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The thesis proposes a new approgdﬂ for the analysis and .

N -

modelling of cperatidnal ampli%ier.gyrator-circuits. Two gyrator
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+ circuits are considered. Assumihg a typical range of ampﬁificr ' )

[ .

specifications, a model is derived for each gyrator circuit comprising
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. resistanges, capacipaﬁceé\%ﬁd inductancés.‘ The validity of the Todels- s
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» is esgtablisped using an exact gomputer-aided analysis-'and then by
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" experiment. N .; . X Tt
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. - The derived models. indicate.clearly the influence of each

® amplifier imperﬁgction on the pérformance of the gyrétoi cirlcujts. .
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" .The effects of temperature and supp}y‘qpltagé variations on the - .
sifylated inducg@héf are studied. A meﬁhdd fo¥ evaluatingh tife

.VJoltage handling capabiIines of gyrator circuits 'is proposed. »
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Tow and high frequency operation of 'a gyrator circuit is studied.
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‘A compensation echinique is/developéd whereby the uséful bandwidth of e

thé gyrator can be increased. The compensation\techniqué is verified‘\7
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. first by computer-aided analysis and then by experiment. " . .
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The modelling considerations and ﬁhe cdmpensation technique are
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applied %n‘the design of a.critical twelfth oxrder channeﬁ bandp&gé y

filter. a design procedure is given for gyrator-C filters which can
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be used for filters with grounded inductors. The influence of dec i
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supply voltage:and ambient temperature variations on'thé°perforﬂance
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, of the filter is éxamined. A
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| s S ' CHAPTER 1 oo .

INTRODUCTION . - e T

v ~ -

..'" ] ) ’ /‘

' ’ . . - ’
1.1 General ' \ o /‘? ) . ‘ T s
et . N .,
.‘ . . ¥ , ,‘
The state-of-the-art. of désigning pagsive RLC filters can be’

Y

. said to he quite mature [1]-[3]. Most proberties‘of‘paséive networks
[ ‘o ' - . . '

v A ¥

38 N

are well understood, and many methods have been devised to obtain
. ’ . ; v . )

gfious network functions. However, there are several problems

» ' encountered in the ’desigm of RLdsTilters. One of them is the magnetic

3 .

‘‘coupling between elements which may introduce erroTs in instruments
1] L

-

b e 4
B Y . ~ k)

N : . ; . o . . . .
such -as those .carried in satellites for measuyring very weak signals.

.l . s 7 . v\' .
Probably the major diffieulty arises in .the case pf Ibw—frequen y

Sy

: applications, 'such as control systems and ingtrumentation. At fow
&

- [}

frequenciés, less.than 1 kHz, practical inductors of feasonablé ‘ L

« . . .

Q-factor. tend "to ﬁgcome very bulky and expensive. .

Active deuctoriess filters were first considered'in. the late

‘

; .- v
. ' ) . - ‘ .
capacitors. » Because of the bulky size and latrge power é’hsumption‘bf

. > : . . e

v

' vacuum tubeg, active filters di@ not feceive much attentdion..

Thirties (4] when the{}were"built using vacuum tubes; resistors and

'
3

- ’ . Ay
Development of transistors'in the late Forties revitalized the S ’ v
- . ,d - - > R . R . ‘J.

interest in xﬁis area. The research and- development efﬁétts‘in active
ot y . . ' -
*  @filters in rekent years have been influenced primarily by the proﬁress .

and breakthroughs in the rapidly developing area of integrated circuit
, Y .

8 .

~technologyl Now-a-days many network elements and their functional

. .o ’ * .0 g B . ’
“interconnections are fabricated as single devices. The:main advantages

A ’ ’, .

. ¢ . N . LR

of integrated microcircuits are the following .[5]}-[6]: - e
- . Lt v -

~ 8 . —— v
. Q}z‘ . R .
z . . g
“ N N .o L S




B . 'd . N v
‘ - . . . ’ .,,) ‘
. . ’ . . , . o
‘ - . - 1’ ) '
' ‘ . ' hd . X . v 2 »
y Al N . ‘ + P
v * - s K
| * . N , “
- e B . ¥ o R ‘. .
; I N (i) . Increased system reliability :
[} ' 1
| ' % :
{ . - (i1} Reduction of size and weight =~ , ’ D
. . . . . ' -
. tiii) Reduction in power dissipation . . ‘
N . * ‘ h [ <
. . - . ' " K o N
. - B It is perhaps in the arca of integration that one\,is'confront;,@d
' - - r e s :
. . . - p . (3 3 ?
with the major dra%ack in the use of inductors. This is due to the
= ' ) l ' ®. ’ . > ’ \ ‘ ' .
. . ‘“fact that it has. not, yet been ﬁossiblea-tq fabricate' inductors with .
. ‘ A T ) : ) M )
. ‘reasonabile value of inductances and gquality factors by integrated .
‘ \& "e_circuit-techniql‘xes [ﬁ]—[?ﬂ, On the- other hand, convent#chal inductbrs, o -
! ‘"‘ > 3 ] 1] “ h . . -
- ¢ *when miniaturized to be, consligtent in size with other integrated -
"' . circuit Tomponents, are extremely poor in quality to be of any use .
. for many applications [8]. »Tht_eée problems canfbe overcome by ‘
L [ ) v + ) . , L. . ¥ -
eliminating inductors through active RC filter design. Active RC
2 ; ! ? . l‘ - a .
filters have the followi'ng additional advantages over RLC- filters [71: ‘'«
/ (i) Use of active elements removes two ' fundamental restrictions
’ Trs .. from RLC netwopks, nam'elyj,. pasgivity and recibrocity. As ¢
Ed . ! ' - ,
. , - &3" . a result, active networks can realize network ftincticons - (A .
- 2 S - s ®
R - ‘ . which can not be realized by passive RLC. networks. '
" ' . - {(1i) Active filters often provide insertion gaain, thereby N
- . .- - - . " . X . -
o ‘ eliminating the need for.additional amplifiers. ' )
. . ) . . - ’ 51
.. . (iii) The filter output impedance can be made very low.” - ’ IR
’ . I3 ' - » ) o .
b ’ - Consequently, the £ilter's can be cascaded without
P - ' o o . \
' ’ additional buffer stages. .
. . . /-»\,' o~ - Q
' Y > [ . -
1{ ‘ : ‘Active RC networ){s, however, may have two problems assactated .
- - * o i
b o R
. con i m. Thes 7} : ' . .
{ ‘ ) \  with the hese are [7] N _ . 1
K ¢ 1 - . .' - . - . ) - - ,
| ' (i)  An improperly designed active filter can becéme unstable,
. ] .
’ swhile passive RILC networks are absolutely siable. -
: ~— ” ’ . o L
, . ’ ‘ . . <
’.%. - . -, ""‘ ~ (» f'
[



<

R . / P -
s & . (i3) If proper attention is not given to their design, active .

N

filters may turn out to be highly sensitive to element

I
N

- variationsr For resistively termindted LC filters the
‘ . M -~ N P R 11
| '+, sensitivify problem is not serious.
- 0 ' a. *

Active RC filters are now commerciallf available in hybrig

} ( M Y I‘ N . . . -~ . ]
. s integrated circuit ‘forms '[9]. They are used extensively in many areas,
| . e . A N
' . ~ * for exémple,‘in telephone and data communication systems, as they ares
- . : 3 ,
more economical for low frequfncy appiications.:v-(g%
o #
) . . . : . .~
9 “ °
o 1.2 Active Network Elements . n " .
-~ -
W ] >e _The commonly used active network 'elements are the various "
AN * ., controlled sources, the negative impedance.converter, the operational,

.

amplifier, the gyrator [10} and the 'frequency-dependent negative

- : : ) '(i - . X o
, resistance (FDNR) [}l]. The ideal characteristics of these devices

© ‘\ ’
. ]

are summarized in.Table 1.1. Since is concerned with " ,

)

* - . gyrators implemented wiﬁh operational amplifieys, the'properﬁies(of

. . N 9 .
L . r .operational amplifiers are discussed next.

1

. -

. . . -
»

1.3. ‘Operational Amplifier -

' ' One of the most versatile active' network element is the

. - . (Y. . . 4+ . ’- .
4 * operational amplifier wthh'flnES applications in such diverse areas
. L Tt P |
L

' as control systems, communications; precision instruments and analog

o

computers. The ideal operational amplifier is basically an infinite
' ' . Y .
o gain, voltage controlled voltage source. The input impedance is
infinite and output impédance is zero. The model and symbolic .
] .

' representation of #n ideal operational
. ! -

\ . v s

- L]

where

4

amplifier are shown in Fig. 1.1, .|
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N ) < P
! L}
VO = A(Vl - Vz),_‘ f,{\Ae /'z N . , _
. . ’ ' »(1.1)
A > ™
--t K >
Il‘ = Iz' = 0 .
. ‘ " (1.2)
'c. . Al O mm .t c h ( R
\, VO 0°, when V2 Vl .

..
-

The practical operational ampliffer is characterized by a

frequency—-dependent voli:a.q;e gain, monotonically decweasing with s : )

freguency-from a high value at dc, and having finite input and output RN
¢ * N - .
impedances. There is usually an upper “limit on the input and output ‘ ‘

(4]

9 -

- - - ‘“ . . . q .
signal1 levels. Other sources of nonidealness include the finite input v

-off'set voltage and finite unequal common-mode impedances of the two
. - L) :

input terminals. . . y . ’
The gain characteristic in almost all uncomp‘e,nsat_éd( operational

ampl-ifiers rolls off faster than 12dB/octave. This inevitably creates

*
’

a sf_ability broblem. For stable operation, external compensating 3 )

. i - . . . LY
netwdrks must be} added to modify the amplifi€r gain characteristics. .

o s S ' -

oIn using the pA709 operational amplifier it is usually necessary to

& .
' \

* [ ! * . r
use a resistor and two'capacitors for compensation pyrposes. However,
. i X . R

internally compensated operational amplifiers are also available
t Y] 1
{e.g. the uA74l). The uA74l1 gperational amplifier is input over—‘voltagze'

’ ¥ — : ' . ‘

and output short-circuist pr‘otgcted. It has an input resistance of i '
) : v . .

. \ . .8 ’ . .
2M2, output resistance of 75Q ‘and gain-bandwidth product of 1MHz,°® * -

Its price is less than $1.00, compared with $70.00 for IA709-in 1965,

"and there is every indication that costs will reduce further in future. 4‘
LY 3 ,

y N - - |

- |

\

1.4 Gyrator . - T —
GyrXtor is:a two-Port-device described by the admittance matrix

¢
"

"}3‘ - ’ v




- P 0 . él ‘ A a C '
(yl*= |, ‘ - — ., (1.3)
. —g2 0 . . . ' . ' . "
where gl and gzxafe.positive real’ numbers gnd are known as tﬁe gyration; ‘ , '

cbnductancgs. The prime property of the éyrator ig its noﬁreciprocity.

An expression fotﬂthe total péwe; absorbed at the two ports iQ\Fig.'l;Z

)
A

. L}
[ *

can be obtained as ‘
& | o ‘
: ., - . < 1.41
« Uit tol, Vlvz(g; 95 (1.4)

. . .
Y - Y

» 1f 9; # 9y the total power delivered tg the two pbrts«becodes

M L3 . ~ A
negative for some suitably chosen excitations and, as a result, in ' !
. A K

\ .

general, the gyrator is an act{ye device (active gyrator). If 9, = 9, =

i

g, the expression for the total power vanishes for all values. of Vl and

Yz. The network can then neither supply nor absorb any power (ideal

«

N y ) K
gyrator). This spgcial network was first conceived by, Tellegen (10]

. Q. .
as ‘an ideal circuit element. Symbolic representations of active and

, ideal gyrators are given in Fig. 1.3. . o '
o R « ¢ -
The input impedance Zi~of a gyrator 'is proportipnal [to the load . '
’ o § L

admittance YL' ghat is . ' ' & ) N

2. '=_KY. ' . s - ¥ {1.5)

y‘,l [g ’ . v i . N A .
where k is a pgsitive constant referred ‘to as the gyraf&o constant. . .
Eqns. 1.3 and 1.5 show readily that \\”
. ‘ ‘ © - T
- . r \
ks 1/9,9, ‘ ‘ . Lo
. .. Vo R !
For impedance.inversion it is primarily the product 9,9, that :is » Y
. . - ' !
important. Evidently,'a capacitance C at the output pprt will be .
'd ’ , . . . :
converted to an inductance L = C/glgz, as {llustrated in Fig. 1.4a. A
. . -, . \
A floating inductance can be simylated using two grojnded gyrators [12], . T
M f - ’ - » ‘ * ‘
s : «'?':4‘: /l€ *
) . ‘
- v . n [N s - B
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F16. 1.3 SYMBOLIC RESPRESENTATIONS OF GYRATORS
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F16. 1.4 USE OF GYRATORS . )
\ (a) To SIMULATE A GROUNDED INDUCTOR-
AB) To SIMULATE A FLOATING INDUCTOR’
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as shown in

“ ]
1.5 Active

Rig. 1l.4b. . l . c®

- *

RC Network Synthesﬁg/’ ’ -

Many

... mostly using operationaz

3

mgthods of active RC Retwork synthesis ?iye been proposed

Qamplifi S [131-[16],ofixed gain amplifiers

. {17}-119], or negative imbédance converters [20]-[30] aglactiﬁz

*elements. The majority of these tenalto give filters which are.very'

sensitive to element variakions [31]-{34]:. This is especially seripus

for high selectivity and close—tolerance'filt;)s.' Active RC filters

14

[

N

having low sensitivity to component variations have also been proposed
3 4

3
a

[35]-137] 3

at the cost

They™ illuystrate the method of obtaining reduced sensitivity

of more active and passive elements. In many of these

L 3

configufaéions~[35]” [36}, spread of component val#®s is quite
N

large [6].

~ Orchard f32]'has demonstPated that doubly tarminated LC ladder

filters are

P

-~
-

-

4

inhé?ently insensitive to element variations. Thus, a

: N .
simple way of designing a.low-sensitivity active RC filter is to

.

design a conventional LC filter first for the prescribed specifications,

o .
and then replace the inductances by simulated -inductances [381-[42]. ,.

’

This appYoach offers the following additional advantages:

(1)

(2)

The design is simg}e due to the availability of tabulated

data and filter aesign programs for 'LC filters ([43]-[441}.

o

7
Filters are easy to Qlign because simulated inductances can

.t

be adjusted by trimming resid®ors ([40].

An inductance can be simulated by a capacitively terminated

.~

gyrator [40], [45]-7T51). Consequently,*with,the availability of good

quality gyratdr circuit, inductorless filters can be designed which are

s

! ’ L.




°

ot

. N s O3ty

4
e i
Z
4
- : . . K
.
\) ‘ '

as insensit{ve'as passive RLC'filters {61, [111}, [1.ﬂ?'[381-[40], (491,

-

. 1521, (53], [82]. Bruton has -also advanced similar philosophy to design

- a ) ' ¢ )
_active filters using frequency dependent negative resistance elements.
v h s o .

In the' last fevv)ears, gﬁ}ator circuits have begp applied, to

! - b 4
‘the implementation of low-pass. and bandpass filters [38],- [52]-[57]

. - o
flowever, in these implemeptations custom designed amplifiers were

¥

used to construct gyratorﬁﬁq?ﬁuits and hence the cost per filter was °

quiteuhigh. Alternative methods of constructing good quality cheap

-

gyrator circuits are thus required to produce inexpensive indudtorless *

- . €
' active filters. .

“The* use of operational amplifiers leads to inexpensive gyrdtor -
circuits. This is due to the fact that integrated-circuit -operational

amplifiers are readily available as off-the—shelf\cdmpoﬁents and are ’

‘'very cheap, owing to the enormous demand.

. B .

.
3

< ,"
1.6 Scopc of the Thesis N 3

)

The present work iﬁ@@étigates a new approach for the ahalysis

and modg}ling of opecrational amplifier gyrator éircuits{ Models are ‘

derived for two gyrator circuits and theix validity is established by
- . - N -

using an exact computer-aided analysijt Thé models are then used to

+

examine the performance of gyrator circuits. A compensation technique

Y
1]

is next proposed to increasec gyrator bandwidth. A critical twelfth

ordé}‘channel bandpass filter is designed and testéd using.compensa%Fa

B

4 1
e

circuits.

> 3 .- .

. . [ 3 ‘
i The thesis is divided into five main chapters. In Chapter 2,

various gyrator realizations are studied.
B :

.
a

The properties,

o 3 ) .
with transistor gyrator circuits are p5inted out.
. . .
- ! o w

1

The disadvantages associated .




. e, . . - . 3
circuits are then dlscpsssatf\_‘; . ‘ .
! » . N ’ ;

* -

. In Chaptér 3, availdble gyrator models arg reviewed. These,

i models are unsatisfactory for many practical applications, guch.as to

’ 3
[ B

’

n ' ) for the analysis and modelling of gyrator circuits is presented next.
7 - . - N M

L . 2 S . ' '
. Models, comprising re51stances,{capac1tances and inductances, are

.derived for two gyrator circﬂitsvreported‘in referencé~[63]. The

. ‘ 1, R
» -+ validity of the derived models is next established using an exact
D ' . ] - ",

computeér-aided analysis.. Experimental results given substantiate the

3 s °

validity of the model.

~ ' The gyratof models ‘developed are useful in four respects as.

’ * - . Q‘
« 4 followg: ‘ N . »

(1) The influence of each’operational amplifier imperfectign

~ e ¥
on the performance of the gyrator circuit can be clearly
» ' ’

understood.

o
-

terminated gyyrator circuits. i IR

(3) They can be used for the optihization of the gyrator .
. B ) 4 )
' ( ' circuits. '

. ' (4), They can be used for the gomputer-aided analst; dt

' -

) \]

- > ‘ ' >
a In Chapter 4, the dé:??éa:?pdels are used to evaluate the
. . / N R N - °

, performance of the gyrator circuits. First the influence of ‘each

.

gyrator—? iilters: ) .

PR » operational amplifier imperfection on the simulated inductance is

. \

¢+ ¢ examined. It is shown that the most significant paranfeter of the
» ' ) )

.

(2) They can be used for computer-aidéd anaf&sis of ‘capacitively

1 advantages and é&sadvan;ages of different operational amplifiﬁr éyrator

; .analyze’ and optimize highly-selective gyrator-C filters. A new approach

o




'inductance is investigated. Equations are derived for the temperature

<

»

amplifier is the gain-bandwidth prdduct. Next, the influence of /, v

- \ »®
teﬁgerature and-?c supply voltage variations on the Simulated ) S

- Y . {

g . .

coefficient of the simulated inductance. The perlérmanoe of a gyrator/

-
-

circuit to temﬁerature and dc supply voltage variations is examined

° » ~ - \

exberimentally,xo verify the théérgtical results. Further, in this

chapter, a method far evaluating the vettage handling capabilitie ' of N
gyrator circui

- /"/ . N '
then compared. ‘ : * . ’ .

ts is proposed. The two gyrators of Reference [63) are
, @ o “ ,

. P
¢ . Kl

Chapter 5 proposes a compensatibn technique whereby the useful

bandwidth of the gyfatbr can be ipcreased significantly. The technigue

T w - . . . . © . -
is verified first by computef—aided ahalysis and' then by ekperiment.

