ Rx4
From equations (4.1-4.6), it can also be seen that the high frequency gain of the

highpass filter is equal to unity, the dc gain of the lowpass filter is equal to

R

— x5
GLP -

x3

(4.9)

and the bandpass gain at o, is equal to

123
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Ggp =— 4.10)

From equations. (4.7-4.10), it can be seen that the parameter @, can be adjusted by
controlling the resistance R, that is the bias current I,; without disturbing the
parameters ©,/Q,, the lowpass gain G.p and the bandpass gain Gsp. Moreover, the
parameter ©,/Q, can be adjusted by controlling the resistance R, that is the bias
current [, without disturbing the parameters o, the lowpass gain G.p and the
bandpass gain Ggp. Furthermore, the bandpass gain can be adjusted by controlling
the resistance R,,, that is the bias current I,,, without disturbing the parameter o,.
However, this will disturb the parameter ©,/Q, Finally, the lowpass gain can be
adjusted by controlling the resistance R.s, that is the bias current I,; without
disturbing the parameter o,/Q0, However, this will disturb the parameter ©,. A
possible strategy for adjusting the parameters o, ©,/Q, the bandpass and the
lowpass gain is therefore as follows: first the resistor R, that is the bias current I,
is adjusted to control the bandpass gain Ggr and R,s, that is the bias current I, is
adjusted to control the lowpass gain G.p, then the bias current I, is adjusted to
control the parameter w,/Q, and finally the bias current I,; is adjusted to control the

parameter ©,.
4.3 Sensitivity Analysis

Using (2.21) and (4.1) the sensitivities of the parameters o, and Q, of the proposed

filter were calculated and the results are given in Table 4.1.



S @o (12
C -0.5 -0.5
C; -0.5 0.5
Ry; -0.5 -0.5
R -0.5 0.5
Ry 0.5 0.0
R,y 0.0 1.0
R, 0.5 -0.5

Table 4.1 The active and passive sensitivities

of the proposed filter in Fig. 4.1

Thus, the active and passive sensitivities of the proposed filter are small.

4.4 Simulation Results and Discussion

125

The proposed universal filter in Fig. 4.1 has been simulated using ICAPS circuit

simulation program. The CCCII+ have been simulated using the schematic

implementation of Fig. 1.10, proposed by Faber et al, [20] with dc supply

voltage=12.5V. The PNP and NPN transistors were simulated using the parameters

of the PR200N and NR20ON bipolar transistors [61].

Fig. 4.2 (a) shows the theoretical and the simulation results of the gain-frequency

characteristics of the lowpass filter with C;=C,=1nF I,= [,+=100uA and I,s=50uA

tuned at three different values of (w,) with ( Ioi=l,; =1uA, L=, =10uA, L,;=L,

=100uA) respectively. The simulated results of the frequencies deviate from the
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theoretical results by a percentage error less than 3% and the simulated results of
the gains deviate from the theoretical results by a percentage error less than 5§%.
Fig. 4.2 (b) shows the theoretical and the simulation results of the gain-frequency
characteristics of the bandpass filter with C;=C;=1nF I,= 100uA, I,.= 25uA and
L,s=50uA tuned at three different center frequencies (©,) with ( I,1=L,; =1uA, I=l,;
=10uA, L;;=I,; =100uA) respectively. The simulation results of the frequencies
deviate from the theoretical results by a percentage error less than 3.5% and the
simulated results of the gains deviate from the theoretical results by a percentage
error less than 5%.

Fig. 4.2 (c) shows the theoretical and the simulation results of the gain-frequency
characteristics of the highpass filter with C;=C,;=1nF I,3=1,,=100uA and I,s=50uA
tuned at three different values of (©,) with ( I,1=l.2 =1uA, L=l =10uA, I,=I,;
=100uA) respectively. The simulated results of frequencies deviates from the
theoretical results by a percentage error less than 3.5% and the simulated results of
the gains deviate from the theoretical results by a percentage error less than 7% for
frequencies less than 100MHz. The most iniportant deviations appear at very high
frequencies due to the cut off frequency of the tranmsistors. To reduce these
deviations, transistors with higher cutoff frequencies should be used in realizing the
CCCIL.