Chapter 6 uses the modellingaconsideration'of Chapter 3 and the ¢

2

cbmpensation Egchnique of éhgpter 5'ig the design of a critica} twelfth

-
.

‘ 3
order gyrator-C channel bandpass frlter. The filter is constructed

’ .

using low cost pA741 operational amplifiers. The chapter is- concluded —— 4
¢ Y ! . . s Y ' ~t —
' 4 s -
with a presentat#on of experimental results and it is shown'that the \ 4
- ) ) ] .
entire filter can be fabricated using the hybrid inte‘gra& circuit
. ~ . b
{technology.' " g ) ) - 7 j;
. ] . 5
The results obtained and possible extensions of the work are .
o L f | ‘ '
summarized in Chapter 7: . . ) .
. ] . , ) ‘ ’ rq ot t . - &
~ - ' ""
‘¢
. ‘ - ,
. V- [ -
B ( . “ v
¢ . ! R
R ¢ . - a s
y o :
\ : [ 4
’




t ’ o ' CHAPTER 2

] -~

~.

- . GYRATOR CIRCUITS : .o

"In this chapter various gyrator realizations are studied. The

’

7
4+ s . T . ~
Rdbe disaqgéﬁtages associated with transistor gyrator circuits are pointed \\.
out.. P& properties, advantages and disadvantageé of different

. -

\ : ces . . ’ .

operational amplifier gyrator circuits are then discussed.,
LN N . \\\

t

-

2.} Transistor Gyrator Realizations .. - Jﬁ -
. \ 1

GJ'The admittance matfix of an ideal gyratof.circuit can be split

up as T ~ o . _ .
. lo g 0 0 .l o g .
1 1 .
/?. 4 . = - . o }+- p ‘ '(2.1)." -\4:
L -9, .0 ~9 | : . :
where the two matrices on'the right-hgnd side represent ideal voltage ) -

Y

controlled current sdurces with transconductances ;gz and gl,'

repectively.'"It follows that a gyrator can be realized as a parallel
_ , ) ,
" and back-to-Back conhection of two voltage controlled current sources N

] s 4
*

qé shown in Fig. 2.1. . -

-
/ . . .

The preceding'teqhniqUe has been used extensively for the

design of transistor gyrator cimcuits [58]-[61]. Some of the published

circuits, such as those advanced by Rao and Newcomb '[60], and Sheahan
T 4 ] ' )
and Orchard [61] shown in Figs. 2.2 and 2.3, cankbe readily integrated.

r
In general, hewever, trax;istqr,gyrator circuits are subject to the

following disadvantages: -

. — R [

. , (&) * It is necessary to fabrieate a special*purpose’ integrated
4 X ' b T, \ C

circuit apnd, consequently, the ecost per device will be

relatively. high.

: /- '

r

~t
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& .

o * 1

.o~ * and it becomes necessary to make resistance adjustments
. - i

. P .
within the -gyrator circuit. This can be overcome by
- ¢ . .

)

fabricating the gyrator as a hybrid circuit where‘{gsisfanées

needing adjustments are fabricated as external thin-film
or\éﬁick&film compogsnts:;dIn transistor gyrator circuits
4 . o . x .
two sets of adjustments are, ' in general, necessary. First

-

t09¢ontrpl the gyﬁation constant and second to set the

e

operating points ‘of indi&idual transistor stages. It is

] ‘ ] 4 d N k3 3 ’
. found that five or six dnd ‘sometimes moré resistance -
’ ' . 3 .
&

N S adjustments are, in general, needed.

’

.

" (e¢) The stability of the gyration constant depends on the amount

of négative feedback that can be applied tg éach voltage
» 1 L

controlled current source. An over all feedback from
[ t

output to input ‘has been found difficult to apply [62].

Instead, local feedback is applied at each individual
o ¢ aee . ,
transistor stage and, consequently, variations in coupling
L . - sl W
PRI elements between fPansistor stages can cause yariétions '

%

e of a similar magnitude in the tkransconductance and

. accordingly in gyration coénstant.

f p . "
(d) To achieve proper twsansistor biasing both pnp and npn
* “ s

-

transistors are needed.” Integrated circuits with both pnp

.
-
~

) « and npn transistors are more eyxpensive to fabricate.
. ‘ : . h K
On account of these d%sadvantages interest has been directed

.

towards gyrator circuits using’ readily available inteéﬁ?ted Bperational

v
. -~

amplifiers.

L)

A e - c

. & , o "‘ . . .
i (b} In practicepiaﬁ adjustable gyration. constant is required ™~ -

-




[ . \ 5 .

2.2 Gyrators Using Operational Amplifiers

e L o, , . . R .,
An alternative gyrator realization o that outlined in Section

2.1 can be obtained by cascading a‘negapive-impedance converter (NIC)

| . . . -
‘ . N . 4
- in which M - -

TR AR : f2-2)
o - 4 . ) - i ;
y . ) * o T ™ ) o , .
* and a nedative-impedance inverter (NII) in which 1.
’ . R.R . j : ) .
. 2 3» . < e . . (2.3)
—— i N ) L B - t .

-

“+
. f

as shown in Fig. 2.4a, Egns. 2.2 and 2.3 give the input impedance_ of .

- the.gyrator as = ‘ __ . i s
) ' - . .
RyRyRy : :
. [ ] ‘ l R4ZL L . c o R
- v‘ . " L. . L0 .

. Another gyrator realization can be obtained by using two !

1 -
‘
e, .

vcléage-confiélled voltage~sources as shown in Fig. 2.4b. A siﬁpﬁé
- ' ’

. o : . .

'dﬁE#Ysis shows readily that the input impedance, is again given by

B .

% Egn. 2.4. . - i ’ o . . ’

- .
/ . : v

" NIC's and NII's and voltage-controlled voltage-sources can be

5

. ) readily implemented by usiné operational amplifiers hﬁd[ therefore, the .°

A4 v 5

circuits of Fig. 2.4a and 2.4b can be implemented as shown in Figs.

i . o

2.5a and 2.5b. These circuits were first propdsgd in {64] and [67];

i H
N ~

' -respectively. It is observed from Egn. 2.4 that the operation of the

‘circuits of Fig. 2.5 remainTunchanged if 34 and 2_ are interchanged

L

. and hence-#wdes 33' .can also be used as tpe'outpﬁt port,
The circuits of Fig. 2.5 have been found to be conditionally

. , P .
stable [40], [65) in a sense similar to thdt of Bode. [66] and the ' '

'
[

- . . ‘amplifiérs can lock in an unstable mode or latched-up condition during , :

- »

T activaiiQn. This effect has also been‘observgd by Riordan [67] and
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.l t’ ot i °
-Orchard and Sheahan [38] in Ridrdan's circuit given in Fig. 2.5b but .

i

A ] ‘ ' l’
. f

i

-

it was erroneously attributed to a weakness in the amplifiers”used o .
W , - . 1 A

rather than a weakness in the gyrator circuit. . . . . \\
3 R » ' Q. . R n‘ 4 ' 0' , L “

Two other gyrator c1rcu1t§, 111%strated in Figs. 2.6a and 2.6b~1

have been‘derived from those of Figs.'2.5a and 2.5b, respectively bf

Y

using* the nullor transformation [fO], [63)},-~165]. For ideal operational
. - ' P ) . .
amplifiers, the circuits of Figs. 2.6a and 2.6b are equivalent' to those’

\ T of Fi@%. 2.5a and 2.5b respectively, and bence'the input impedance of
circuits ¥n Figs. 2.6a and 2.6b g givep by Eqn. 2.4, 1In analog§ to

the originaf circuits R4 and ZL.can be interchanged. A stability™

-

” ' 4
analysis [40}, [65) has shown that the derived circuits are,unconditionally‘

= ¥ t

. ] , , . .
s?able and, in practicgldghg,téndency for a latched-up condition is

ycompletely absent. The circuits of Fig. 2.6.have all.the advantages

-

“ of those of Fig. 2.5 and so far none of thé disadvantages. Therefore,

the former should be preferred. For ideal amplifiefs,,ﬁhe y parameters

by -
. o . . ' f = »
. .. for the circuits of Figs. 2.5a and 2.6a are given by - ;
R . . - N . .
0 4. , . , : . . :
R.R ! .=
lyl = 172 (2.5)
P - Q N o .
& 0 - ST
( 30 ' T .
and similarly for the éircuits of Figs. 2.5b and 2.6b by ;N . *
.0 1 . e . Lo .
Rl o ® ,‘

o n : -
<yl = . ﬂ Co @)
+ R / '

, 4 . ' .
e — 0 { . '
R_R : :
,2°3 ' |
° S -4 b i
From Egns. 1.5, 2.5 and 2.6 the ideal gyration constant is obtained as’
# ‘ 5 ‘ . E o
s e ¢ 5, , : )




FIG. 2.6 ALTERNATE CYRATOR cmcuns
L, | " (A) DERIVED FRom F16. 2.5A
ve (B) DERIVED FRoM F1G. 258




" .~' R4 : ) o
, .
‘ The following advantages can be attributed to the gyrator °
. . -, '5;') ) . .
circuits made with opera{ional amplifiers: . . -

(a) It is unnecessary to fabricate a special parpose integrated
cirdtuit gince integrated-circuitf chip operational
. amplifiers are readily available as off-the-shelf components\Q

Q To fabricate a gyrator circuit it is only necessary to.
design a thin-film or thick—ﬁilm substrate with four
"resistors upon thh a chip dﬁhl operatlonal aqﬁ%ﬁzier is | | // ]
’ bonded. The low cost of the operational amplifier and“the -
N .

substrate lead to an inexpensive gyrator circuit.

« ’ v A B - / ¢
(b) . Adjustments of the simulated inéﬁctances‘and the gyrationm = '

constant are very simple since they can be carried out by . ;//,////I

——m

trimming any one of the four reslstq/sf//Tﬁ”reSLStorg are

[P o .-

1 external to the amp ifiers and hence the operation of the
4q

.
.

amplifiers is not(%nfluenced. Also tolerance ‘variations

in the four re515€£rs can be compensated by adjusting only
one of the four resistors., L%

The gyrator circuits of Figs. 2.5 and 2.6 are seen to be’ -

/Tenr-terminal gevicés with the 3ptput port floating. fiowever, this is U

uninportant for the simulation of grounded ihgahtances. THree-terminals

» t

gyrator circuits have been praposed by Morse and Huelsman [68)}, Deboo ° {'
[69), anad hntoniou;[?O]. - In these‘ciébuits Y11 and Y9, are reduced

to zero by cancelling positivg by negative resistances’ and for high jf\\

" Q-factors it is necessary to adjust and maintain distinct resistances

~ 3
to a very precise match. Effectively, the circuits are sensitive to

b
:

. < *




*
‘s
o
v
«
-
»
.
)
'
.

v

-

.

digitone detector {71] ‘which ia currently manufactured.
, o3

.
i
,

element variations.. Oh the other hand, no matéh%ng is réquired.in

Fig. 2.5a has.beeﬁ:foggg,tc/§f§é stable and high Q—fac@or inducta
[28], [40){711-[74).

the gyrator circuits of Figs. 2,5 'and 2.6.° The’ﬁyrator_circuit'of

nces,
It has been used for the design of ‘a new

.
. .
'
( *

]
n\'

“
-
S
i)
' [v] o
T
* . .
o v . '
o
-
L]
’ .
* .
Al ‘_
R r * A A} ’
LI ]
, . ] ,
’
¢ »
t * ' :
- 1 Y . - .
~ . - A
’
v
A B
s iy Y f
[ ~ ] N
3.
. -
- \
- . loo | - ’ N
. : . oo
'
. -
4 ]
- ¢
- n
' .- ot M
. T
-
< P '
.
.
k)
? N 2 !
. , 1
»
f .
-
. . -
.
: -
» » . v 1
N v -
. -
) . M
¢ .
, - - 3
.t N ’
B . +
- h ]
¢ A
\ . .
‘ f
.- .
L]
. -
L] ’ .
N . v
. .
» R 1 . . -
18 . » e n
s v - . T . s ™
s :
* - P
N v A s
» - .
- , .
“
~
. o q « C -
>
e A
- .
“ L
.
N » . T,
~ 1 1) Y 1 ) -
1]
4 .
' ¥ )
‘.
.
.



K c:.(cults 111nvest1gated [78] ’ [7§].
° -

.

-

.

: CHAPTER 3 T % B
) ., CHAPTER 3 o _ \

o
MODELLING OF GYRATOR CIRCUITS . ' .
o ¥ - . R
3 N . »
. 9 . .
Circuit elements are 'often reépresented by simple models so as ”~

Q

to facilitate analysis ‘procedures, design methods and synthesis

technlques to a¥*manageable s'xze In this chapter, modelling of gyrator
L 4 ' .

In Sektion 3.1, the old method of modelling gyrator c1rcu1ts is

rev1ewed The old model  is based on the assumption that the 1mper- N ‘

fection due to nonzero ¥ “and vy :m the gdmittance matrix ‘are real,
\E11 A 22 E\ .
constant and equal. Also yl2 and y21 are assumed, to be equal and N
A4
constant in magnitude. These a;sumptions are not true for the prac-

i . .“ - . . kY
tical gyrator circuits. The y\earameters are complex and depend on
1) f .

the parameters"f the active elements employed for the gyrator cir-

o

cuit, "
A more -exact method of analyzing gyrator circuits is presented
. ° \/ R ' d . -
in Section 3%2. The method is demonstrated for a gyrator circuit (re- -

ferred to as gyratox GA) constructed employing operational amplifiers.
’ ¢

'‘Bach operatiomal amplifier is replaced by a suitable model andf exact

-
'

equatiohs are derived for the y, parameters of the gyrator GA. Usir\g .

suitable approximations based on the typical range of operational amp-

. @ . .
lifier specifications, the y parameters are then simplified.
I 4

In Section 3.3 a model is derived for the capacitively terminated
. -’ N
gyratér GA. In Section 3.4 the mpdel i§ used for the anal(ysis of .

gyrator GA. The frequency responses are in close agreement with those

.

obt?méd by using an exact computer-aided ana1y51s. The validity of

the' model is thus justified. The simplicity of the model/oy comparison
‘ - . . L}




« . : S .
< .. .
with an exact equivale

f ' : . .
in the cost of computatipn. 1In Section 3.5 the model is verified

/ .

’ by an experiment. . . . -
’ ~ ‘ ‘
K The new method of analyzing and modelllng gyrator 01fcu1ts
. 7 is demonstrated forgisecond gyrator c1rcu1t (referred to as Gyrator . ‘ \
. GB) in appendix A. ' N o7 _ . K
. 1 ’ : .
. 3.1 0ld Models" . - oy , - )
. . ~ N s . 0‘ * L , ' 'Y \ ¥ .
R An ideal gyrator should have an admittance matrix .
, ! - ' ’ L ’, a
-1 o, - L ' C
ty] =i -9 . (3:1) ]
e * &g‘ 0 o £ ? . ,
L . ) where 9 is the‘gyration'conductaqce. . \ . - . ) " i
; N s , S -, .
' - ‘ N . . - . . 1 .
The first imperfection in a nonideal gyrator cirduit is due, ‘to
[ . . - [ | ..
ndnzero principal diagonal elements'in the Egn. 3.1. Assume that the
admittance matrix is . -y
! -, -~ r‘? ’ +
| le9 9 ) : RO « -
| [yl =. . N .o (3.2) - /
b ’ -g . eEYg ’ )
.» < v . r
where € is a real congfant less than unity. The equivalent circuit of '
) ' S . <
o such an nonideal gyrator circuit terminated by a lossless capacitor
b o C is shown in Fig. 3.1, : ‘ -
e ‘ t The admittance\gin~éeen at the input of Fig.' 3.1 is given as r,4
’. . » . . , ' (v
L . . N12¥21 o ) 7
' . Y. =y - ettt - e
W S in 11 + Y , L o
."'-," ¢ . y22 L - . . s ’ . ’
. . _ h : ;T . : =~ S \
! N ' SF Ty y T 3.3) " // |
.. . : . . - .
-._..' = g¢g + ——o . , : ) i ' J
e ." €9+ Cs : ’ R .
Jo S _ . ) - 1 . . .
e and can be represented as shown in Fig: 3.2. - . -
” Fig. 3.2 is similéf'to.tpv equivalent circuit of a normal .

)




Nonideal gyrator
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L) d ¢ 1
. . ‘ Y 28
L] ) ’ % - * * b .
irdan-cored ind.ggég in which core and winding losses are 'represented .
s , e . < .
v by shunt and series resistances, respectively. . -
5 » - t M . ' ' .
\'q;" R . . , ' R . ‘ 2 ;o . .
., 1 ; Nedlecting terms in € , the Q-factor for the mdugt{ance simulated
' 4 - ) €
K in Fig. 3.2 cawn be derived as ' . .
., - mz, . : L § , .
’ & 9= o ’ )
o ReZ . - . T
P S dn -wr_ ’ )
.1 ) C :
= = _..‘.uig_/.g...__z. s N i (3.4)
. : £ 1+ (wC/g) , ' ' - .
. ¢ ' - .
. The maximum valuc of the Q-fa¥tor is (2c) 1 and occurs when wC/g =1, &
i Nonzero values in -the principal djagonal elements of the admittance
o~ . ¢ ' ‘4 o Q
. imatrix in Egn. 3.1 thus ¢ ond to disgipation in the simulated
. , ; : -3 .
‘ - inductance and limit the _maximﬁm acleeé‘able Q-factor.
The second imperfection in a nonideal gyrator is due tb the
L fact -that gyration conductances are not purely conductive byt have a
v A4 . ! N - J‘ \
. small phage angle 4. The admittance matrix—-for the monideal gyrator.
3 '7 ‘ . o _ o - . ‘-.-\ : .
4. can then be written as : N
. . ) .- . . el -ty ) b
— » i 0. ‘e j¢ . ;' . -
’ ‘ [y} =, —.¢ . i f24 (3.5)1
* ; - . el _.ge 3 o . '} ’
. .. .
. and hence for a lossless load capacitor the input admittance beahes /
\ . . st o L . . . .
N 1 - g2 . - ( . T \
7 . Yin T T T o ' . (3.6)
* , . ’ . 8 Ce ¢ © o - ' . \
- . t ! .
. . ¢ . Q-
| > By.letting s = jw , S . !
\ ) 2 ) ’ /\ ‘o < i ¢
c Y, = = =3 , ~ TR A
i % jw Ce J' ~ b I" )
v oY ’ - . ‘. ; N ' ° .
' 1 - Cezw v. . ‘ .
. zm =73 € 2 Juw - s (3.8)
o Y, 9 ’ o .
in »
| d . ! ‘. , 5 -
¥ .
i . . " 4
! »
¢ 1
! <



v

.

L N “ . ' -’ ’
and by using the first two terms of the Taylor series expansion for
. , ¢ o . . R .
. : s o ’ -
e23¢ Eqn. 3.8 can be ‘rewritten as ’ b AR

S )

. 29Cw . C ¥
) T B T L ‘ (3.9)
SR g .
SN : . ‘
. 3 ‘ 7
The Q-factox of the simulated inductance ‘is
0==-1 ‘ (3.10)
: 29 5 .

-
P4

and,ébe eqﬁivalent cirpuit'repfééented by Egn. 3.9 is shown in Fig.
. . i » o . - A

3.3. A negative phase angle ¢ in each gyratio%.conductance g in .

Eqn. 3.1 produces -a negative frequencyf@ependent resistance as seen

in Fig. 3.3. - .t - R '

"

-When both the impqrfca:ctiéns are pre‘sen~t the édmittan&:é matyix
: . . - : ° .

fog the nbhideai girator can Ee written as '
" £g- g I? o e ' ., -
S Y g ’ (3.11)

The input admittance *of a capacitively terminated gyrator is now given

by S a ' B
' . , 230 - . . . , o
= + ....9_..‘2.._ .t ! i . R
Y, (s) = €6 + =3 N ; 3 . (3.12)
By using the first two terms of Taylor's  series for e”23? ana then
. a “ ’ <, - B
1ettiﬁs = jw Egn. 3.12 can be reduced to e . R
Yin(jw) = eG + . 3Ch 36, i ' (3.13)
. - - + —=ju + jo | .
A L
N . A -l
The equivalent circuit represented by the Egn. 3.13 is shown in Fig.
'3.4. , - o ' T
- The preceding'method of dériving,quels for'nénideal'gyrator'

\

circui&s was discussed intmany textbooks on active network synthesis

v

o

e
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[67]1 [7911 and [62]._ ' ‘ . * ’
\ /l .. . . o

3.2 More Ekadt Method of Analyzing Gyrator Circuitg
. ' ' a

\ The models of Section 3.1 are unsatisfactory because yli and
- Yoy in the Egn. 3.11 are assumed to be real, constant and-equal. Also -

. o .
Y12 and y2l are assumed to be constant in magnitude, equal and qpposite.
These assumptions are not true for most of the practical gyrator
circuits. The y parameters are complex and depend on the parameters

of the active ele‘ments ei‘nplgyéd. 1f operational amplifiers Qar'e
H v . . N
. émployed their imperfections tends to influence the performance of the ¢
gyfg&n; circuits significantly. , ' f

It is of significant practical interest to examine the influence,
of operational amplifier imperfections on thf performance of ‘gyrator ,
. )

circuits. Such an investigation has been carried out by Orchard and’
* Sheahan [38], for Riordan's circuit. Also Bruton [72] has examined

the performance of the gyrator circuits of fFigs. 3;5 and A.l. 1In

t o

both the cases, however, only the frequency dependence of amplifier
[

-

gains has been taken into account. ' A more exact method of analysis

S

will now be presented where the amplifiers are assumed to have finite-

inp'uat \a\nd nonzero output resistances and als‘o frequency dependent finite

e

gains. The analysis tends to be somewhat tedious owing to the large
kK 3

number of parametérs involved. Howéver,- after suitable approximati@ns

B |

the equations can be simplified c:onsiderably0

‘The gyrator ﬁ‘%nit considered for demonstrating the method of
g

model is shown in Fig. 3.5, This circuit is

0

analysis and flerivin

referred to as gyrator GA. The altermate arrangement where R4‘ is
B ¢ . ' °
transferred from nodes 33" to nodes 22' will be referred to as gyrator i
. B ) »

GB, * ‘ - ’

\

" .




»,




Fx

“ “
The operational amplifiers are assumegd to have finite input

© (Y

and nonzero output resistances and also frequency dependent\finite

°

gains. The amplifier model used is shown in Q&G. For compensated

. ]
operational amplifiers the gain is given by
AW .
00
A= (3.14)
s + mo . 1 \ N -
o : where AO is the dc'gain, mo is the cut-off frequendy of the amplifiexr

? ' E
» .
and s is the complex frequency variap,le.‘ . L ; .

To simplify the equations, the four gyration resistances are®
&
™

- “all assumed to be equal to R. By usigg‘the model of Fig. 3.6 for ‘each

.operationarl amplifier, anbequivalept '@ircui’t ‘for the gyrator GA is\ .W?M L
t . . .
. obtained a's' illustrated in Fig. 3.7, where ' : ;
( Al is the géin of gperjatiorhlal.”amp;ifier 1, / '
ROl is the output resistance of operational anllplifier' 1, » Y
. ‘ Ril is -the differential input resistance of o’peratior{al ,~' ) ey
" ‘ amplifier 1, ’ ) )
. .o RlPl is the input\ régi‘s-tancg at the non-inver@ting,inpu.t terminal T
- » of the Q'perational amplifier 1, . ' ‘
. . . RNl is the input resistance at ,3_:}1e inverti'ng input t'erminal of.
ﬂ ) . ) ' the operational amplifier 1, . . . -
) R is the gain ?f ‘the opeéational amplifier 2, ' -~ ) )
) R,, is the output)resistance of the 6pér'atic3nal amplifier 2, .
\ . ' R, is the differential input res‘lstance;'p“f t;h?~operatlona1 ‘ %
’ | - amplifier 2, . . “/!”n ' ° S

i
t

; : RPZ is the input resistance at the non-inverting ‘input terminal

. ]
ofi the operational amplifier.2, i

-
-~ ’ ’

‘. - ¥

‘e
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%2 is the iﬁput resistance 'at the inverting input terminal of

the operational amblifier 2.
. r

0

. The analysis of the gyrator equivalent circuit will now be
1 B .
considered. After a star-delta transformation at node N, a signal flow

‘

graiph analysis.gives the y parameters as )

) ) v

.- 1 . 1 L 4+ AR , AR, , AR R
11 LRy, DRa‘ | 192 R K. RR
, .
N R, R. R, Ro1 ROL, R o1 Ra
*REY'RYRA\RT YR Y\ R v
. a C a r{b [ [ Rb a .
Ro1 . Ba . Ror  ReRoiRa  BRoaRq RosRy |
R OTR.TR. "RRR. TRR YRR (3.15)
a’ 5 c aRb c ' aRb a c . '
C - i. A AR \ AR . AR, ARR, ) AR R . AR .
Y92 p RR R R RR R R R RR_R > RR:
. e a. . ‘aa a aa ab. a
A R.R R.R R R,R R_.
+—2+ ge + 3601 ﬁ,gem, (3.16)
Ra. R.EARIZ RaRbRIZ:. RaRbR ‘
- - * ' ‘ !
. = - 1 ARR, MR, L afe | 2R RaRe , afe -~
. _ 2,1 b R?ﬁb’\ RaRb RbRi: RaRbRc RIZRé
) A 2A_R 2A.R, R R.R R.R
1 1d "1a . .0lde_ _dae (3.17)

By
+ — + + 5 5
Rb ’ RIZ RaRb RaRIZ RRaRb RéRIZ

’

BRe AR 1"a%e | PaRor%e

+
RaRb - RRb 'RRaRb RRaRb RRIZ FRaRIZ

17 R 2ARR AR.R A R‘/’\ER R.R
e e le+ l'de
Y22 'p

t

" R R R . R R . P 1° R_.R
e e e + e+__+ +01e

e
+, + + + ;
‘ O RRy By R BB Ry R Frp BRGR

i
Vo
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’ where T
RR11
. S T
a 11
Rb;i*fr;_z__
"R+ Ry, .
. RR ;
‘Rc"R+1122
! 12
2
. R
R,.= R.. +.
' d 02 2.R+RH_
_— RviRw2
¢ Rnt* R
‘ ’ and '

oy

(3.21)

(3.22)

(3.23)
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In coﬁmexcially av;}lable operational amplifiers the us%al

ranges for the parameters of°the model shown in Fig. g.b are as

»
A f B -

. follows:
- ‘ ’.
: £i : 3000 to 200,000 * 3 o .
4 0 , _ . _
wy: 30 to 15 x 10% rad/s N B
. Rp, Ry* 50 to ,500 MQ s - (3:25) .

N R 50Kk2 to2mm | - ~\\\-/
- ' M LY '

Ry: 50 to 200 &- ' J. S . }

! )

' The frequency rangé of interest is usually much smaller than the gain-
e .

1

bandwidth préduct of the amplifie}. So let us assume that

© < Boo o ' - (3.26) ",

For typical appliggtiens, the gyration constant is in the }anée 106 to
100 x 106, that is, R i§ in the range 1 to 10kQ. Therefore from Eqné.

. 3.14 and:3.25-3.26, we ‘can wfife

x'”-'? 1 \ :
IAI >50 1 ' . “ . . )
7 | L (3.27) ’ '
. \ .
Rp' F% >> RI . \ - ‘ -d B ' .
R >>,RQ : ‘ ' ' ‘ '
N - / o R o )

For the sake 6f,simplicity, the two amplifiers will be assumed iQéntical

so that T ) ) .. ;
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Tﬁis assumétion is reasonable since each gyrator will:usually employ

show that .
L,

R =3
a

Rd=

By u51ng Egns. 3.27 and 3.34 the y parameters can now be wrltten as

| k.
a single dual operational“amplifie;. Eqgns. 3.19-3.22, 3.27 and 3.28
I‘ . 9 .
p ¥ R TR . '
° ‘. ! (3.29)
R * .

0

*

O  From Egns. 3.15-3.18, 3.24, 3. 2773 28 'and 3 29 the y parameters can be

A

approx1mated»as ' N T, ‘
L. | 1 ZAR ARR. \ZRe . N
. Yy, ¥+ — 5 - AT 4 e " (3.30)
R, DR\ R R dr .
4 ' . s
AR f A+ 2 2R ‘ . .o
le = - 5 . ' . (3.31)
. " DR R R™- - ‘
. b
: AR 28T R ¥ !
v, = - —|ar2e—+— 1} (3.32)
\ ! DR R R
. ) I A !
R (2an+2 3R, A oA } L
Yy, ¥ — Gt —+ ‘ ( (3.33)
. DR R R R RR .
.. where — . ' N P b
Re ’ > 3ARO ‘ - RN ’ Y )
g *x—{" AT+ 2A +¢2 + —— : - (3.34) .

’
i

1 1
yll B —— R (3.35)
- Rex :
| [
N 3
A
v, 2xl1- =-S5+ (3. 36)
‘12 . R AR
e R C
J1 0
o “RT 2 .37
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By letting s = jW im Eqn. 3.14 and then by using Egns.- 3.14, 3.26-3.27,7

" K .
» * . A a ] 40
14 2
’ -
2 3R 1 2R . 2 12R “ :
. 0 ‘0
. $— - - . (3.38)
AR AR® AR, ARR. AR ‘AR ) .

L]

. T, . ) - ‘
the y parameters can be further reduced.to Lo
s 2 +\-R- . s .
Yo, 2 G+ G_ + @ + —e=— ju - ) © oy (3.39) )
11 £ g h Ao 0R : / ‘
” ‘ ‘ ‘ ;"
. . 5 ¥, . .
? 2w * R *R .
ylzz’ili* 2 2 (l‘-—g)— '0‘25‘." - .
AgUR ¥ R AgUoR . . '
d 202 (R-R) RR. -F ’
g = Lo L0 .01 50
21 R 2.2 2 2 3
i AGWoR L/ A WoR Ry 2N
2 . 3R. ' 20°(R + 6R)) 2R+ 3R_. .- °
vy o + 0 + : 0 e 0 jm
22 > 2 22 2 ’ 2 7 ! .
AR BGRT  BOugRT AJu R . - _
p) , ’ ~ . . ~
where ko . 7
I S R A ‘
G. = + N - C o ] .- 13043) !
. £ P?l AOR ' ) " a
a f
‘\) [ 1 ! T L
v , . L] ) 7
<
: " 1 ;1 -
G = - =—+— (3.44)
g (\u’ * P\qz) ; \
. ' » - - S -
‘ 2w 4R ’
. 0 .
G, = 1+ — ' 4 (3.45) *
h A2 2R ‘R ) -«
2 * 0%0 g ’
2 ) ) ;
. : rd - . I3
- . :
. . / , ~ -
3.3 New Model -~ : , ' o . >~ e /
The analysis ofjée tion 3.2 can be used for the derivation of a ’
.. ' ' . . ' '
gyrator mBdel comprising resistances, capacitances arydductance's.
Such a model is usefpl in four_‘respeéts' ‘as follows: S
N ' . ' s
> 'y ' ' R . 3 7
& .
3 . : .
- L} ; \ .
e & / ’ s
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o a¥ The influence of amplifier imperfections upon the. simulated
s I * . , —- ,- - , . . ¢
" ¢ inductance can be, clearly understood. - .
* - . ° o . C .
b) It can be used gor computer-aided analy‘sis of. capacitively
< ‘. terminated gyrator circuits. ! ¢ °
c) It gan .be used for the optimization of the gyrator circluits.‘. v
. . . [ e . .. : .
- - .d) It can be used for the computer-aided®analysis of gyrator- . .
o ra ‘. - P
~ . o .
C filters. V- )
4 ,Consider a gyrator circuit tempyminated by a loséy capacitor such
- * { * . h
that R . . ) <
‘ . ‘ ) ' - ) " ’ ]
R YL‘(s) = GL + sc . - X {3.46)
The input adm:ittance of the .gyrator is given by ‘ .
. i . -
- oo : Yy, (8)y, is) - S
: 12 21 . 4
Y.(s) =y,.(s) - . ’ ' (3.47) *
, 1 ! + + -
1/ 1 { y22(s) GL sC i .
[ . i
“If s = jw we obtain ! . '
.- - ’ s
, ¥y, (30)y,, (ju) : -
S A0 = Y830 - ST G, + Jac - (3.48)
o . : 22 L
’ .
' - B ¢ . ' . » R ;
f .- By using Eqns. 3,40-3.42 and 3.48 Yi’ can be expressed' ag . ,
- ‘ \l - ' . . T ; . - ) '“
' . H{(ju + kl) (jw + k2) . . .
. ¥, Gw) =%, G + Ga ¥ k) ) €3.49) )
. where ° © 9 ) , AT D
/ R (R)R. - R") . \
H = — . e {3.'50) |
, - Aju R'R (2R + ?RO/+ AwR@ T e !
‘ I} * \
: . ) . ' C
o A2w2R+2w2(R-R) 8 . . ' .
00 0 v . ‘ i _
kl = - Ao R i . . +(3.51) ‘
{ 000 e o :
{ ’ - .t L l " ' ' s
_ - ' . - ’ " "
) o . - ST
. ) / N ) ' . . ; . A . »
- fm * ' ~ ’ ‘J ! [ - . )
. ~ s - M T - |
S : o NN cr i . s
R F L




-t
- 2
Lo

t22 2 :
‘ RoUgRRy * 20 (RRp = R4R;) \
. §2° 5 . : \ (3.52)
‘ ‘AONO(BORI - R") . ' \\
¥ | ! ' i
' 2A sz + 33 m?Rf + G A2m2R2 + 2m2(R + 6R_) , \
00 000 L0 0" 0
ky = T — ' (3.53)
- + + \
‘ - A, E2R [3130 RJWARTC) ) \
‘Now Eqn.‘ .49 tan be written as : < ) \,\
et T ; " Hk ¢ ¢ .
: — . . e n
. Y39 F oy, (G0) + HIO + Bk, $ Ty (3.54),
. L4 - - -
{ - R ‘ i -
where - ., . .
. . A ) i
Ky =kt R : » A (3.35]
= 3 ¢ .y : . . ‘ ¢ -56
kg -";kz KKy, ‘ . \ (3.56)

For a low-loss load gapatitor such that GL < _46 umhO Eqgns. 3\ 51-3.53,
o i~ [4

. ~. . \

3.26 .ahd 3.2% show that

‘e lkl + kzl >> lk3| . ' e . . )
and therefore ' c. - E K &
k4 = k; + k2 Ty : ) .
N -1 22 223
R a— { 2A W RR R, - AW R
. . PoYRo'RoRy = R ‘ v
2 ) 3 2 ..
w - - .
+. (111113()RI 4ROR; 2R” + 2“,30)}»
i ’ N i
From Eqns. 3.56 ard 3.58 Wwe get - o
kg™ kiky = kiky = Kokg . : ‘ (3.59) -
2 . . , .
Since it ia“agsumed that Aomo >> m,‘s. 3.51-3,53 and 3.27 give
- A_w R PO S
| .. 00 ] :
'kl ¥ R {3.60)

14
~




. - AomoRIR ) ' ‘ . .
k, = = — 3 (3.61)
(RyR; - R") od -
and 2 2 2 .
ZAowo + GLAOwol} o ] ‘
k, ¥ - — (3.62)
3 AO,(A)O(Z + AOwORC)" .
, From Eqns. 3.59-3.62 we get’ - ‘ ) ’ . -
' -‘i o
22 3
AowoR,R 2A0wORRIRo AONOR
kg = 7," 2
y© RolRRp = RO Ry(RGR - R )
- !
Zw 4+ G:A ™ R '
. Loo { . ’ (3.63)
(2 + Aomo'RC) :
or - 2 22 ' ' ‘3
{ 0 c,R R_(2 + A ‘W, RC) + (ZAOmORRIRO .AomoR ) (2 + AowoRﬁ)’:‘
. e ' } . ' . k4
. [‘k ) + (2w + GLAO(O R) R (RORI + R ) .
5
X 2 ¢
. (2 + AowoRC) (BORI RY) Ro . (3.64_)
, » .
By using Egns. 3.26-3.27 we' get ’ .
L AgngzR . ' A ' .
ks - > ) . ‘o e (3.65)
. (Ro 1 - R™) < o _ . .
' . - : ) .
" The input admittance of Eqn. 3.54 can now be expressed as }
P . S i
Y, =y 4t ' R (3.66)
- -4 s + . e
1 r{&,, ZB : ZC ' . , \
where ag » , A '
Y, ¥, * Hjw ¥ Hk, . i ) (3.67)
. L ) i ’
v = l—“.)—— : ’
°s = Hk - 4 ; (3.68)
5 ! . g:
Ky - 2
#c = Hkg . (3.69)

v
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A, network representation of Egn. 3 66 1s readxly obtamed as shown in -

Vj WO . ,
\Flg. 3 8‘ ’ M N V * ! ' )

From Eqns. 3. 67 3.39, 3 43-3. 45, 3, 50 and 3 58 we can write

t

S

. =“ l + ’ J . , s .
YA . pl qu' . p3 +'chp . . ; /L' (3 70)
o .. A h . . ‘ : . L. - - "
'where. ) . . - ) - '
- G =—~12-+'—l- zi..R_Q o * ‘ (3.71).
' pl A RS ' . 2 -
. . . RPl AOR R JR_(2R + 3R0 + AOwOR'C) .
| A 1 - 2Ry RN I .
N Y . Gpj i:’- ‘-' L ,"'.' + 2 (3:72)
3 . : + w
f W B PNlu ‘Pm R(2R +"3R0 Ao OR C)
ST O 4R gnﬁn ZRR R3+R2R ‘
G . = 1 =2 o . (3.73)
p3 22 I ‘ ! T
. 5. .
. \AONOR \ R . RR (2R +- 3R + AOwOR C) )
B ’ ¢ i o !
- ¢ ‘ 2 [ \e X \ s
2w ) 4R 1 )
22 1+ =2, a —_-2 (3.74)
A ] . (- +
AOwOR ' R ‘( AOmORC) R
,
‘v . LY ., e ,x 2 . ) .
O R | R. 1 (RgR; = R*) 2 s
' Cp = 2,+ =2 2 }% - (3.75)
;o . AomoR -Rk RRI 2R +. BRQ -+ (A’OwOR C ’ 3
* ) . ‘ o7 o P
" 1 Ry ) S C e
4 % Ao R 2;0--R—- U o, 3 . (3.76)
- Q0 - . . 4
N ' : : v
The admittance YA can thus be sle.t into threée parallel ‘E’onductances
“ . < y— N » .
G, G and G ., and a arallel ca acitance C_.
pl’ "p2’ Ry k4 P P P ,
‘ From Eqns.. 3. 68 3. 50, and 3. 65 we obtain - ° ' - )
vzl = (L +L) jw - S . . e 3.1
o B e . N T
where T ,
2'. v P "“
. L9‘= R . F I .. (3.78)
R 2R :..'3120 . ’ o .
Lt ras R ) | : (3.79)
g P Y% - Po% - : R
S e e .
B3 ) ‘,‘\ . !
- - . ° . ' ’ 1
, o ‘% '\;"— ? ~ .
ol ".' { he [ ¥
N hY
. . LY ’ ] . \
-~ ¢ \’ . ﬂ' g
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s and hence ZB can be considered as a, series arrangement of .inductances
' M . [ s .
L and L . : : ' C
o p . . .