Fig. 4.2 (d) shows the theoretical and the simulation results of the gain-frequency
characteristics of the notch (band reject) filter with C;=C,=1nF L;;= I,s= 100uA and

[,4=25uA tuned at three different values of (®,) with ( Io;=I;; =1uA, I,;=I,2 =10uA,
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Li=Il,2 =100uA) respectively. The simulation results deviates from the theoretical
results by a percentage error less than 5% and the simulated results of the gains
deviate from the theoretical results by a percentage error less than 7%.

Fig. 4.2 (e) shows the theoretical and the simulation results of the gain-frequency
characteristic§ of the allpass filter with C,=C;=1nF I[;;=I;=10uA, I=I.=
I,s=100uA. The siml;lation results deviates from the theoretical results by
percentage of error less than 7%.

Fig. 4.2 (f) shows the theoretical and the simulation results of the phase-frequency
characteristics of the allpass filter with C;=C;=10F I,=I.= I,s= 100uA and tuned at
three different values of (0,) with ( I, =L ;=1uA, I,;=L; =10uA, I,;=I,; =100uA)
respectively. The simulated results of phase deviates from the theoretical results by
a percentage error less than 6%.

Fig 4.3 show o, vs. the control current . It appears that the simulation results are in
fairly good agreement with the presented theory. Deviations less than 6% were
obtained on the range 1-150uA for .. The most important deviations, which appear
for the very high values of I, principally come from the diminutions of the beta of
the transistors in the translinear loop of the CCCII (beta used in the simulation
equal to 137.5 for NPN transistors and 110 for PNP transistors). To reduce these
deviations, transistors with higher value of beta should be used in realizing the

CCCII.

To show the merits and demerits of the proposed filter, Table 4.2 shows a

comparison with the most recently published active-C programmable current mode
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universal filters. Comparison shows that, the proposed filter and the p&ﬁously
published filter enjoy the independent tuning of w, and w,/Q,. The proposed filter
use same number of active devices and same or less number of grounded capacitors.
For conventional bipolar OTA, the value of gm=I,/(2Vt) while for the CCCII, R,
can be expressed as V1/2L,. It can be seen that for a second order filter with same ,,
an OTA implementation needs 4 times the value of the control current needed by an
CCCIH implementation. Thus at high ©,, the OTA implementation will suffer from
the diminutions of the beta of the transistors more than CCCII implementation. The
proposed filter has better performance at high frequencies and less power

consumption than the filters using OTAs.



OTA-C OTA-C and CCII | Proposed CCCII-C
Universal filter Universal filter Universal filter
1996[41] 1995[54]
No. of active Five OTA-C with | Four OTA-C and Five CCCII
devices two output One CCII
No. of capacitors Two Three Two
Independent Yes Yes Yes
tuning of ©, and
/@,
Perfomance Better than
at high frequinces —_— both of them
Power > Three units > Three units One unit
Consumption

Tabel 4.2 show a comparison betwwen the proposed filter and the previously
published Active-C programmable current mode universal filter.