From Egns. 3.69, 3.50, 3.53 and 3.65 we obtain

e 4 . ' N '
. ?c Tha T Tps } (3.80)
. -
" where | : . " . : ‘ -
2R 3R 2 ) - ¥ .
. . r , =—+ =+ G_R ‘ . (3.81)
. ' pd Ay Ay L . )
@ : < . . °
2 “
2w (R + GRO) L7 . . R
' . - Tes T T 2.2 - , (3.82) :
00 . : 2 . .
£° i - .
and thus Z_ can be split into two series resistances r and r__.
. (o] : p4 p5

. 4
A model for a capacitively ggtminatgd gyrator can now be obtained

) by connecting the3gomponents of YA' ZB and ZC as shown in Fig. 3.9. )

-
s hd '

I B o ' : o, /-_,
3.4 Vvalidity of the Gyrator Model ! . .

[}

o The model of Fig. 3.9 has been used for the analysis of the r ’
\ ¢ N . . N

| gyrator circuit GA. An exact computer-aided anal is has 'also been .,

| . . ' \

carried’ out hsing a network analysis program, known as NASAP, in order

- to exi?ine,the validity of the model. The Inductance Deviation is

defihed as

”

.

\

|

|

| L-L - .
. (e} . ‘

| iD = T x 100% (3.83)
1' - \ o.."h 3 . .‘- .
| \ . 2 . .
. where I, is the actual inductance simulated and L, = RcC is the nomirmal
| ) .

|
|
|

y £

inductance. The Q-factor and the indyctance deviation have been

i computed for a range of frequencies. The analysié was carried out for -
a pA741C type amplifier using the specificagions of Table 3.1. The
. . . ' 4
. o Q-factor of the load capacitance has been assumed to be equal to 10

A

+ ‘at lkHz. The parallel loss resistance of the load capacitor C was

1
|
|
J
t
e 1
1
!
. .
\ ‘ . ' I
] i3 -
o ~ .
) €
] ‘ T . - v .
. ¥ N i
| . ' - {



1 QL “ N
|
| o
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‘ p3 ==
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! ) O~
!
- - = —-
‘ pl o) Ry (2R+3R+A (W R°C)
%
) : 2R
G, = - L+ - ——1
R "Rl RN2 R(2R#3R +A w RC)
. 0 00 .
< 202 4r.. - 2R
L g 3= 55— |+~ 0, L T S
°p 22,20 R (2+A w,RC) 'R )
00
- - a
- - Iy
, S Ry
Cy = Ty (2 ) ‘
- Y ‘
=~ 1 , .
' . 3R —i
i 2R _jg‘
. i«-—l:-p4 =3 tTa t&
. . 0 - l
R | , 3 .
~— 2 '
2w’ . .
Tos T 22 R ”
. 0% . o
, ~ 1 -=;f%;4 (2#+3RO) - ,
f ‘p o 0 R ]
-
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v o Co - '

+

'FIG. 3.9 MODEL FOR THE CAPACITIVELY TERMINATED GYRATOR GA
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‘assumed to be 1ndependent of frequency and equal to 10/2"C-(1 e. Q=

10 _at 1kHz) . The results are shown in Flgs. 3.10-3. 13.

)a j ) - ‘
'{, TABLE 3.1 S

1 . -
N

Parametér . UuA741c WA718 MAT702 . o Units .
’ : < ) . -
A, ., 200 x 10> 30,% 100 3.6 % 16° . ' r
\ . j K 1
“ug . " 37,6 13.82 x 10> 5.55 x 10° | rad/sec
R, .15, 75 £00 i Q ' ¢
. R . 2x10% . 1x10d ' o
. - i ‘:‘ :‘ . i
Ro». Ry 500 ' 500 500 . MR

- L .
Figs. 3.10a and 3.10b show the variations of the inductance ' °

. )

deviations and the Q-factor with frequency, respectively, for a fixed
: f -

gyration resistance R = 2.5k and a varying nominal indyctance Lo.

As w > O Egns. 3.74 and 3.82 show that .'

¢ ’ <
. Gp3\and rpS = Q_ ' . o ﬂ .84{ .
- R v | ,
Also Egns. 3.26,3.27, 3.71,3.72, 3.76, 3.78 and 3.79 show that "
‘3
1 ‘ .
~— > (L + L) {3.85)
wC o p .
.p ,
’ .
2
i LA
1 - » .
. 6—51;757;‘?> w(L, +,Lp) - o , (3.86) .
p ﬂ‘ p []

qénseguently the effectifve iﬁput inductance for low frequencies is

v B i 3

obtained as . .
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’ . . l i ) 51

| A
1L Lo + Lp ’ ’ _ (3.87)
and hence ; . /’ ’
N _ —
= £ x 1008, : » (3.88)

.o /
For a fixed.value of R Eqn. 3.79 shows tAat Lp is,;nvariant. T£erefore,
as LO is increased ﬁhétlow frequency indué}ance deviation is reduced.
This is evident in Fig. 3.10a. For Lo = 0.1H the er}hancment’ exceeds

\

the total loss in the frequency range 2-10kHz and thus a'negative

.

’

\ .
Q-factor is obtained. ' '

The influence of variations in gyration resistance for a ,

constant nominal inductance is illustrated in Figs. 3.1llasand 3.1lb.

! -

The low frequency inductance deviation is reduced when R is yeduced

’

since Lp is reduced according ‘to Egn. 3.79. The amount of enhancement’

in‘Fig. 3.11b is seen to increase as R is reduced. ¢

Figs. 3.12a and 3.12b illustrate the influence of variations o
in the dc gain of thetamplifier. The low-frequency Inductan;e
deviation tends to be reduced as Ao is increased, according, to Eqn. :

3.79.

o

Gyrator responses for three diffefént type ofnamplifiers are
compared in éigs. 3.13a and 3.13b. The amplifierg used are ¥A702;
pA715 and pA741C and tﬁeir specificati9n§ are summarized in Table 3.1.
The pA715 is ESsentiall{ a wideband'amplifier‘and, consequenti},.a

wider useful gyrator bandwidth is obtained. Figs. 3.13a and 3.13b show

—

that an inductance'of 0.1H with a Q-factor of 700 at 80kHz is feasible.

-,
[

Figs., 3.10-3.13 ;how that the gyrator responées predicted by
.the model agrec closely with those obtained by the exact analysis and,
3 . . .

therefore, the validity of the mcdel is justified. The simplicity of’

3




{

k™
INDUCTANCE DEVIATION -IN PERCENT

[

.—-)(- @ — o‘-—-—-o—-.—-o-—o'

0 | 1 10 T
FreQuencY IN KHz :

1

F16.3. 11a VARIATION OF INDWCTANCE DEVIATION WITH FREQUENCY FOR. DIFFERENT

. GYRATION RESISTANCES(AWPLIFIER tvPe waZl]c)

. LT L°=0 M, R~ Exacr AMALYSIS . MopeL ANALsts

< e . lka . ‘ . . L

- ) ) . s 2!5'(9. —_— e — . (‘ A . a
T T o 5ka —_—t—ee—- X% ok

‘: ‘ ’ ' & }‘
: } ' 1 - - L 1S
o
E S P, . = - - . o ‘ '




BETCY S IR N T T A TRV B
0l pe -1 10 | 100
® ., $  FRequEnCY INKHz . o
" F16,3.118 VARIATION OF G-FACTOR WITH FREQUENCY FOR DIFFERENT GYRATION ot
/ . ’ Yy
: S RESISTANCES(AWLIF TER TYPE wAZ4Ic), ~ -
S o LOILR Exact AWLYss MopeL AnaLysis ;
ke —_— T e e e
) ' . v 2.5¢ _ - . a a2 a y
< ' 5ke e X
. 4 “'X : : ' O ‘ \C(‘\x
I SRR P T
SR " “ i




-

INDUCTANCE ZEVIATION IN PERCENT

FREQUENCY IN KHz
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the model by compar:L on with thﬁ"exact equivalent circuit leads to a
ey :' 2 ’ . . . ,
larg%v1ng in the cost of computat}on It has been found ‘that the

\
cost. of computation «can be reduced by .as ;4?1\&15 97y, ' SOt |
! Y * .
' The approach described in‘Sections 3.2-3.3 has been used to

- . . LI . .
derive 'a,simpie model for gyrator GB (gyratof:' of Fi_g. 3‘5; with R, . .
» ‘ k , « o .
connected across ternfinals 22’ ) ‘\»The details of’ the analy51s ‘as well

. e L <, ({/{ ~ L. ) - “ o - .

as tl?e arrangement of the” model derlved ‘can_be found. 1n Append{x a. v -

'
! “ . 9 . .
- @

‘ \ ) s
3. 5 Expmal Ver:.f:\catmn of the Mode]/ ., s ) ' .
N ‘:‘\4 : ) T L * f

In order to verlfy theo validity. of' the modelf a§pe‘rlmentally,

- ~¢ . ) e

¢
gyrator élrcuu: GA was aconstruct‘ad by uslng uA74l ‘operational ..
. € S - v

3

-

ampllflers. . The Q-factor and simulated- mductance were then measured
] 0 - . " N -

M - . u
by us:mg a serles resonance method (see Appendlx B) . The dc supply

1

”
°

s
voltage and “the voltage across the simualated inductance wetre maintained

constant and egual to 15—1.5111 and 0.3V, respectively. The responsesy - -

LI i \NJ ¢ AN o ¥ " ‘»
obtained, are shown in E/ng. 3.14a and 3.14b, ’ L¥ : '
. * P 3 ) . - N -

» ° The dc gains and cut-off frequéncies ‘of ‘thg two amplifiers were “

> S . ‘ . - ) . ’ " A =' -
s . . ,
. measured (see Appendix C) and found to be’ -
) ;- : :l , « N ,.' ; ’?‘ ".. PRl . , ;; ]
o, Bog S 170.300 N L 3 ..
) .o ) . ‘ |
» » a - £ . N Y . '
hy; = 138,708 o7 ST . : v

’\ “~ \ & J#t <. . o - ,. b ! . ! -
N \ . ! " . :,“ - . e . .. . ) h \
: U w,.x =/27.82:rad./s€c. ., ° R . - Ce ! .

" 01 h - M . v ol R

¢ . - .
L4 . . . ¢ \‘
= 26. .
moz g 6.51 rad/sec .- .

+
S
. P » - o . . T oy .

. . > »ad ) t
giving an"average dc ‘gain ,AO = 1é5 OOO}nd an average cut~off £ @mency vt

(]
-~

wo' =- 2:7.16 rad./sec. . These values together with the data-sheet values :

< . - * \. . LX)

M ) ' ’ 1} & ‘
of the input and output resistances given ifi Table 3.1 jzere used to f
darry oyt ‘a ,model'asnalysjns.“ ;The variatidn’in the loss of the load -

. - . " [N
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capacitor with frequency was also taken into account. Polystyréne .

capacitors of 0.016 and d.lsur were used with measured Q-factars of

:

3,000 and 2,500, respectively. Data sheets show that the Q~factor is

. ) . ( ’] A -
. . \ -
approximately -independent of frequency and hence the parallel loss
. - . .. . . , . :
resistance of each load capacitor can be computed as RL = Q/wC. The e
f + N + . ) . ‘ . .
. predicted responses are compared with the measured réspqnses in Figs. -
' ' . !
3.14a and 3.14b. Despite the large tolerances in R_, R_, RPAAnd RN,' e*
. . T ) o' "1
. a reasonable agreement is evident between theory and practice. - .
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_. CHAPTER 4

[N

' - PERFORMANCE OF GYRRTOR CIRCUITS )

*h

(3 -
x
-

gH The model deveioped in Chapter 3.is now used to study ’the

performance of gyrator circuits. The influence of amplifier

v

.
Al

imperﬁee{;ons on the‘simulated inductance is examined in Section 4.1.

The effects of amplifier -mjsmatch i‘hgyrator circuits is digcﬁssed~in

“Section 4.2. The infiuence‘of temperature and dc supply vo;ﬁage

[y

variations on the gyrator GA is examined in Sections 4.3 and 4.4. A

-
-

-method for evaluating the voltage handling capabilities of gyratox

~

circuits is proposéd in 4.5. This approach is usé€d for the comparison

of gyrators GA and GB.

-

4:lf"Inf1uence of amplifier Imperfections in Gyrator Circuits
wr N

For ideal amplifiers and.é.lossless load -capacitor we Qave .

g

s (18
Bor Bo¥o o L | ‘
o H

' -

R ResE |

N ’

R+ R, (4.1)
Rﬂ“" 0 . ( h )
, GL‘—* 0 '

1 v

. . \
" From Eqns. 4.1, 3.71-3.72, 3.74, 3.76, 3.79 and 3.81-3.82 we




. / >

\ s

A and from the Fig. 3.9 the simulated inductance is obtaindd as td =

:) R'C, as may be expected. Effect1vel¢; the amplifiey imperfections
v N

introduce a number of series or shunt parasitic elements {78]-[80}.

The influence of amplifier imperfections on, the gyrator can
. . .

now be examined by using the model of Fig. 3.9. The loss of the load

capacitor introduces a proportional loss ih the simulated inductance

' . . 2 . ;
inr the form.of series resistance GLR .. The input resistance RPl at

} )

x : . : .
- the non-inverting input terminal of the amplifier Al introduces a u,////

\
)

small loss since, in practice, RPl > 50MQ. . v

.

Egqn. 3.72 shows that the inplt resistance at the inverting input

-

terminals of the amplifiers RNl and RN2 ing;bguce a 'small quantity of

enhancementr;ince RNl’ RNZ > 50ML.

1 <

The iftput resistéhce RI'of the amplifiers gives rise to two

sources of loss, a parallel resistance R_(2R + 3R_ + A w RZC)/R and
. 1 ¢ 00 A

a frequency dependent parailel resistance AgwéRI(z + AOmORC)/sz.
. .

The output resistance R_. of the amplifiers introduces loss

0

through parallel resistancewgpl'and Gp3, and through series resistances

rp4 and rpS: At the same time RO also gives rise to enhancement

|

through szp In addition,\RO contributes to a certain extent to the

§ i
S;rasitic capacitance Cp and to the parasitic inducs?nce ?p' ! -
i - P«
, S\ \‘ . .
N A finite d¢ gain gives rise to two sources of loss, a large

parallel resistance 4= AdR/Z).and a small series registance (wZR/AO),,

»

accoraing to Eqns.‘3.7i.and 3.81.

1

Fig. 3.9 shows that the most significant parameter of the

operational amplifier is the ggin~bandwidth product Aomo.\ A

. non-infinite value of Aowo gives rise to:
. 2 <




and from the Fig. -3.9 the simulated inductance is obtained as L, =

9, ‘ . .

R'C, as may be expected. Effectively, the éhplifier imperfections ¢
introduce a number of series or shunt parasitic elements [78]1-[80].

The influence of amplifier imperfections on the gyrator can
now be examined by using the model of Fig. 3.9. The loss of the load
. .
capacitor introduces a proportional losg in the simulated inductance

-

. . . . 2 . . -
in the form of series resistance GLR . The input resistance RPl at

. B . . r
the non-inverting input terminal of the amplifier A_. introduces a A

1

small loss since, in practice, RPl > S0MQ. \
» - M @

Eqn. 3.72 shows that the input resistance at the inverting input
\ - . ' *

terminals of the amplifiers RNl and;RN2 introduce a small quantity of

enhancement since RNl’ Rﬁz > 50M. ~

The input resistance R_ of the amplifiers gives rise to two*’

I

sources ofpaoss, a parallel resistance RI(2R + 3R0 + AOwORZC)/R and

- . 2 . R
a frequency dependent parallel resistance AngRI(2 + AOwOR.C)/Zma.i

The output resistance R

o of the amplifiers introdices loss

and through series resistances

througb parallel resi;tance Gpl and Gp3'

r , and r__.. At the sdme time R, also gives rise to enhancement )
p4 p5% 2 0 .

through sz. In addition, Ro-conxributes to a certain extent to the

parasitic capacitance Cp and to the parasitic inductance Lp. s

A finite dc gain gives rise to two sources of loss, a large

parallel resistance (= A_R/2) and a small series resist@nce‘(22h/Ao),

0

- &

according to Egns. 3.71 and 3.81.
?ig. 3.9 shows that the most significant parametér of the
operational amplifier is the gain—bandwidtﬁ}product A .. A

00
. , . \ . . -/
non~-infinite value of A Wy gives rise to , .