Current
Gain

10 100 1K 10K 100K 1MEG

Frequency (Hz)
- Theoretical
= Simulation

Fig. 4.2 (a) Gain-frequency characteristics of the lowpass
filter with
C=C=InF
L= 1,~100uA, I,5=50uA
(1) I,;=l;=1uA
(2) I,;=1,2=10uA
(3) I,;=1,2=100uA
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Fig. 4.2 (b) Gain-frequency characteristics of the bandpass
filter with
C=C=InF
Ios= 100uA, I = 25uA I,5=50uA
(D) L=l =1uAd
(2) I=l,2=10uA
3) 1,;=l,2=100uA
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Fig. 4.2 (c) Gain-frequency characteristics of the highpass
filter with
C=C=InF
I5= 1,=100uA, 1,5=50uA
(D) I=l;=1uA
2) I=I,,=10uA
3) I=l,2=100uA
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Fig. 4.2 (d) Gain-frequency characteristics of the notch filter
with
C=C=InF
Ios=I,5= 100uA, I,,~25uA
(1) I=l;=1uA
(2) ILo=l2=10uA
3) I,=1,,=100uA
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[1] Li3= L;s-100pA C,=C;=1nF
[2] L;s-50pA I,3=100uA C;=C,;=1nF
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Chapter 5

A CCCII-based Current-Mode Analog

Multiplier/Divider

5.1 Introduction

Analog Multipliers and dividers are widely used in telecommunications, control,
instrumentation and signal processing. The application of the second-generation
current-conveyor (CCII) in realizing voltage-mode multiplier circuits has been

demonstrated, but these circuits invariably use MOS transistors [55-57]. In order to
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avoid the effect of the nonlinearities of the MOS transistors, it is essential to ensure
the operation of the MOS transistors in the linear region. This requires some

operation constraints [55-57].

The major intention of this chapter is to present a current-mode analog
multiplier/divider circuit using only two CCCII and without using MOS transistors
or resistors. Thus, avoiding the operation constraints required for linear operation
of the MOS transistors used in the available voltage-mode multiplier/divider
circuits. The proposed multiplier/divider enjoys temperature independent

performance.

5.2 Proposed Circuit

The proposed current-mode analog multiplier/divider circuit using only two second-

generation current-controlled current-conveyors is shown in Fig. 5.1.

xz v _]_ Yl
L7, cccn - ccen z, %——

iaZ il

Iy

four

Fig. 5.1 Proposed Multiplier/Divider Circuit
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Using the large signal model of the CCCII+ given by equation (1. 9), then

= 2Ismh( —) (5.1)
VT

V.. = V.sinh™ LR (5.2)
XYy T (21)

V. = Vsinh'(—2—)=V smh"( ) (5.3)
o 27 -+-212

io2 = il + 1112 (5-4)

1
. . A
fo =15 =0 = —‘]—2- (5.5)

From (5.5) it can be seen that the circuit of Fig. 5.1 can perform a four-quadrant
multiplication if the input signals are i; and i;, while it realizes a divider circuit if the

input signals are i; (or ;) and I.

5.3 Simulation Results and Discussion

To investigate the workability of this multiplier/divider circuit. The circuit of Fig.
S.1 has been simulated using ICAPS circuit simulation program. The CCCII+’s
have been simulated using the schematic implementation of Fig. 1.10 proposed by
Fabre et. al. [20] with dc supply voltage =+2.5V. The PNP and NPN transistors were
simulated using the parameters of the PR200N and NR200ON bipolar transistors

(61]. The multiplier function was tested first by multiplying two sinusoidal signals.
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The results obtained are shown in Fig. 5.2 for i=1sin(2n.1000/)mA,
i>=1 sin(21.300001) mA, I=2mA. The deviations of the simulation results from the
theory presented is less than 2%. For higher values of current this deviations will
increase due to the diminutions of .the beta of the transistors of CCCII, (beta used in

simulation equals to 500).

Another test for multiplying a triangular signal by factors of 2 and -2 was
performed. The results are shown in Fig. 5.3 for i;=+200ud4, I= 1004 and i, as
triangular wave with amplitude 10u4 and period = 2msec. The simulation resuits
are in fairly good agreement with the presented theory. The deviations of the

simulation results from the theory presented is less than 1%.

The divider function was also tested. The results obtained are shown in Fig. 5.4 for
ir=20uA, i;=100pA and I as a triangular wave with amplitude 20uA, dc component
=10uA and period = 2msec. The deviations of the simulation results from the theory

presented i< less than 2%.

To show the merits and demerits of the proposed multiplier/divider, Table 5.1 shows
a comparison with the most recen.tly published multipliers/dividers. Comparison
shows that the proposed multiplier/divider are current-mode while the other
multipliers/dividers are voltage mode. The proposed muitiplier/divider has been
realized using only two CCCII and without using MOS transistors. Thus avoiding
the operation constraints required for linear operation of the MOS transistors used

in the available voltage-mode multiplier/divider circuits. Moreover, the proposed



multiplier/divider enjoys larger dynamic range and temperature independent

performance.

Multiplier and Multiplier / Proposed
divider [55] divider [56] multiplier/ divider
(1993) (1996)
No. of active | Two CCII and two
devices MOS transistors
for the multiplier
Three CCII (;;I(C) ;ZCII a.mti six Two CCCII+
and six MOS transistors
transistors for the
divider
Mode voltage-mode voltage-mode current-mode
Dynamic small smali Large
range
Require some Yes Yes No
operation
constraints for
linear
operation
Can realize No Yes Yes
multiplier and
divider
without
changing the
circuit
typology
Temperature No No Yes
independent

Table 5.1 comparison between two of the most recently published
multipliers/dividers using current conveyor and the proposed
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Fig 5.2 Output current obtained from the
multiplier of Fig. 5.1 with i;=1sin(211000¢t),
i>=1sin(2130000t),I=2 all in mA.
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Fig. 5.3 Output currents obtained from the
multiplier of Fig. 5.1 with
i1 =200 uA, I=100uA
i= triangular wave with amplitude 10uA and

period =2msec
(1] input signal

[2] output signal when i;=-200uA

[3] output signal when i=-200uA
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Fig. 5.4 Output current of the divider
with
i1=20uA, i>=100uA and I the triangular
waveform.
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Chapter 6

Conclusion and Directions of Future Work

6.1 Conclusion

Current conveyors have proved to be functionally flexible and versatile. This is
attributed to their higher signal bandwidths, greater linearity and larger dynamic
range. In this thesis, we have developed MPSOs using second-generation current
conveyors CClls, new universal filters based on current and voltage followers, a
new programmable active-C current-mode universal filters using CCCII and we

have extended the use of current conveyor to nonlinear applications.
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The first part of this thesis investigated the feasibility of developing new; MPSOs
using second-generation current conveyors CCIls which can generate (n) signals
equal in amplitude and equally spaced in phase, with (n) either an even or an odd
number. In this regard, active-RC, active-R and active-C MPSOs were presented.
Their frequencies of oscillation can be controlled either by a grounded resistor as in
the proposed active-RC MPSOs, or by a grounded capacitor as in the proposed
active-R MPSOs or by the bias current of the CCCII as in the proposed active-C
MPSOs. The three structures were simulated using Pspice and the results were in
good agreement with the presented theory, with an error of the order of or less than

6%.

The second part of this thesis investigated the feasibility of developing new universal
filters based on voltage and current followers which can be deduced from CCII by
grounding the Y terminal. In this regard two current-mode universal filters were
presented. The first filter has three inputs and one output and can realize lowpass,
highpass, bandpass, notch and allpass responses without any changes in the circuit
topology. The second filter has three inputs and one output and can simultaneously
realize lowpass, highpass and bandpass responses. Realization of notch and allpass
can be easily achieved without adding any additional active elements. On the other
hand, two voltage-mode universal filter were also presented. The first filter can
simultaneously realize lowpass and bandpass responses. The other filter can
simultaneously realize lowpass, highpass and bandpass responses. Three of these

filters were tested experimentally and all of them were simulated using Pspice. The
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theoretical, the simulation and the experimental results were in good agreement.

with an error of the order of or less than 7%.