0
’




{
o

{a) A constant series parasitic ihductapce L .

. . {b) A constant parallel parasitic capacitance Cp, analogous

sto the windingdcapacitance in a real inductor.

| o : . ‘
| (c) A frequency dependent parallel resistant l/Gp3 which °
‘ >

MR
v

reduces as frequency is increased. . , ) .

”
N '

(d) A. frequency dependent series resistance rpg which increases -
AY

as the fregquency is increased, analogous to the winding

»

L3 ‘
resistance in an inductor which increases due to the skin

y
~ o~ - -

effect. ) YL

w:

- (e) Enhancement, for a non-zero RO. .
- - Q

Note that Gp3 > 0 for the assumed range of amplifier specifications,
- ' b \ . ' .

. 'At law frequencies, according to Eqn. 3.87, the simulated

. . L]
inductance L * L0 + Lp. The parasitic inductance Lp tends to increase -

~

.

the value of the simulated inductance and, in practice, this is not

~ l
; ) 4
- objectionable. However Lp is inversely proportiOna% to gain-bandwidth |
. 1 |

\

of the amplifiers and variations in Aod“ will cause o °

P : : 0
.variations of similar magnitude in Lp. Since the gain-bandwidth

product Aomo

product of the amplifiers is sensitive to temperature and dc supply

Y . - .
.

P A . Ce .. R .
variations, Lp‘w1ll also be sensitive to such variations. THus in

. .
order o obtain a stable inductance it is necessary to keep the ratio

Lp/L0 small, say less than 0.05.' Then a variation of 20% in Aowo will
A

. . cause a variation of 20% in LP but the variation in the simulated
-

o - —

.inductance L+ Lp will be less than l%\ For a small value of L , a

small value of R shoulfbe chosen, aqcording to Eqn. 3.79. However,
for a fixed value of inductance, the load capacitance has to be

’ . increasegfgincé LO = R2C. Clearly, a trade-off exists between the

. ' '
. “
-~



" '
)
v

. size of the load capacitance and. the’ stability of the gimulated

s
inductance. If Lp << Lo,the simulated inductance is independent of

¢ P .

the gain-bandwidth product of the amplifiers. It is then possible .
v . . N

to obtain an inductance with a piesc%ibéﬂ temperature eoefficient by

o matching the.temperature'coefficient of the four resistors used with .

that of the load capacitor. ) ' -

-

\ Phe parasitic capacitance and the freqpenby dep&ndent

o \ ‘ B

N Yecsistances teed to limit the-usefd\’bandwidtgﬂbf_the gyrator. As

v

is increased, Cp, G and r_ _ are reducedthﬁd hence the bandwidth

= B b3 p5

of the.gyrator is closely related to the gain-bandwidth.product'of the
. - ’
amplificrer used. It is noted that Cp and G 5 can be reduced: by

__increasing R, however, at the same tiﬁé\r is increased. It may thus

. p> . i

& be possible to select R for maximum gyrator bandwidth.

.
o

Depending on the relative values of the amplifier parameters

ard also on the values of R, C and GL, the enhancemént)may exceed the’

total loss and then the simulated indﬁctance'will1hnve a negative
s % @ - ‘4) ' N
N o-factor. A negative O-factor is more likely to occur for small . '

values of R 3ince the enhancement tends to increase faster thaf the

[} * ) .

- loss as R is reduced, according to Eqn. 3.72. For larger values of

\ ~

\ .
gain-bindwidth praduct-'A G _ and r

o%o”’ 3 are small and hence negative

p5

- ¢
Q-factdr is more likely to occur, Note that enhancement in gyrator

° %

GA is a secondary spuriqus effect introduced by amplifier imperfections

- and it may be ﬁndesirablg in some applications. Fig. 3.'9 shows, hoWever,'
- - . 1

-

. L) . .
that cnhancemerit can be readily eliminated by connecting an external

parallel resistance equal to }/lGPZ!

at the input of the gyrator .
.circuit. In other applications, enhancehent(hay be desirable, for -
. . f‘ 1
b - ' * . (.
example in gases fifre the loss of the load capacitor 1is large.///
' 4 . _ ¢ ' . .

. ) )




" Furthermore it may be desirable to increase the enhancement. This

} ' ' ‘ e
can be easily achieved by connecting a resistance betweéﬁ&node 3 and ’
]
ground in Fig. 3.5, Théh the effective valué of RNl will be reduced
1" and, ponseduently, lezl‘ﬂill be increased, according to Egp. 3.72.

1
1

: 3 -«
The parasitic elements in the model for fhe gyrator GB are seen

to be similar to those of the model for gyrator GA.

hal

However, for

P o
is independent of RNl and RN2

Y

gyrator GB the negative conductance Géz

'\ _and hence the input-resistances at the inverting input terminals of
- ‘ _ S
the operational amplifiers do not introduce enhancement.

From Eqns. 3.72 and A:44’we obtain

©
P

2R 7 \

\ Gy = - oo . (4.3)
¢ , ) R(2R + AowoR_C) ) ‘ ’ »1 '
T | 4R s‘ Ty i ) N
vy . 0 . . I -
; , Gpi = - R(2§ s ch) . . i y ’ (4.4)
' . 00 . ‘ . .
S ' and consequently o ~#‘\K\ . : )
) . Gy = 26, - N : 'b'; <. (4.5) o
‘Tt félio@g that a largér amount of e;hance@ent is inherent in the , e :
gyratdr of Fig. A.1. . .
’ =
. 4.2 Influence of'Ahplingk.Mismatch in the Gyrator Circuits
X The gyrator modgl 6§_Cﬁapter.§_has been derived on the basis’ ,
.of identical operational amplifiers., This assd;pgion is valid fQFu
' N \ gyrator circuits using dual operationél.amplifiers. For.d{screté . :
. . e .
T :}5- i 'oaerational amplifiers, however, thegvarious ampiifie;'pa?éﬁgters tend

'™
¢

to vary significantly from device to device. It is thus of interest _ Toes
[ L 4

- to examine the validity of the model in cases where the two amplifiers
.o 0y 'd




.
@ . .

are Wonidentical. In order to examine the influence®df unequal dec—
: ~

\x‘- . 'gains and, cut~-off frequencies, gyrator circuit GA* in which A02 =

. s : , ° i
bR T = 11 = 0.8 ' = 0.
2y 1'2A01 4nd wOZﬁ 1 2w01 or 2202 ‘ O‘ A01 and ®5a 0 BwOl was

+  apalyzed, first by using an exact equivaldnt circui nd then by
o

A3 . R ]
using the probosed model. In the later case, the parameters AO and

‘

& were a umed‘to’ ual to the avera b .
v o o “ss be equa o the a zjge values gf AOl’ A02,vand'

wOl’ 'w02 respectively. The gyrator responses predicte‘d by the model

wared with the corresponding exact analysis responses ih Figs.

¢

. ' \ .
4.1a and 4.lb. Close agreement i;; observed in {ig. 4.la. In addition,
'aqreément is evident in Fig. 4.1b for Q—faéto‘fs less than' 4000. Hence

the gyrator mog\el can be used to analyze 'the gyrator c1rcq t in which
gy

the dc galns and\\):ut-off fregquencies of the two operatlonal’”ampllflers

Q

§ ;
3 are unequal. - [/ i ; ' .

. . 1 . . .

< . . \
4.3 The Effect of Temperature Variations on the Performance of

Gyrator Circuits - ~

The egfective low-frequency inductance can be expres'sea‘

. ' } i : ' /
. : 3R ' N
. Lo v 2 R 0, - v . ’
' =' + = + — : .
_ .LEQ RC + 2 (2 " =) - (4.5)

H
accordqding to Egns. 3,87 and 3,78- 3 79 where B i w A varlatlon 1n

N . ! .o .
- . - temperature will 1ntr,oduce variations in R, C B, R0 and, consequently,
, 2 Y
v 4] v
. » . ! .
\ in LEL Smcel_ R e u ,
. . ‘ .& . ‘0 c . |
' “n, R_G< R : B : ' (4.6)
. *.. O , . -
Nw"-:._‘ "N : ¢ ’ .‘( N .
the varlat*i'én :m RO can be neglected The per-unit variation  in LEL ' »
<y °siper -C can be obtained from Egn. 4.5 as . - C f L
. . N . " - . '} . ™
} * . 2 ) 2 . -
AL 2R°C AR R C AC 2R AR AB -
' EL L€ ' 4.7
L Rt Rt et ROR SRR LR R
\ : EL EL - “UEL R
L . bl .
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o that is . oL B ot

. v \ " 2 R 3R ' ' ' . A S )
. >> —=(2, + ——=) ’ - . £ (4. .
‘ ' '( R > -B( R ) L . ' (4.9) ‘ wt
g & ‘Eun. 4.7 b 4 S e |
‘Eyn. 4,7 can bc cxpressed as
. . ‘ - - n/
f " B £ . A "‘ » s o - L
_ L, 20k bo 2R 0R 4B R _ R
'q ., = - +o— o —— (__.. - _—) R ! (4. 10)
' . R C B -B. q .
- N \ﬁ% ’I'L ‘LO RP. . ‘ , ' X
. - AP e e e , .
’ . . - . - -
Hence " e -t g ‘ ! : )
. U s S —vy | ' @iy L
L,. R ¢ BL. R B, . : "o I
0] .- e L
' . Ps .

where T_, T_, T and T, are the temperafure coefficients of L__, R,.C T
. ~ . Al & .

L' "R € ; EL e ;
S . , . i . ¢ . >
and B, respectively, «in ppm per Oc. Iq'practxce,.TB 18 negative and .t
" -~ . N o . : .
~ N - * . .
also . ) S . . : ' _ , - .
AR . N B S . o - (4.12) - '
- - B R. - . ° < s : "
/ . ' . : ! ' v
° ' s * 3 P ‘ ! -0 . o
.4 Therefdre, an ‘increasé in gyration resistance R Will tend to inérease, o
> - d , : .

) . I3 . . . N ‘ . M M -
_the témperature coefficient-Gf the simuldted indudtanc#¥ .o

. . . ' ) : ‘
To examine the effect of ‘telperature variation experimentald, - © e
¢ . - a - .
gyrator' GA 'was constructed d%iﬁq.qp741 operational amplifiers, film, . .

Y]
o~ <

nickel-chromium resistors (TR = +Lp0'ppm per,oc) aﬂgtpoly : rerie
' . .l C

%

capapifers'(f = -lOO;ﬁO ppm per %). A nomlnal 1Aductamce ot L =
88mH 451551mu;ated u51ng gyratlpn r::1§;~’fes of 1, 2, 4 and 10 kQ':
hThc effectlve 1nﬁuct§fce and khp o~ facgpr w;re moasured at é\fneqpency N
“\,pf lkHz=and ovgr a temperatu?e range°-10 c ttf+7dﬁc. The de supply qy! A
vgltage to the-operatignal ampllflers and éhe input voltage to- the, " .

/ 7 N . 4 ,ﬁ i -
. '
. »

gy;ator,were_mainﬁained'constant and equal tQ *15v-and’ 0.3V, - .

fespetfivef&: (’ ' ~)u’ . ot
) » { h /. ) . . . ' e - - ’
L \ . RIS
‘ o - ' ' y
“ w - t .
. e ) L .
YQ ' ﬁ:i‘, > ’ . o i ’ , '




.0.
.2,%

" where Q and on are the Q factors at temperaturesert °c an‘a 20 c,

~ € .
i

and 10k§2 is 1J.lustrated in Flg. 4. 2a.
«} . ‘ -

gyratlon re51$tapqe3' 1mp:roves ‘the stab‘lllty of' ti'xe simulated inc‘mctancg.-
. N e

-

The *Qrfac':tor dev1atlon due.to v&rlatldns in temperatu?:es /fs .-

< + . [

defindd as L g I ‘
-‘7Qt'920) : S Sv

'QD“’: _ ‘
= Tyl 9 ‘ - ‘- . b

) « . N . "

-~ ‘f

L
-rcspectxvely. the varlatlon of QD w1th temperaturé for R=1, 2, 4 and

- . “

10kQ is lllustrpted *\ Flg. 4,28, The Q- factor\dev:LatS,on f‘?\;he
AN

i

~tem'p_er#ure range of.

[

\ <
10 c to- +7O ¢ is 1n the range -11% to +3%.

i . - /.-
- .

'E:f:ce'pt for R =

] A - ' . ’ - . 17 .
5 s '*r.' ) - ‘. . . . . - Y ~ L2
* 9. ’ / o l } . @ " v ' [, .
) » T et . L oe hi
’ T - A N t S S oot B . ) . 1
. . \\ .9 v, . .-
. ‘. » FERN - -
M . \ : ' , e .. R et N
. +#, § = The inductance devi;‘af{on ue to varia{ions in temperature is
’ 1) - o -‘ . . . .
- ° s . 3 . .
» defined ag - - - - .
R . p - L
. ” . & . » ~ . AY .
- (L - Lzb) * e ) N - {-
Lo %YL Wb == 100% . (4.13)
-3 T o 3 L ] \ -
. 20 ? L . . K o 2
. ) o . . . .- _3.:.: o ; » ‘
whcr\e L and L. Yare the effecifve inductances for tempez}athr}é t%-
“ - ‘ » ' “‘1‘ - - >
iand 20 c, respectwely 'I‘hc varlatlon of LD w1t}a temperature for R 1,

i

ey

10k%, the Q-—factor is maximum at the room ten_\'peratﬁre. ;

.4

.\

ThlS is pr;’ably\ii‘ge to the fact that the bptlmum per—férmance ofs the

¥ - %

oyera’mona], ampl;flers gccurs at room temperature.

+

o

{)

~

-~

N -

BT

.
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4. 4 The Effect of dc Supply yarlations on’ the Perf@rmance ‘ .

. V4 Gyrator Cireuits 3

tfe simulated inductance Lop,

- 4
a
. .

vEqne 4. S‘as .

h’

t

v,

will algo” change.

,
- L]

o« + A varlatlon in the dc supply \na].tagé tends' to change the gaﬁ;

ban&i*width product B of t}'ge»operational %r,nplifief's and, cons?quently,

.
The

v R )

.

€

er>unit variatjon

L

/

&

a

3¢ g \ [ ) .
. s : .
T D e, @8 m
. "1' . . vee [V, . .

N .oar

As e.xpected d reductlon in f‘
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o e . - Vi
to improve the stability of the simulated inductance. 7° R R

as \ R C
\

. .
X . o e
. .
) . R . : .
. .
7
\ .
. . N

AL R 3R, AB - '

EL o 0 '
- (24 0y _ R T(4.15)
% LEL BLEi R B B . -
UsThg Eqns. 4.5 and. 4.9 we can’ write Eqn. '4.15 as s
. ! . . = L .
AL, R 3R, OB + ' S S
=~ (2 + _ ' (4.16) °
. \ A . . ¢
L, TE,CTRVE .

-
- v

N . . .

Thg per-unftuvariation in B is positive and thus the per-unit riation .
)

1]

in LEL is negative. Furthermore, the per-unit variation 4in LEL is -

\

proportional to F:éna,'thefgforem the gyration resistance should bé as ;“? \

! S . ST
small as possible. : L 0 . o
. . 2

PYIIN To examine the ef?éct of dc supply variations experimentglly,

gyrator GA, ¢qifstructed as described in Section 4.37 was tested for dc

- - ° ’
’ - a

supply voltages in)the range 8V to t18v., 'The meaéuremgpts'were) , ‘ :

. \ ) . - o?
: 4 ~“ 4} R N .

oom, temperaturer for gyration xesistances of 1,2, 4~ -t

& - L :

carxied o

. L4

and 10kQ 'and a nominal inductance of 88mH. The frequency*and level . N

s -
E . ] & “

of_ths input-signal were maintained at 1lkHz and 0.3V, respectively.

'
h * . t‘“p\

The..inductance deviation due to dc supply variations is B
« . R o °

2, 0

d(
. <. . N
s \ M * o W - .
defined as \\P - " -~* W n 9 . )

A VI “. : : ' T &
LD, = — [ 1004 . o - (4.17)
R b — AR L
- ¢ e , N ‘é“ . b P S . . ) |
are thefeffec;ive indﬁcﬁances for dc supply voltages e

"

whgre'Lv and Lis

' i Pl
*v volts and *12 voltsy respeetively. - Thesvariation ofoLDv with-dg ¢

™ £ M

P

. ' - . . \ .
supgly vﬁatage for R = 1, 2, 4. and 1okQ is illustrated in F&g.v4?3a. -t

. - . . ! .
. ’ -, . - ) .
As anticipated %arligr, a reduction in the gyration resista®ce ténds

. Y] . . - . . '|""“

' Y s

The.Qrfactorﬁgeviat'on‘due to dc supﬁlyIQagiatidﬁs is'def;ﬁed o el

o) ) ) .

. .
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(4.18)

M

where.Qv and le are the Q-factors for dc supply‘voltages of vV volts

and *12v, respectively. The variation of‘QDV with dc supply voltage

for R =

: ~

1, 2, 4 and 10kQ is illustrated in Fig. 4.3b,

4

In contrast with

' ) ‘ the stability'of the simulated inductance, the stability of the: Q-

o

-

-

" 4.5 VYoltage Handling Capaci

a.

\

\
ty of Gyrator Circuits
7

factor is Jorsened if the gyration resistance R is reduced.

°

The maximum undistorted input voltage of g gyrator circuit is

o : cloéely related to the voltage handling capabilities of the oﬁérational

.amplifiers employed.

N

Consider a'capacitivelx terminated gyrator GA. .;m; Vim'be the
- H

AISJTI;:%?

"

@

the voltage handling éapaciﬁy of gyrators.
N ( ~ o

maximum undistorted voltage across the simulated inductance.

A method will now be develaoped for evaluating

..
.
-
0 .