The third part of this thesis investigated the feasibility of taking advantage of the
parasitic resistance R, (which appears when the input cell of CCII is implemented
from mixed translinear loop known as CCCII where the value of this resistance
depends on the bias current L, of the CCII ) in developing a new programmable
active-C current-mode universal filters. The proposed filter has three inputs and
one output and can realize lowpass, bandpass, highpass, notch and allpass

responses.

Comparisons between all of the proposed circuits and the previously published

circuits were included. All of the proposed MPSOs and universal filters enjoy:

1. the independent control of the basic parameters, like the frequecy of oscillation
and the condition of oscillation of the MPSO, or like the natural frequency and the

banwidth of the universal filter.

2. the use of grounded capacitors,

3. the use of minimum number of active and passive components,
and

4. the low active and passive sensitivities.

The last part of this thesis investigated the feasibility of extending the use of current

conveyor to nonlinear applications. A simple current-mode analog
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multiplier/divider circuit using only two CCCII was presented. No resistors, no
capacitors and no MOS transistors are required. The circuit can perform
multiplication and division without changing its topology. The proposed circuit
enjoys the temperature independence and the large dynamic range of the input
signals. Simulation results are included. Comparison with the most recently
published multiplier/divider circuit shows that the proposed multiplier/divider
circuit has superior advantages over them.

To conclude, it can be said that the proposed circuits in this thesis have attractive

features for possible integration in comparsion with related existing circuits.

6.2 Directions of Future Work

There is always still a room for improvement. This work can be extended in many

directions:

e The CCCIIs has been used in realizing programmable universal filter with
multiple inputs and single output. In future, the CCCIH can be used in realizing
programmable universal filter with single input and multiple outputs.

e The CCCII has been used in realizing a programmable grounded resistor [20]. In
future, the CCCII can be used in realizing programmable floating resistor and
floating or grounded capacitor and may be inductor which enjoys the large
dynamic range, temperature independence, using grounded capacitor and

employing of minimum number of active and passive elements.
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Appendix A

It has been noticed that there are some differences between theory and
measurements. To investigate the reasons behind these differences we will use the
nonideal model of the current conveyor.

As an illustrative example consider the circuit shown in Fig. 3.1. Using the nonidesl
current conveyor model of Fig. 3.2, the equivalent circuit of Fig.3.1 is shown in Fig.
Al

Analyzing the circuit shown in Fig. A.1, we have,

a kv,
v, =—1 Lo k]
2 Rxl 141 (A.1)
Where,
k = R,
' S(C, +C)R. +1 (A-2)
Rxl(‘?3+Rx 2) Rxl RII(R3+RX 2)
Vp =- v; — I, - I, (A.3)
a,a,p\kk, a, a,a,pk,
Where,
B R_//R,
* SC.(R.I/R,)+1
a,p,k,
=—223 vy +k.]
4 R5+Rx3 3 343 (A.4)

Where,



159

s V. .6”
Y W . Y
Ry ”?#m W_s __,.w.,.n_m
BH K
> mﬁ Q.__-v 1P ) ce >
SRy i ¢ L \}is ¢ L {): !
! ¥ Voo Toes Vi Vs LT ¥ 1..-T..
— U] HOTH Rurl E b LRG| 7y al | R 1:C,
I, s v 'R, A PR L ¥
W Gy, 0 Ry! LN | D :Cy
1 i I~ 1 11 1 I~

Fig A.1 Equivalent circuit of the universal filter of Fig 3.1 using Svaboda model
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R.
k, = :
S(C, +C.)R. +1

_ a,B,v,
R+R_,

I =

o

Applying KCL at node (1) yields,

v, ~ By, +"| - B;v, + V| =0
R, R, Ry,

i = Byv; +ﬁ3"4
R /IR, /IR, R, R,

Substituting equations (A.1-A.4) in equation (A.7), we get

Rxl(R3+Rx 2) Rxl I
— v -—
(R,/IR, /IR)a,a,Bkk, = (R/IR, [IR)a, '

_ R.\(R,+R,,) I = B,vs + a,B,P:k; v,
(R//Ry /IR, Biky ~ R, R(Rs+R, ;) R,

Rearranging equation (A.8) yields,

_ Rxl 1 Rx I(R3 +sz) I ﬂ3k3[
(R/IR. /IR)a, ' (R//Ry lIR)aa,Bk, - R °
=v, El__*_ a3ﬂ2ﬁ3k3 + RX I(RS +Rx 2)

R, R(R;+R,;) (R//Ry,lIR)aa,Bkik,

_ RR, (Ry+R, ), +RR, a,fk I +(R /IR, IIR)a,a,B Bk kI,
R(R, /IRy /IR, Bk,
RR,R, ((Ry+ R, ;R + R, )+ R(R; + R, ,XR, /IRy /I R))a,a, B,B,k.k,
+R\(R /Ry /IR @ a;B,8,8:k k.k,

+ ﬂ3k3 13

=V3

RR,(R; + R, ;R //Ry /I R))aa,p kk,
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(A.5)

(A.6)

(A.D

(A.8)

(A.9)

(A.10)
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R(R +R )5[RR, (R +R ), +RR \ @Skl +(R /Ry \ [ R)aa B fikki ] ] (A1)
v; = .

RRR (R +R YR +R. )+ R+ R YR 1Ry /I Rt B Bk
+R,(R /IR, \ /I R, 3, B, Bk Kook,

Substituting equation (A.11) in equation (A.5), we get

I = R(R+R )afok| [RR (R, +R )L +RR \a@.fkl +(R /IRy, /R, pik k)

"7 R+R, | RRR(R+R XR+R )+R(R+R XR /IR, /IR)aa,B Pk |(A12)
_+R2(R1 /1Ry 11 R)aa,e.8, B, Byk ok
For bandpass response,
1, RE+R Japk, RR @Bk,
L7 R+R, |RRR (R+RXR+R)+R&+R XK /R, /IR)aaB Pk, | (A1
_+R1(R1 /1Ry /1 R )y, B, . ik ok,
For ideal case,
R,=Cz= 0 and R,=x
k = R, o]
'TS(C,+CIR. +1 SC, (A.14)
R./IR
k" = z 4 ~ R
* SC.AR./IR)+1 (A.15)
k R. 1

> S(C,+C)R. +1 SC, (A.16)
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Substituting equation (A.14-A.16) in equation (A.13), we get

s—Pr
R, G (R;+R,,)
R+R, , _aa:fBR  _ a@a:Bp8 B8R, (A.17)
CiR,(R;+R,;) CCR (R, +R,)R; +R,;)

7& =a,a,p,

m

Fig. A.2 (a) and (b) show the experimental results and the calculated values using
ideal equation (A.17) respectively.

Fig. A.2 (c) shows the calculated values using(A.13) including the effect of R;; only.
It appears that including the effect of R,; only results in a reduced error between the
calculated and the experimental resuits.

Fig. A.2 (d) shows the calculated values using (A.13) including the effect of the
parasitic pole of the current conveyor only which results in small error between the
calculated and the ideal values.

Fig. A.2 (e) shows the calculated values including the effect of both of the R,; and
the parasitic pole of the current conveyor. It appears that there is a small difference
between Fig. A.2 (c) and (e). Therefore, it can be concluded that the deviation

between ideal and experimental results is mainly due to the parasitic resistance R,;.
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Fig. A.2 Comparison between experimental and calculated results for
the bandpass response of Fig A.1 with
Ri= 1 k$2 Rs=RRs=2k$2, R>=15 k$2, R=5k(2 R.7=R.= R.=50
C=Cr=L2nF

a) [-] Ideal results using (A.17)

b) [0o] Experimental results

c) (-] Simulated values (including the effect of R,; only)

d) [+]Simulated values (including the effect of the finite pole of the
CCIl)

e) [x] Calculated values (including the effect of the R,, and the finite
pole of the CCII)
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Current-mode universal filters using unity-
gain celis