. . . , .
~ - V_. and V02 be the maximum undistorted voltages at the outputs of

01

t
voltages at the outputs of the ;bé amplifiers shpuld n
»

.and V

1] Qz'

\ -

-For identical .amplifier with

\Y

amplifiers A
~

\ . -~
N \ ! the input of t}sﬁéy 2

s
¢ genoted as TI(S) and T2(s),

1

and A2, respectively. The’tran§fer functions between

»

r

13

rator and the output of amplifiers A

1

and A 'are'
3

respectively. For linear operation the

ot exceed V

v

H

0l ¥

and, therefore, the maximum input voltage can be obtained as

im

= Min

-

V01

nd

v

02

T, Gl * AT, 50|

¥
I

)

-

" (4.19)
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. - -
A(A +2) . VW\ -
Tl( ) == e (4.21)
\ At A+ 2 |
L
e ; 8
where \ - ' L
) X ‘ ., _ . e
<, ZL ) . J o . *(4.22)
' f,and;kc i's the load capacitanc‘e. For compensated amplifiers and -
. b , ;\-’:‘ o . . Voa
‘ . frequencies such that w << LI and |A| >> 1, Eqns. 3.14" and 4.22 .
. . g " . s , : %
give X ' ' . ' . -
“ o . Agg (1 +_jwRC) L0
T, (Gw) = w = : = : A {4.23)
, 2(00 -‘2w RC + J“!(AO“’OR.C + 2‘+ ZwORC) .
Hence = : {1/2) ~
1+ o’rR3C? ‘ ‘ Vo
lTl(]m)l * Ay 5 3 - S . {4.24)
. - : 4w0 ,+ w {2 +-A0w0RC) o ’ S :
Similarly, 2 . . . '
E ATR - 2.) : ) o b o
N T, (s) = = . -, (4.25)
. + + ‘ .
. . AR + 2(R ZL)A+2(R+ZL)
l ' 4 .
" and ° o
22 2 (1/2)
. ’ . -1+ R C_sprmitn” b
T, G |=-a6, 5 3 (4.26)
. + A
) 4m0.+ w (2 g A wRC) . .
=T Ge | (4.27)
L ’ . 27 , ’
: By letting \701 = Vg, = Vg Ean. 4:27 shows that the £we operational
a 'amplifiers will saturate simultaneously and hencg from EE}n.‘ 4.19 .
S R . . .- -
. ) o Y/ . . " ¢ . .
'_{‘l;. LV = 5. ) ’ . . . - (4.28) .
. . $ o im l'l‘l(]w)l - . - . . .
" ‘ b . « . . , . [ . 5 ,: ' .
JFrom Eqn. 4.24 and 4.28 we obtain * Y : o
. N » * -
e ' )
. * . 3 ! .
. . ' \ /i ‘
. ) / . . )
! . o v ..
i - ’ 'y



Vd
2
0

2 2 .
v w + w (2R +
, 5 4w R" - ( Ap OLO)
v, = 3 B =~ ' ' - (i.29)‘
W + w t - .
s AO 0 R w L& . . &y
) - 2 ! -
’ . 2‘ 1 . o
where LO = R C is the nominal inductance. Effectively the maximum
a : o .
input voltage 'is proportional to the saturation output voltage of
. ) ‘ ' : ~
. the operational amplifiers and also‘it is a function of the frequency,

>

' - N N ., N
gyration resistance and the nominal inductance, ! ‘

Eqn. 4.29 has been used to evaluate Vim for R = 2.5k? and a . Y
. 1 . 1 ’
variable value of Lo as shown:in Fig. 4.4. - Also for Lo = 0.1H and a
] 1 *

varying value of R as shown in Fig. 4.5. The data for the operational T

alplifier type uA741 has been used, and ys was assumed constant and’ -
0 * . "} . . ) o ‘& 1
equal to 10V for the frequency rang$§ 0°- 10kHz .Figs. 4.4-4.5 show that .

-

the voltage handling capacity of gy;étor GA tends to be redﬁced 1 PR

Significantly at low frequencyr An increase in the nominal inductance

> .

tends to increase the voltage NMandling capacity as shown in Fig. ‘4.4,
’

v

~ -

whereas.an increase in the gyration resistance tends to reduce it as
shown in Fig. 4.5.
N ~ .
The maximum undistorted voltagF at the input of gyrator GA has

"been determined experimentally. "The signal was taken tqwbg distorted

- ) . s
~when the percentage’ of distortion was in excess of 5%. The results

»

are shown in Fig. 4.6-4.7. Agreement B®tween experimental aXd

theoretical results is- restricted to low frequencies only. At higher

y [
©

frequencies the internal loading to the amplifiers-tends-to reduce

~ -

the effective values of 001 and 002 and hence a corresponding” reduction
i

| 8 . PR
in Viﬁ igliﬁtrodhcea. The theoretical approach neqi cts the loading '

. , ° . .8
effect on the operational amplifiers, and an optimistic value for Vim

is thus predicted. .o ' . oo

.
. . - ‘ .
. .
. . . - .o
~ ~ N 19 - M 1
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Thé "vdltage handling capadity -of gyrator GB 'is examined in
@a o ' LY :
Appendjix D. o o . . R o, J K . R . ,
- . - ‘. . -
. - . , .t . -“ , - -
R \ AN - - . ' ' P 3
4.6 Comparison of Gyrators GA and GB oo -
r. : BAE ; ) ) Y . -
The performance of gypator ‘GA is very similar to that of gyratdr e
; - . g R . Uk
- - " . . ’ N ) * ' El E
.GR. lﬁ: two t:ircuits.eq’quer in two res%cts: . - e N
. (a) Enhancement;'in gy}a‘tbr GA is =less proneﬁrfced. . .
; _ . . - S
. {b) The voltage handling capacity of gyrator GA is larger.
‘ . . -, Ta . bt ’ a - EN
) i . Y ~ Al k] -~
-, “Im Q‘Y?atoxz GB the’voltagg at fhe output of amplifier Al is s
T ot e S L T
‘proportional to the -vriltq'cjc at the®™input of the gyrator, according to
- Fgn.-D.5. This property is useful.for the design df secohd-order _ - b
ot ' P N . o . v = i ‘. -
' . N . ’ . . ’ A ./ r— L R . S ~ ) ‘
filter sections with lqw' output resistance. {wo poss:.bl,lltleq are . o
[ - L . CE L .
illustrated in Fig‘s;..ll.Ba ‘and 4.8b. ~The transfer function®in Fig., e
. " . - H - . . . . 'a R . " -ty
. . . - [ .
M.8a is obgained as ~ .+ . - . . ,
. . - » , - . -
I . \ -.? . - 1 ! . ' ¢ ‘('
Voo . -2 ' Y ) - . *
S 0N L8 . ~ (4,30). )
‘ Vit & By o : : o C :
L sT o+ X8+ - . ’ - . o ‘
: L L.C - . . Loy
N ’ O. o X * . A
: R o R Y ) ' \ )
‘From Eqn. D.5, (') = 2V0 and hence =\ ¢ ™ : (=" \
& X N . , N . . , s,
v e 2 L L S
. _O_ - 25 [ \.\' ’ ) . (4.31) ) .
. V. R t . @ ¢ - ¢
“ . i ,.2 % A R ' : -, Lo . . Ce
. - C s~ + 'I—J-r'_ < Do . o, ) |
e “ Lo o x “ L & e T “ |
. O ' S o © i .
! ' . ., . , ' N |
Similagly; from Fig. 4.8b “ - »> P e, R v |
* \ @ ‘)
v, ' s/R_C: . ¢t s ¢ |
__O_u"‘*éxx : ' o B " (4.32) |
v 52 + s 1 RN - "
i . . .
o y R ¢ a4, C i e . o _ e
. X X o X \ . ﬁ% - ] \ -
and- henée . . @ - o ) !
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. Owing to the low.output resistance of the operadtiohal amplifier A . . 3

1

o ” »
i

the filter sections of'Fig. 4.8-have a low output rosistqﬁce.
' £ )

Conseguently, a number of such sections can be cascaded without
3
* isolation amplifiers.
A - : ' , o
Eqns. 4.24'and 4.27 show that in gyrator GA neither Tl(s) nor .

.%“ T2(s) is a constant and hence the isolation property of Fig. 4.8 can

ot be achieved.
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CHAPTER 5

COMPENSATION TECHNIQUE °© : L

As was shown in section 4.1, the finite gain-bandwidth product

- ‘ ) .
\‘ » ‘ 1] . . h ° . .

of 'the mmplifiers gives rise to a parasitic inductance and a parasitic

capatitance in the gyrator model. The parasitic inductance causes no

.

. . { e . .
problems since this can be used as part of the required inductance.

. \ .
The parasitic capacitance, however, tends to limit the useful bandwidth

of the gyrator circuit. This chapter describes a compernisation technique
. ' . | s

whereby the parasitic capacitance can be eliminated. In thics way the T
§ : °
useful bandwidth of the'gyrator circuit can be increased significantly.
’ ] - ' ~ “ e
The compensation technique is verified first by a computer-aided ' o
. . N ° " . N I' . ‘

/ '

analysis and then'by experiment. ' ) ) -

5.1 Simplified Models - ‘ _ :

"The relative magnitudes of the various parasipic'impedances in -

the model of Fig. 3.9 tend to change with frequency. At low frequencies,

» N L

say less than 100Hz, ) ) o

.

7 . N -
- >> 4
- pa o5 . (5.1}
, . . |
’ ’ + >> G ' . 5,2 ,
o ~ . l o1 * Spa Gy3 (5.2) .
N N . ! << - l N o . a(5.3) . , ¢
o, e P w(l_ + L) a T
", . p o ., . . 1
\ . .

., and hence the gyrator model can be simplified as shown in Fig. 5.1.
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) The low frequency input admittahce can be obtained as
. ’ . - , v . L. H]
L ' | "Y =G .+ G+ 1 . ‘(54)
' ‘ iL 1 2 r  + jwlL_ + L f :
o . . P p pa Wik, + L) !
{4 N —G + - S
EL ]wLEL -
- . ; v .
" -where ! :
b4 ) y
, “ . oo < ‘r -
| ' . o) ) p4 ' ‘ (5.6) 1,
| : R SIS 3 2 : :
‘ - + + L ’ ~
‘ T to (L, ) $ o .
. ‘ © I,' ) . i S, '
and . - 7 ST T T ¢ , )
’ ’ 2 2 4 2
(\ r  +w (L + L) o :
~ 1 ’ , _ p4 [
. = BL SR o (5.7)
. . ] « ‘ ’ w (LO + L ) . ' . - .
. . v - Pty .
‘< N ! 0 f
. . ) ; : . . . ! .
‘," . ‘ , are thg effective input conductance and effective input inductance . s
. N . . . . - . o 3 -
- coe respectively., Even for very low frequencies : ;
- - . ' & ) - -
. ’ "' A N t e ! b - . N
i RPN — << L + L oo T : . 5.8)- ° o,
. - . A Foa << w( ” p) RS ( . )
~ . ", 3 a
- o . : e : '
according to Eqns. 3.78 - 3.79, and B.él. From Eqn..“S._f, .
L . - L %L +L S ‘
R . . ; EL °c 'p . (5-9) B
‘ _ & ‘ - ! . ¢
Eqn.J '3.79t§l';ows that the'pa.rasitic’\inductanc"e LP isg inveréely o Y
- . ‘o N s ’ N . M , , .t
s R X proportional to the, gain-bandwidth prodact of the ampllif.i‘ers
' Therefore, its_'tplerance ang temperétu'_r‘e coeffioient can be )f'arge. In
. Y e o Lo 17 ' K
’ practice; -however, R arid C can be chQsen to give LP << Lo, sgf,t{hat the - N
A T T ) . . b . >
- tolerance and temperature éoefficient"of LE]'; can be kept smam:.,,(} “ o
L . Consequently; Lp can he used as part of. the required inductance. | . \\
N N t . L. ., . - . . ~ ' ‘) .
, "' . ’ , - . . . i ) . . R * ." . .
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The low frequency Q:ﬁactof is' given by - T !

.
¢ N . .

) ., ;' _ . ) . 1
P Ny it - SR ' Y s
LF Re Ypj T ulp B M

e

and from Eqns.' 3.6, Sﬁﬁ.and 54210,

LF , TR 5 (5.11)
: + 4 ) : .
R (Gpl sz){rp4 + W (Lo+ LP) }+rp4 ; l
) F 4
i \ © WL+ L) -
..- } = - i £ 0_ P . !
2° T2 : . (5.12)
. , + + + .
® . rp4{l rp4(Gpl+ sz)} w (Lo Lp),(Gplf sz) .

\ '
. N id
» - . " r .

\ v !
v . 0y M -

Q _ is zero when w = 0. If G +‘Gp2 is positive, Q

LF pl LF

. ’ \ G .
then decrease after reaching a maximum ds frequency is increased from

. . -
is always positive. If G .+ G , is negative, Q _ -will.

zero- 0 pi  p2 *LE

LF

ingrease from zeré to infinity‘gnd then.become negative as the freduency

is increased from zero, since

’ MR . . [
o

; FpAprl

according to,Eqns._3.7I’{/;:72 and 3.81. «The conductance“CPl,cén ge .

- &

increased by using-a shunt resistance acrvss the input of the gyrator

g shunt resistance between node 3 and ground in Fig. 3.5 and hence QLF
S ; ) C S
[

+ can Be easily increased or reduced as necessary. LT .

. >

o (O . . . . .
For' high frequencies, say' in. excess of 10kHz, . .

R 0

&0

*a) 41 L Gan

'will increase and -

s

L3
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.ana hence phg mddel of.Fig. 3.9 can now be simplified as éhown in

. o Fig. 5.2. If the required inductance appearé in parallel with a filter
P . ) . P .. .
capaéitance Cf, the parasitic capacitance Cp can be used as part of Cf.

Otherwi’ge,.cp is an’undesirable capacitance. The high-frequency input

' . admittance can be obtained from Fig. 5.2 as

<
<
il

. 1
G ., + jwC_ +

] : L T Tp3g Pl r ot Ju@ F L) . (§.15) *"\\ K

- 1 : :
- - —_— + D .
. = Cpy - JwL- (5 16)
1 o 5, EH . g

o 1) . . [ N . - 4 . f

’ . A . ‘ .. . i ~f "

where the effective input conductance and input inductance ake now ’ -
. .given by.-. .

sgaven by, - . . R .

- . - ”

r.
: : b5 (5.17)
G\ = ,G + <+
EH  p3.- 2, 24 2 . . 1
- - » A + W + '
> R 5. ﬁ.O Lp) /
and N , v
- . ~
@+ 1%+ ‘ . ‘
. ~To TPt .  (s.18) . °
e ™ T NI 72 2 2 S
. (L+L)“Cr+w(L+L)} ' . ]
o .p Pl p> o p : B .
ot " - - \}3: a T v o >
'u . : _' ’ ) X i :e 3 ‘ : ) ' i

Clearly, Cp-tends to dncrease the effective'indyctance by an amount R
‘ which’ ipcreaseé withJitsé::ncy. Sjnea the simulated imductance is - .

. required to be consf with freq imposes a limit,Lp the =~ < .
) - ) A ; . o ) ,

he high fqequency g-factar

\\’ - R ) — ! \
~Js obtained from Eqns. 5.17 and 5.18 a ‘ o
N \x . ‘ L B . Q’ 1 . .
'- ] \\\‘ . Q t;, . ','Ifn :YIH i i ol . “\’ M (5.;19)
.ﬂ ' o HF Re Y %),/,J9EEH GEH §§§g;////4%/
- ’ ° is . e
Lot . \ .
> i . 3 B
/ ‘ Y _{



1t v 0
‘ ‘ 5 92 -
. ’ w[(L+L) -—C{r2+w2(L+L)2}
- &9 P P PS5 (o} p__J ’
) G e’ + mz(L v s .
p3{ p5 . o 'p p5 /
‘ ' r 1 ) .
» " 4 . al a N
, ‘UJ(LO Lp)  (5.20)
i = N . o
2 2 2
¢ . PB PS "0 p ps . -
- ! ‘ * /
Since Gp3 and rpS are P'OSit‘it’e, QHF\ is positiye. Also the high . : '_,
frequency Q-factor QHF' is smaller for larger. values of Loﬁ '

o

' K : ~

5.2 Compensation Technique

~ P

It was shown/ in section 4.1, that the finite gain-bandwidth - ,
[ v » 4 . .

-

_product of the'amplifiers_givgé rise to a parasitic inductance and a

parasitic qapacggfnce. The parasitic inductance, causes np problems
‘ WwE ! N : ’ ‘e,

.
> -

¥ : 2
part of the required inductance, as explained‘xmk
. Ce : .

. Since this can be used as/
. ?

in section ?Ll.. The parasitic capacitance, however, tends to limit the

This ‘Section déscribes a ¢

e h

_useful‘ban@width of, the’ gyrator ci%duit.'

. - X v

v compensagion technique whereéby the useful bandwidth of the gyrator
™Y L] .

2

circuit fan be increased (81]. Trimmel and Heinlein [75] have also

‘
- - [

. cansidered the problem of gyrator broadbanding: However, their technique
‘)‘ ¥ . r , ' . ) to. 9'. )
is ‘applicable only to gyrator circuits constructed with'flogﬁi@g ' -

f

‘%atransconductanceigmplifiers}' Their emphasis is to maximize the bandwidth.

« " ‘ o

over Gbich/zﬁé O-factdr remains high. Here:,the emphasis is to maximize
- ) ‘ . -
the Ban@Midth“over which the simqlatéﬂ inductance remains constant.

. + The useful bandwidth of the gyrator circuit of Fig. 3.5 can be -

L)

¢ -

extended if the paraéiti

s

c‘caﬁacitance ¢, can be eliminated. Egn. 3.72

shows that RNI' which can be considered :as ad)external resistance bétween

" c‘[
L

ye
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. node 3 and ground glves rise to a nega.t.lve ﬁ;élstance —RNl acrosgs

' the mput terminals of the, qy/ator cxrcult. £t - 1s, therefore., expected
Vg

that a positive capacxtance C "between node 3 and ground will glve rise’

- TN .

to a negatlve capamtance in pariéllel with the p051t1ve parasitic

.

capacitance ﬁo\ﬂaat Cp pay be'ellmmated. This possibility is now

examined. . . . ’ @

The use of a compenéatlng capacxtance between node 3 and ground

in Fig. 3.5 will modlf} the model of Fig. 3.9, The modified model ‘can -

be derived by repeating the analysis presented in section 3.2. For the

sake of brev1ty, however, only the changes- will be mdlcated. The input
., ' . BRNY

resistances %l’ RI\;Z and Rpl have been assumed £o be:~infinite since these

are very'large in practice, of the order of 500MQ.

1 . ’ 1
. *

The parameter Y11 for th:e z‘;yratbr circuit as given by Egn. 3.39

‘e

is now obtained as, . - \ o ¢

where s . s / - ‘ ‘

«and ; 1 ‘/« ’ C ) « -

. (5.23)
v A b t ’ R \ N Yo

. The parameters Yot Yoys and y22, I‘\xowever, remain the ‘same as for the

uncompensatgd gyrator circuit. Fo:; a lossy load capaca.tor in: which
! agt

- -]
.

Y
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.0 ' ’ :
Y, =G + sC (5.24)

v K4 1 !