Muhammad Taher Abuelmaatt: and
Muhammad Ali Al-Qahtan:

Indexme rermis: Current~omuk: circunts Fugers

Tue new current-made unnersal fifters arc proeniee T,
proposed filters use urity can current and voltage ofioners Th.
first filter has three mpuls Jnd one OUIPLE afd Cun reds
lowpass. hughpass and bandpiss responses without any chanwes i
the arcw! topology. Reahsation of notch and alipuss responses
can be easily achrened withou: «dding amy additional atine
elements. The second filter hus three inputs and one cutpu? and
can smmultaneoush reaise lowpuss. highpuss gnd  bundfuse
responses without any changes m the arcuit wpoivgy  Reahistion
of nowch and alipass responses cun be eamh acmevad withou:
adding anmv addwional scuve eiements The propesed aarcunts
enjoy low actuve and passne sensitv It

Introduction: Recently. there has been a growing mterest m design-
ing current-mode and voltage-mode conunuous-ume filten ustng
unity gain current murrors and or voltage followers [ - 4] This 1s
attributed to their low power dissipauon and high frequency oper-
auon. While [I - 3] report several speafic apphicauon filters. 3]
reports 2 umversal filter structure which can implement all the
basic second-order filier functions tlowpass. highpass. bandpuass.
notch and allpass). These five filters. however. cunnot be reahsed
without changing the arcuit topology to achieve a specilic filter
function.

We present o new current-mode binuad filter structures using
the unity-gain voltage follower and the two output unity gain cur-
rent follower which can easily be obtained from the two output
second generation current convevor [S] by grounding ns high input
impedance termunal. The first aircunt can realise second-order iow-
pass. highpass and bandpass filters without changing the arcunt
topology. The reahisation of notch and allpass tunctions can be
easily achieved without adding any addwional acine elements. The
second circuit can simultaneously reahise second order lowpass.
highpass and bandpuss filiers. The realisaion of notch and alipass
funcuons can also be achieved by connecung the approprite
nodes. The proposed circuits enjoy the attructne feature ol inde-
pendent control of the parameters w and w Q.

R

1 L= XW
b C)-lx@zL
‘ \

'—_"-‘ v : l _‘. ' 1 f
-~ - l:;-_ - g DL —:—-:;::
- - ':_ !
Rs
N ?.‘.
, —— '
.LP . +
Do | e go
f} _',_ CFZ ; ;
gy ST |OR—x CFy
- X P @ | Ry; ;

Fig. | Propened wnnersal tidicrs wsue wmins gam cunent amd volnag,
cells

« With three nputs and one vutput
A Wnh one input and three outputs

Proposed creinrs The first arcwt s shown o g de Cang
standard notations. the two port current tollowers ¢ = o e
charactenised M ¢ 2 Zts s 1 4 and the uniny gam voltage
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tolioner cun be chaructersed by v = Bvo.n=1-3wherea
= |- €. € <<| represents the current tracking error of the nth
current follower and B, = 1 - 8. 8. << | represents the voitage
trucking error of the nth voltage follower. Routne analysis vields
the current transter funcuons

pole =Ll = L )
T . ~ - 4.
L P — Erarary yrers

1.
From egn. | the parameters w. and w. Q. can be expressed as
_ e By £ 2Ry

TS ————— (643}
) CiC:R\R;R-
and
- _ rees. 3o t:RJ

Q.. (|R:R;

From egn. | it can be seen that:
(11 the jowpass respone can be realised with /. = /. = 0.
tin the highpass respone can be realised with / = /. = 0.
1mi the bandpass response can be realised with /. = /. = 0.
v 1 the notch response can be realised with /. =0 and /. = /. and
11 the allpass response can be realised with /. = /. = -/..and R. =
R.=R.
From eqn. | u can also be seen that the lowpass gain. the highpass
gain and the bandpass gn at are approxumately given by