_the input admittance of t ratdr circuit is given by :
: Yoo ¥ ' A
A 12 2t ) (5.25)
¢ + +
. Yoot Gpt sC

[ 4 .
) input admittance can be expressed a:s
. /’ z
g Y. =G .+ G . +6 +ijﬁ~+ - ' ‘ ‘(526)
i + + Jw(L + L “ )
. i pl p2 p3 P rp4 rpS TBN( oF Lo . j
. 0 i v

LY
’where Gél' sz, rp4, rp5'h Lp and Lo are still given by*Eqgns. 3.71,
. 3.72, 3.81, 3.82, 3.78 and 379, respectively:
. 4 > - R ! !
\ Now ) . : - :
u\ . ) N - t v -
wz . 8R0 ' “2R Lt
- . Gp3 =53 2+ + v
AyWoR 'R RI(2+AOMORC) ‘
\ ) . ‘ ’ o .
- - - C 5.7
2R - ) ,
. - 0 - AOwORCC ) g . ’
R(2+A moRC) g ' .
« "\»\\l\-j w
a ”
and . A . - ?'
. ¢ <
N . J
i . ( RO N > ..
“ L = 2+ - A w RC 15.28)
'y o] IS -
. p 1 AONOR, R o c I\ i
' [3 ' * ¢

>

By using Eqns. 3.26, 3.27, 3.40 - 3:42, 5.21 ~ 5.24 and 5.35, the

'
;.
- ' .

- -
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" The new model for the gyr‘at:or c‘ircuit is still given by Fig. 3.9
‘ h
c;:copt ‘th.at ‘the values’ for Gp3 and Cp aré now modified by Cc' As
’ \ . ) K ’ 4 .
anticipated earlier, CC reduces Cp, and if
A : i
o L 2R + R . .
- C = —m——— ~ . .
v " ¢ A w li2 / (5-29)
(e ' 00 '
3 ' / ..
€C_ = 0, that is, the parasitic g:apac;i)iance is completely eliminated.
L [\ [ . '
%' " .The compensating capacitance Cc has/xanother effect on the performance
-
*

- . / -
of the gyrator circuit. It intro@/ﬁces a negative term in Gp3 which
]
4 . .
represents Q—factor' enhancement, according/to Egn. 5.27. 'For a
; . ; ‘

sufficiently large value of fd:C, G cah actually become négative, and

p3

&. ‘t}\en QHF can als_d become negative. Negative Q-fagors are

¢ undesirable, since they tend to cause peaking 1 e fivter response.{fj

A4 ’
’ ' ° . .

7 5.3 validity of the Compensated Mddel - * . o

v

- The modified model has been used for -the analysis of a

compensated ‘gyrator’ circuit. an exact computer-aided analysis has also

s, ‘ ‘t
, been carried out in order to test .
, N ~ .
g { (a) . the falidity of the moBified model, ’ \ Tl
) . - . .
"« +(b) “the validity of the compensation ¥echniques:

- 7

. . . 3z, -
‘The percentage inductance deviation , as defined by Eqn. 3:83,

and the Qifactor‘ have been computed for a. razge of freciuencié's. The

N specifi/cations of a;nplifier typeu MIL748C (Mierosystéms International Ltd.)
' ). .. DU

giver/x in TabLle 5.1 were used for the analys§$. The gyration rczs' tauce

.R and ‘load capacitance C wgi:e assumed ‘to be 2k{ftand 22nF, respectivelyl.

-‘ o

i




o,

‘bandwid*éh of the gyrator circuit is:limited..' As Cc is 'increased, C_ is e
. . . . ‘ :
T bandwidth is increased. - Flg 8.3b shows that the low—frequendy’ Q-—féc'toi"“

N N\ » ’ P
) Cc 45 increased, Q-factor enhantcment is introdyted and eventually the

96,

The Q-factor for the load capacito¥ was .assumed constant anc% equal to . 2
. s - *

-~ i

3000. The results f£6t various values of C. in the range Q —w()pl-“ are )

illustrated in Figs. 5.3&8 and‘5.3b where close agreement. is evident - y -
. \ N

.
- ¢ ¢

‘ - ' . -
between model-analysis and exact-analysis curves. The vlialidity of the L - "?
modified model is thus confirmed. \ . . ) . o

. N \ ’ o R !
) ° ) *s R .
. TABLE 5.1 R A - Y
! 4 ' ' . . - ' '
- . . T \ ’
Parameter ., ML748C uA741 Units
1a ":r - : R
- 15 ‘ 200 .
\ A, . e o 0 R -
w ) - 18.8 -37.6 rad. /Sec. |
0
I L |
. . ¢ )
RO 75 75 ]
. L * A A \ - )
R, N 2 : ‘2 < MO . |
. & °. ‘ & \
. R 500" 500 . . .
p . o . “ ’
. ’ . e ] -
i R, =+ S500 . 500 V M2 .
- - ’ -
\ L - - ? @
Fig. 5.3a illustrates the-influenfe of Cp on the effective” inductance. - i
.

As mdy be expected fxo?r;\ Egn. _5.18;, the high—frequency- indi;i:tance ’ ) .
déviation tends to_increase rapidly with fre’qi.xghcy and thus" the useful: <

—

-4‘% . - ) ‘;ﬂ'
e

re ed according to Eqn. 5.28 and, therefore, the high-frequency

o -
. ¥

. Bs a’consequence, the useful gyrator ' .-

inductance deviation is. reduced. of
‘ >

{ »

hd

»

.

]

is independent of Cp, as can be expected from Eqn. 5.11.

The high-frequency Q-fa’ctorpis‘ﬁo.sititve for small values of_cc-, but.as

¥
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s

o . .
Q-factor becomes negative, as anticipated earlier.
- L 4

1

. . M

5.4 Experimental Verification of thesMpmpensated Model o v

. ~ N v . .
-~ Inqprder to test the feasibility of the proposed compensation
‘ .

. t
technique experimentally, a gyrator circuit ®ag biilt using ML748C type )

amplifrers. The-gyrption resistinee and load capacitancn used we;s 2k0

.

and 22nkF (LO= 88mii) , rcspcc%ivcly; and the external pmplificr compensating

¢ capacitance was 30pF. The effeetive‘inductance and Q-factor were -

°

measured, maiﬁgaining a constant voltage of 0.3Vrms across the inductance .

. B . . ,
and using a dc supply.voltage of *15vV. The measurcd responses are shown

1

o° ¢
in Pigs. 5.4a and 5.4b. Some differ&nces are evident bétween experimental

and thepretical .responses which are maihly due to the large tolerances
- -

'
o

on' the amplifier parameters. + In general, however, the predicted pattern

h" o
is> maintained. ™ 7 . .
v - .~

. + . The-effective inductance with cc'= 0 and with CC = 330pF remains
constant to within #1% over the fréquéncy range OjZkHz and 0-10.3kHz,

* respectively. Therefore, the compensation technique introduces a o

N .

five-fold increase in the useful bandwidth of the gyrator tircuit.

‘

. Thé tolerance and temperature ' coefficient of Cﬁ, like those of

o

/( Ib,-can be- large, since Cp is inversely proportional to the gain-bandwidth
. * | ) .
product of the amplifiergL Consequently, &xact compensation 9{ Cp is

e

1

difficult);b achieve and maintain in practice. However, even if only -
L] - ‘
7 3 ) < A ’ -

80-90% of Cp is ca?ce}led, or even if Cp is over-compensated by 10-20%,

. .
- .

.the resulting increake in-the erator‘bandwiath may be adequqté for- '

-~ many applications. Precisg'gémpensatggﬁ can be achieved by trjimming Cc‘ L

3 ‘. s » \

for earh gyraéor circuit individually and by choosing the temperature
coeffipient of‘qe to be equal and opposite to that of AowdRo. ‘ .

1 '/r_‘ [
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filter are given in Fig. 6.2 and Table 6.1, respectively. S

CHAPTER 6 -« :

DESIGN OF GYRATOR-C CHANNEL Co '

4 -BANDPASS FILTER ! ©o.

. a {

¢

" Frequencgy division multiplexing relies on the ‘selection of one

sideband of an amplitude modulated signal by analog filtering. By

»

successive modulation and filtering a large number of voice channels

are ' stacked " for transmission over a éingle communication link. A
typical method of °¢btaining the basic 12-channel group band is shown"in.

Fig. 6.1 where two stages of modulation are used. The lé-channel group

Y

. , zﬁ‘

The, two step modulation method of Fig. 6 1 has. been successfully

- wf
in the range 60-108kHz is internatiorally étandardizéd.

implemented u51ng LC predistorted fllters [76] 1n the MA-S5A multiplex
system which is cﬁrrently in production. .This-chapter déals with the ) T
design of the most critical filter in the system, which is#the 20-24kHz

channel bandpass filter, usiné gyrators to xeplace inductoré'[Bl} The

modelllng con51deratlons of chapter 3 and the compensatlon technlque of

.chapter 5 have been used in the design. !

6.1 Design . | * ' ) ‘
. : k] ’ I s . N !
~- ‘The filter specifications require a bandpass ripple of * .3dB )

v.,é,

over the frequehcy range of. 20.6kHz to-22, 4kHz w1th aecontrolled response

~ ' *
s

" from 20.3kliz to.23.9kuzm ‘The prototype RLC fllter employed is described .

' by Valihora and Lim in [77}. The schematic and efement values "for this

S

The filter was first aha}yzed assuming ideal inductors and lossy

capacitors. The varjiation. in the loss of the capacitors with frequency

\
\
|
i
v .
C ’ ) .
. 3
'
.
¢ v
A B
. . X
. , o
. - .
’ ' )
e . B . ri . -

s
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Cn, nfF

L

6.6464
1:3293,
1.6355 -
0.7467 ¢
1.7152
1.4033 °

. 1.9090
3.5273.
‘1?3338-

©.0.1105

8.1488"

s 1.2922
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weref also takén into account. The parallel loss resistance of each

. . '
loéd‘c%pacitor was computed as R = Q/wC. The requnSf obtained is shown
kN ) 4 '

q

as curve A in Figs. 6.3 - 6.5. ' e ' o

Each inductor was ‘then simulated using gyrator circuit of Fig. '3.5.

X dyrétion resistance of 2kf was used throuéhout. . The gyrator load,

L3

capacitors werfnobtained by assuming that the }equired inductances are

' . . 2 ' . .
equal.to the nominal inductances R°C. Each gyrator circuit was then
rr i v ©

L

replaced by thefpodel of Fig. 3.9. The resulting filter was then anélyzed'

i

for uA741‘og§ratioqal amplifiers and lossyicapacitors {Q=2000) .

The frequency -rgsponse obtained is illustrated-as curve B in'Fig. 6.3.

Fig..6”3 show@ that the gytatop imperfections introduce a»significant -

lateralbﬂhlft in the resgﬁnse of the filter. 1If no corrections wére

- - .

‘possible for the gyrator 1mperfect10ns, ampllfler uA74l would ¢learly be

Y

gnsuitable for this application because of its relatively low gain—bandwidth

S
'

product.

&f—QQX' In order to eliminate érrors due to the @arasitic inductance Lp,

the gyrator-C filter was rede51gned u51ng L as part of each filter

L (]
inductance. The gyrator 1oad capac1tors ‘were calculated as follows:

LY

Required inductapce¢= Npminal 1ndpctance + I

' ° ' «
L ' S i . . A '/ "\
- < + L
Lb p AN .
~ ‘ N
‘ i '2 y’ N
) = R C#% L 5
\' , 1] -
"or i} C . X . .
?‘, t a-(Requlred induetance ~ L)’ . o »
c= i" . (6.1)
' "‘ R . ¢ ° .
B L ! [ \’ :
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using a shunt'resistance'RSh’= 3.8M0 at the input of ‘each gygator cirecuit.

. as follows: . .

L ‘ 3 : 108

AV

wheresR is the gyration resistance and C is thé<§yrator load capacitor.
. v o ' at

Lp was obtained fromlEqn.A3.79, using pA741 operational amplifier S o

. '
\ -
H Q

specifications. The response obtained, illustrated as Curve B in Fig. 6.4,

v

shows that lateral shift is eliminated for frequencies up to 1l4kHz.

. 5 ' L4 . .
The lateral shift in the filter responag for freéquencies above

14kHz is due to Cp' The compensatjon technique developed in chaéter 5

, .
i4 . ,

was used to.eliminate‘cp. The/gytator compensating capacitances were ¢

calculatéd.using Eqn. 5.29. Thé channel bandpass filfgr was analyzea
. ) :

using the modified. model. for the compensated gyrator circuits. "The ] . s

frequency gesponse obtained, - illustrated as curve B in Fig. 6.5, shows

that the lateral shift is comp%gtely ellmlnated. However, .éeaking is

- -

1ntroduced\hear the cut-off frequercy of the filter caused by negatlvé

I3
'

- A}
Q-factors of the simulated inductances, - ; B .o °
. . B .’ . &
. The high~freqdency Q—factof of the simulated inductance can be
\ : .

i [y

made large,and positive by using a shunt resistance Rsh at the input of T

the compensated gyrator ¢ircuit. The frequency response for: four values
- N . )
f 4 ¢ H
of shunt resistance is shown in Fig. 6.6. Peaklng can be ellmlnated by N ‘o

¢
.

The procedﬁre for the design of gyrator-C filters can be sunmarized :

B . « v .
(i) » Design ‘an L¢ filter. satisfying the required ; .

. P ’

T ’ _specifications with all 'grounded inahctors;

(ii) For each grounded inducﬁance desigh. a gyrator circuit

®

. after predlstortlng the nomlnal inductance. byr

o ‘. RN g

e
syt
.
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. - (ii')y - Calculate the gyrnator ‘compensating éqgacitance.
L4 N Q, /’4 . .
. r i ) -

(iv) \bhoosegwkinput ngnt resistance R

Sh for the gyrator

circuits to avoid peaking in the Tilter response,

. AR s : -
. RSh can be obtained -in twd ways. (a) The effective

" negative in;ut'resistance of the combensated gyrator
circuﬁf c#an be calculated at the cut-off ;requency of
thg filteriiy using t;:~$odified modil: .RSvaaé en
e takén as the magnitude of %hirééhéylated negq&ive

: ~ R L
ihput resistancef kb) qpe filter_can be analyzéa

o
.

using ‘different valyes for R

. The optimum'R_, can
X ¢ sh* . c P sh <0
. \ ,
‘ s thqn be choosen(by examining the frequency responses
of the filter. . I SRR
. v : . .
. {"6.2 Experimental Results . i . N
The low cost,scommercial grade operational amplifiér wA741 was
N ’ R . : A s > ¢ e PN \ . a
. selected to canstruct the chanfrel bandpass filter. A gyration’res‘stance

te
v -

: 218 was used throughout. By'using the data sheet specifications for the
. amplifiers, the parasitic inductance Lp was “calculated as 0.56}mH. By
. %" ” . ) . L.
. using Eqn. 6.1 the gyvator, load capacitarces were obtained as 1.595nF

3 v

F e X ":
a¢ﬁéiu

Yo

Y and 12.359nF fpr th ized inductances Of 6,9417mi and $0.0mH,

.‘S“- - K] » - ! - * : i C - .
3] .o . e ., ‘) - - .

g P rcespeftively. . , a , "y

54 ° ‘

B
3N
e

L - d The channel bandpass filter of gig. 6.2 was constructed using
- L . ~ . ;

First the simuiated inductances were set to the required filter
. g

PRI

* a
-

. * v, oy . .
inductances at, lkHzr by adjusting the gﬁratoroload capacitancges. Then
’ 2 " . . R

-

Ari

s

5 N ;

g - ! -« i . “

jgi metal-film resistors~(tolerance < 1% and temperature coefficient +1009pm/°C)
Y ¥ ; ‘

ﬁ%' and polystyrene capacitors (tolerance < 1% and temperéture coefficient

ey J . . ' /

:§§ LI . ‘100150ppm/oc). , ) . 2 . ’

™~ ¢ ' ) .
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N . ~ N Cos ‘
each Simulated inductance was a&?ustedfby.varylng Cc‘so°as to obtain

- . . . .

\\ _ . a constant inductance in the range 20-24kHz. Shunt resistances of 2.9M2

. . ¢ . . .
- & wefe thén used at the inputs of the gyrator circuits to reduce peaking
- 7 ° < )

A
. . > J . » ‘ » L .
in the filter redpons®:  The filter was tested with an input signal

level of, 0.4V.. The experimental response for an ambient temperature of

) 4 T T -
‘ 2OPC and a gg‘supply voltage of +15V,-illustrated as curve B in Figs. 6.7 -
AR T . : : - .

and 6.8, agreps with the theoretical respogsgé -

The influence of dc supply voltage vagiaticns on tHe performance

of the fi%&er is illustrated in Fig. 6.7. A chande-in the sugply'voltage
{ .

4 } introduces lateral shift in the response of the filter which is mainly

. .
’ 5 1

due to variations in Cp produced by variations in Aowo. Note that a
) ) AY similar shift would reswlt even if the gyrator circuits were uncompensated.
The improvement brought about by the compensation is that any shift in

' T . 9 .
Q. the response occurs about the ‘nominal response of the filter.

& A - t

_ The influence of ambiert temperature variations is illustrated
L, + in Fig. 6.8. Again, -lateral shift is introduced which, 'in this case, is

due to the combined effects'of variations in A w_  and in the RC prodﬁdfs.

; 00
= ) The stability of the filter can be improved by optimising-the

: . ~ < ' [}
//lgyration resistaﬁ%ps as shown in section 6.3. Further' improvements can

- ) r -

be brought about by“employing filte® and gyrator load capacitofs with
. N _ L
temperature coefficient equalj,and opposite_to that qf g?ra;og resistors

and by employing. compensating capacigbrs with temperature coefficient.
. S ‘ e, a!
Y,

\ 00 - '
, ® l \

) of Aowo is usually large and negatiye-(abouﬁ'- 200ppM/?C for, the uA74l)f
. o -7 %% . )

\ equal and opposite to that of A wR. Since the teniperature coefficient

1

the temperature coefficient of the compensgating capacitors should be

. ; large and positive. . = - : o

»
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6.3 Optimum Gyration Resistance

The effective inpugﬁihductance of a compensated gyrator for the

frequency range 0, w << B (= A :

. Pl

owo) can be readily obtained as

o

by using the modified gyrator model. 1In practice,

°2 2 2 . ’
+ e . . .
w, (L Lp) >> (§R4 rpS) . (6.3)
< : /\/l
and thus , )
, (L. +L) - : ‘ o
Ly .2% A, ' (6.4)
’ 1 -wCc (L+L) , .
TGt Ly . .
s Lo :

Lo . . LY
Also, R>>R0 and hence Eqns.,3.79 and 5.28 give ‘

Y

L % 2R . . (6.5) .
P B - . N, .
. (o 2 L C '
“BR c . (6.§)| |
: -
a
» o ‘ " R . *

In effect, bgth Lp and Cp-are small 'quantities and thus Eqn. 6.4 can -

\
I

be simplified as ' v ) ] e
: 4

IvL+ L +wc (L +L)°. 0 . (6.7
o P p o ' p .