(31

e S = 4
Gre 7 (4
Gup = % i
and
R.
rar = —= 6
Gar 7 14

From egns. 2 and 3 1t can be seen that the parameter @, can be
adiusted by controlling the resistors R.. R. and or the capacitor C. .
without disturbing the parameter w. Q.. Moreover. the parameter
w. O cun be adjusted by controlling the resistorR. without dis-
turbing the parameter w.. However. controlling the resistance R.
and or R will disturb the lowpass and the bandpass gains. A pos-
sible strategy for adjusung the parameters w-w, Q.. the lowpass
zatn and the bandpass gan. 15 therefore as follows: first the resis-
wr R 15 adusted 10 control the parameter w.. Q. then the resistor
R 15 adiusted 10 control the hughpass gan or the bandpass gain:
the w~istor R. 1s adjusted to control the lowpass gamn. »nd fin:-*
the resistor R 15 adjusted to control the parameter a..

From eyns. 2 and 3 it 1s easy to show that the active and pas-
shve sensitivities of the parameters w.and Q. are

st o=y = s o= S =:‘_- =5;' =—$('
==Y =87, = ~5; =-=%1 =-5; !
ST FOn T oOp =0y R =3
SOE N = LN 2 SY v - v
~ 1
R R T prme.
~SSo=1 S =S8Y oo

R S
all of which are small.
The second arcuit 1s shown in Fig. 1h. Using the standard nota-
tions ol the twe pon current followers and the unity gain voltage
tullower. routine analysis vields the current trunsfer funcuons:
T S A

= — (g

! - -

R A Y N
and
! Ny
8e = L (9)

1 Rt o el e
Fromegqns. 7-9 the parameters w. and w/Q. can be expressed

LEEEE B T N

S TCGRLR

-

and
- _ neh b .
Q. GF, ‘

From egns. © - 9 1t can be seen that the lowpass DC gun and
the high frequency gun of the highpass are approumatels egu.s;
to umity and the bundpass gain at @ equab

R,

X _ 2
(vn; = —1-[?. (1

From eqns. 10 - [2 i1 can be seen that the parameter w. can be
adjusted by controlling the resistors R.. R. and or the cupactior C-
without disturbing the parameter @, 0. Moreover. the parameter
@. Q. can be adjusted by controlling the resistorR. without dis-
turbing the parameter w.. However. controlling the resistances R
and-or R, will disturb the bandpass gain. A possible strategy for
adjusting the parameters w. @, . and the bandpass gaimn. s there-
fore as follows: first the resistor R, is adiusted 1o control the
parameter @,'Q.: then the resistor. R. is adjusted to controt the
bandpass gain: and finally the resistor R. ts adjusted 10 control the
parameter a..

From eqns. 7 - 9 it can also be seen that an inverung notch
response can be realised by connecung the /,, and /,, output ter-
munals. An inverting alipass response can be obtained by connect-
ing Iyp. 1y and /,, output termunals provided that R. = R,. Thus
no additional current followers are required for realising notch
and allpass responses.

From eqns. 10 and 11 it is easy to show that the active and pas-
sive sensitivities of the parameters , and Q. of the circuit of Fig.
15 are

Sk =1 Sy =S¥ =0
all of which are small.

Conclusion: Two new universal curreni-mode filters have been pre-
sented. The first arcuit. shown in Fig. la. uses three inputs and
one output and can realise lowpass. highpass and bandpass
re>ponses without changing the arcuit topology. The circuit can
also realise notch and alipass responses without using additional
active elements. The second circuit. shown in Fig 1b. uses one
mput and three outputs and can simultaneously realise lowpass,
highpass and bandpass responses. The circuit can also realise
notch and bandpass responses without using additional active ele-
ments. The proposed filter circuits enjoy the following advantages:
i1 emplovment of grounded capaaitors which paves the way for
high frequency operation.

(i) independent tuning of the parameters w, and /O,

tiii) low active and passive sensitivities.
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