.
A} ° t

/ A ' . L ' . "' | .b-.“

T
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r . * N ,‘
4 j - 3
Lt VL +L +awC Lo ) (6.8)
o] p O -
. s Frop Egqns. 6.5 - 6.8 we gcan how write @ !
v ¢ y 1
) ’ 1 2' ‘ * -
' * 2 ) U)2LO ' »
o L =L (1~ c) + + — (6.
) 5 (1~w Lo c) B R R (6.9)
and, consequently
- . [ - -
b7 1
. P L .
. o ' m2L2 o . .
‘ ) . 2 o ¢ "y ' : ’
AL .. S5 (R b —2 ) ; v (6,10
) » 9B B " R n e
7 L4
- T, - ] B
', A . .
For+a given frequency m=wc'add consgaqt Lop 9L/3B is‘minimuﬂ when
- . ‘R=w L \ : _ (6.11)
. c o .

I . . -

B v f
. ’ . ~
Fl
.o

that is,~ the rate of change in the effective inductance with reépect

to variations in the gain-bandwidth-product can be minimized hy choosing,

. . the gyration resistance to be equal to the réactancenof L at W This

' i

’

. . p .
value of R is also optimum in the case of an uncompensg;ed gyrator s

. : , - : . I
, as was shown by valihora and Lim in [77]. Sipce, in practice,

T

cigcuit

T

N

i

variations in L are most objectionable ‘for frequencies in the transitipen,-

'

. . . : L3
region. of a filter, w, should be chosen to be the cut-off frequency of

s "the filter, . ° ' _ , e

\(‘
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With C,¥ 0, Eans. 6.5, 6.8 and 6.11 give -

- .

The optimum gyration resistance for the filter of Fig. 6.2 can be

\'qalcuiated as 844Q for L

1

"

re .

v

3

.and LIS and 60802 for I

.

3

e
»
R y
v
+ E '
®.
i
> .
1
-
o
S
'
'
t
3
i v
W
2 '
' ‘.
v
L
n -
ot
a
, '
L]
.
r -
1
] . N ’
-
.
) . i o .
. .

-

L
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¥
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CONCLUSIONS AND SUGGESTIONS FOR FURTéER WORK . -

v I

. . : Lo o, . .
B A new approach for the analysis and modelling of operationdl

| . -

: 'ampliﬁ;er gyrator circuits has been p;gpoécd. Two gyratoy circuits ’

ad wore considered (Gyrators GA and CB). For the iakc Qf_simplicity, the

Y CR

¢ " . L3 » —
amplifiers.were taken to he identical., Assuming a typicals range.ef

1 oo

. 4.
amplifier specifications, a model.was derived for each gyrator circuit

comprising resistances, capacitances and inductances.’ The vélidity of ?h
the derived models was established using an exact computer-aided ‘-

- - - » . '
analysis. The simplicity of the models by comparissa with an exact

equivalent circuit leads to a large saving in the cost of computation.

-

B -+
The models-have beeh found to give gyrator fréquency fespmnses which are

2
-

in close agreement ?fth those obtained by an experimeny.

The derived modcls indicate clearly the influence of each
. t

amplifier imperfection on the performance of the gyrator circuits. It

- - L4
e v

has  been established that ‘the most 51gn1flcant parameter of the, §yp11f1er
.o " is the galn-bandw1dth product. A nonlnflnlte gain-pbandwidth proéﬁgt of
the amplifiers introduces a paraéitic inductance L; and a parasitic
capacitance Cp.h Effectively the useful bandwidth of the gyrator H
circuit apd the stability of the simulated inductance are closely
- rciated to the gain-bandwidth product'of the amplifiers. The output '
_ resistance of éhe)ampliéicrs tends to introduce enhancement and sometimes -
the Q-factor of theasimulated'inductance may bccoﬁe negative. Neverthgless,
. for the gyraﬁor GA, enhancement can be easilj‘eliminéﬁed or increased by
using an additidnal resistor. A small value of gyration resistande leéds .

© - g

to a’very stable inductance but at the same time a large load .

4

-
'




N
, . . i » ¢

Q f
« capacitance is required to simulate a given inductance. The choice of
I ’

gyration resistance alsg influences the useful bandwidth and the

‘ &
O-factor of the simulated inductance. A computer analysis has 'shown N
o s

° ' N ~

n

that the gyratioﬁ models can be used for the analysis of gyrator
AN 3

circuits employing nonidéntical dmplifiers-with unequal dc @ainé and
e T T T — . — .

- . P ~

cut-off frecquencies. . S e

. | :
’ b A Th@.influence of temperature and dc supply voltage variations on

. B

.the gyrator circuit have been examined. . The choice of gyration
§ .“ r o

N o

4 .
resistance was shown to influcnce the'Sénsitivity of the simulated .

. inductance to temperature and dc supply veltage «wvariations. A low I
. gyration resigtance tends to give a more stable simulated inductance.
. . e .

. A theorctical study has shown that the voltage—ha?dling capabilities ™

of gyrator ¢ircuits tends +to be reduced significantly at low frequencies.

Q

o -

An increase in the simulated inductance or a'decréagb in the gyration -

.“resistancéfteQda_td.incregse'the voltage~handling capacifyl These !
: ' : )
- h P ‘. ~
. . aspects were also confirmed by experimental results.

- A comparison of the two gyration circuits has shown that the. - -

- e

. enhancement in gyrator GA is less pronounced; also the voltage handling

¢

capacity of the gyrator GA is larger. On the other hand, gyrator GB

X4

can be used for the design of filter sections with low output impedances.
1

R ~’ The deriv?d\MSHel was used$to séudy the low and High_frequency
¥ .
opera?ion of the gyrator GA. fhe parasitic inductance ip tends to
degrade the~stabilit§ of the simulated inductance at léw freqﬁencies.
The 'arasitic capacitance Cp increases the effective inductance by an

"~ amoult. which increases with frequency. Consequently, Cp limits the r

useful bandwidth of the gyrator circuit.

2

B
.




~)

C ; CL.a2

’

A compensation technique has been- developed _whereby’ths;seful \

+ ” A

-

bandwidth of the gyrator can be increased. The compensation technique

was verified first by computer-aided analysis and then by-experiment.

N ’ * 'ﬁ

It was shown that a sighificant increase in the useful gyrator bandwidth
IYTator,

a
£y

can be achieved by using an inexpensive capacitor. o

°

Thedcompensation technique has been applied successfylly in the
design of a critical twelfth order channel bandpass filter. Peaking in

a N '
the' fil‘t'er response. caused by negative Q-factors can‘be climinated using
t

»

a shunt resistance at the input of each gyrator circuit. A design

procedure was given for gyrator-C filters which can be used for filters
: - <

with grounded inductors. ° ' ' . ’ s

The compensated gyratl:or—,c filter was constructed using cheap
. . N ) ' bd ' . -
- commercial grade amplifiers. Despite the relatively low gain-bandwidth
/ ° [

product of the ampli‘i;'iers the nominal frequency response was achieved.

Dc vo.ltage and ambient temperature variations tend to introduce lateral

shift in the response of the filter. This however can be reduced by
b" N -

optimizing the gyration resistances and by choosing the temperatu're'

i

cbefficie_nt‘s of the elements employed. 1In effect it was shown ,that

\ highly .selective gyrator-C filters can be designed {xsing_ low cost
:\ . - . ’ 1y
‘commercial operational amplifiers.

[

.Since the most significant pa}.‘ameter of the amplifier is the

.

gain-bandwidth product, the hauthor, therefore, feels that it i_s

worthwhile to investigate an optimum combensation for operational

afnplifiers' (such as ML748) to maximize the gyrator bandwidth.

Y

. .
. As shown in Chapter 5 useful bandwidth of the simulated.inductance

depends on Cp. The tolerance and temperature coefficient of Cp can be

L]

t
b



: laxge, since Cp is ‘inversely proportional to the gain-bandwidth
Ty . ‘ ‘ .
. . t. ’
- product of. the amplifiers. It is}} dalso .d-e!‘.irable,, in the author’s L
. . ; .

‘opinion,: to investigate the high frequency ‘stébility of the simulated

N

. \ 4 . .
inductance to temperature and iupply voltage variatians.

. } .
The noise produced by the filter gepends on the noise present in

o

the .gyrator. The noise and dynamic range properties of the gyrator

circuits sh/ould alsd be stﬁdi‘e'd. It is very useful to develop design

- procedure to optimize the volfaqe handling capacity of gyrator ciicu:fts_

with nonideal amplifiers taking into account' the internal 'loading on the

A

amplifiers. - S

’
- 3

XY °

Ce Floating irductances can be design'ed using the techniques proposed

by Holt and Taylor [12] or Gorski-Popiel 1501 wheré identical gyrators

~jfare required. The method of modelling should be-extended to these

s‘lrcults. o c -

aAlso in view of the suitability of FDNR elements for-the design of

,hiél}ly se,lgactive low-pass filters, modelling of these eleinents should

o

also be considered. v

.

Q

'

-]

' In conclusion, the author hopes that in wview'of the rapid advances,.

[
.

and considérable interest in hybrid integrated circuit .technology, and
the need for inexpensive gyrator-C filters in many areas, such as data
L LT ’ . [

coﬁuﬁunications,' the results obtained in this thesis would advance the

“

state-of-the>art in the design of highly selective-filters.

s

(S . -
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' APPENDIX A
| ot . i : '
i ' . ?ANALYSIS.AND MODELLING OF GYRATOR GB
*, Q )
£
| In this appendix the fMore exact method of analysing gyrator cir-

’

cuits, presented in Section. 3.2, is used to analyze gyrator GB., A

sirrcle model is developed for the capacitively terminatcd gyrator circuit

: o L
in Section A.2. The validity of the model is justified in Section A.3.

.

A.1 Dhnalysis of Gyrator GB - N

Gyrator GB is shown in Fig. A.1. By using the model of Fig.3.6b
N ° 47
for Qach operatlonal arpllfler, the edquivalent circuit obtalncd for thé ) e

- 4.

gyratof GB is shown in Fig.A.2. After a star-delta transformation at.

hode M, a signal flow g&éph anafygis,gives the y parameters as

i

. vips v o+ Roe e Bos For e Ry +ny + N2
: < 1 . . ,
RPl D Rj Ri Ri | Re Rb+ Ri Rb+ Ri :
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— B -—e s
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] ¥ '
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I Y;1=_j_ Eg_z_(1+§+ Rk)+f‘9_2_(lipﬁc )
—
D RR R, R+ R, RR, 0 R* Rl
- r
N

o BAR f_%. _ A

ReRpt Ry - Ry R Ry
. _l_,{ 14 B R o, e 2R } (.3
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For identical amplifiers Eqns. A.5 - A.8, 3.27 'and 3.28 give
R = R, = R = R N -
. l J
SR . , , , (A.10)
W R ¥ Ry ‘ N
i . .
By using Egns. 3.27 - 3.28 and A.10, the y parameters can be approx-
' imated as ' . ' ' ~
' : v ¢ 1+ 1 (1+A+AR0+§R0) . (aan
. - ) .
L o Ry, DR R 2-
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where . '
. 2 2 7 ° -
- op' =R A s 2Ry iy (3.15)
2 R .
= == T T Now From Eqns. 3.27 and A.15 the y parameters can be written as
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If s = jw in the Eqn. 3.14, the use of Eqns. 3.14, 3.26 and\3.27 further ‘
~ - simi:»lifies the Y paraméter.s as v 4
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A.2 New Model for Gyrator .GB

” ' !
Analysis of Section A.l can be used for deriving‘a model for.the
gyrator GB. From the qus.’3.48, A621,A.22 an@ A.23, the in;ut admit-"
tance for the cépa;itivei; lojéég g&rator éﬁ can be expressed as |
. . ) . [

H (jw + kl) (Jw + k2)

Y (qw) = . ) .
. . (w) yll(Jw) + 1 ) . (A.26)
. 1
' +
Jjw k3
where
- 2 2 2 ’
t 2R _R_ - R’ - * -
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p 2 2. :
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The inpﬁt admittance of Eqn. A.26 can now be expressed as .
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= + + . .
Y, Gw) = vy, (Juw) + B ju + Hk, 5 : (A.31)
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Eqns. A.32, A.28,A.29 and A.30 give & . oL ' . i
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Thie/ inplt .admittance of Eqn. A.3l can now be expressed as
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: 1 R .
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Also from Eqns. A.33,-A.28-A.30 and A.35

136
33 © f
o Aowo AOwQRR B -
4 2 2 2 -
4 -
4(A0w0 +4w ) 2(2RORI R) )
L] X’ ,
2 2 222 "2 3
. R + 2A W + A + 2R +
: ) 2A wo AO ORO OwoR G w (2R 9RO) (A.34)
\ Y
(2R + 2Ry A, R TC)Aw, . : .
~ and by using Egns. 3.26 and 3.27 we. obtain o
o 3’ 3 *
Vo Ro%o O ’ :
k4 N 3 3 - 5 . o (A, 35)
& 4(Aow0 + Q ) Z(ZRORI - R7)
.-__L 2 ~

"




© . Ve ;
3 ‘7 . “
- Z_ = w @ H
, B -
1
. H )$5
- . -y
?
7! = "3 co
. [0 — o
H'k!
5

?
From Eqns. A.3%, A.204°A24-A.25, A.27 and A.35 we can write
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YA Gpl sz Gp3 ijp

¢ where C
1 '
- G'l‘= Loy o2 %Ry 2R
) S P?R AR R.(2R + 2R+ ey
, o1 PR PR Ry 0 F RoR &
G. - -4 -1 RO_
q i p2 2 = —t —
; (2R + Z,Ro + AOwOR C) Ao R
{
o *2 R 4R
G 5 = v 24+ 0~ '
s PSS 72 Y. 2
o A w_ R R (2R + 2R_ + A W _ R C)
% 00 . - 0 00
LY
- : . 2 2 2
cl = 2 1+ R\ g Bt w) (2RRp = R
- ‘ g A w R . : "A3w3RR (2R + 2R+ A w ch)
L - Po% ‘ oWoRRp (2R £ 2Ry + Aqw,
¢ N -
o .
By using eqns. 3.26-3.27, _Cl'3 reduces to -
<
N ‘ . %- i. ’ . »
c' = 2 (1 + RO) : 1
p . = 5
AOwOR R
s * - *
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(a.41)

(A.47{

(A.48)
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and A.37

z'=r' + r o ’ (A.51)
C pd P> o '
4
where o
Y = G R +. + o .
pd L — — (A;52)
;A@a AO § . )
2 .
' 2w
= + 5
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A model for a camcitively terminated gyrator GB can now’bg obtained by
| . . ) g
connecting the components of Yg, Zé and Zé as shown.ip Fig., A.3.
‘:Y—A N B L}
A.3 Validity of the Model X : 7
The model qQf Fig. A.3 has been used to obtain the performance

bl

curves of the gyratof GB. An exact computer-aided'analysis has also
been carried -out using the network analysis program NASAP. Tﬁe per-
- T

formance curves for different sets of parameters are’ shown in Figs.

'
o
) ]

A.4-n.7. - ’ .

¥

Figs. A.4-A.7 show that the gyrator respornises predicted by the
* Q

model agree closely with those obtained bf:éxact~é§hlyéis and, there- 2

fore, the validity of the model is justified. .

« L

s
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APPENDIX B -

B
' -
- ' c*}

MEASUI‘QEMENT OF THE PERFORMANCEQI OF A GYRATOR CIRCUIT
! K 4

2
1

This appendix describes the method used to obtain the experi-

- mental results given in this thesis. The method can be applied for
B £

. 1 : .
measuring the performance of any gyrator circuit. &

B.1 The Tést Circuit

o

°

The test circuit used is shown in Fig. B.1. The capacitance C2 .

(decade capacitance box with a range lOpF to 1.11111uF) and the simu-

v

[y

lated inductance form-a series resonant gircuit. The resistances R6‘

and R7 form a low resistance drive to the resonant circuit. The capac~

-

°

%tance Cl' re§istance R5 and amplifier A3 are .used to eliminate the dc

off-set voltage.préSent at the output of the signal generator. Ampli-~

fier A

5 is used 'td provide isolation between the simulated inductance

~

. and the attenuaﬁor. The resistance RlO is used to increate the effec-

g SO as to eliminate overloading. Amplifier X

A, is used to increase the level of V By keeping lead CD as short

tive load_oﬁ amp ifier A
4 1
as possible pick-up can be minimized. The frequency selective volt-

meters (Sicmens level meter-D354) is tuned automatically by a control

signél from the decade signal genérator {Siemens Digital level oscil-
’ . . . B
lator-G2004). The part of the test circuit shown enclosed in dotted

lines in Fig. B.l was enclosed in an aluminium box so as to minimize .

piék—up.‘ Also all ‘leads were kept as short as possible to minimize

pick-up and unpredictable stray capacitances. T

B.2 The Measurement Procedure . o

@

'With switch sl at posit¥on A, the decade capacitance C2 was

. )r . . . , Ly v *
adjusted for minimum meter reading. The output level of the signal

s

¢ ' \ . [~ B
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o

genc‘fator was adjusted to give a constant voltage of 0.3Vv.. The tuning
-3

Y

of C2 was then checked for minimum meter reading. The meter reading

. -[
was noted. Switch Sl was then thrown to position B. By°using only . .-
R /J o
the attenuator, the level was adjusted to obtain the same reéd'gg on * ‘
. :

the voltmeter. Readings wexe then taken of the frequency, of 02 and
of the attenuator sctting. ' -
‘ ' o .
L] k; :

B.3!' Calculations

At resonance ‘e . -
) \
1 L
L = — . ) . (B.1)
(27 £) C, . . ’
and. - - -
A : °5 13 N
vy = Tx ! ) (B.2)
Vv, = I(r + juL) (8.3) ‘
< - ¥ ‘

[y - —

where ¥ is the series 10ss resistance of the simulated.inductance L.

+
.

Hence : ’ i . T
~ . .o . ) :
1 ' : ’ ’
Xé_~= Ve2 v w? = Y1+ g2 = lol for |@] > 10 (B.4)
vy x| S . ‘ '
where . - © -
wl
=77 ‘ :
from Fig. B.1 ' - - .
R. + R ) )
K 9 8
vl = —x v, | . (B.5)
. .9
9 \‘
' 600 ' \j
IVBI = , v, (3,6)
. . Attenuation, .. - ot '
- . (R4 + 600) [antllvoglo ( o )1 3 0, - . |
s ; . . - -
\\ . ' | / ' a -
1 / . .
? T 'l . "/
i = e o e e L



~

+ +.6 -
/ ¥, ' (R9 RS) (flo 00) _ Attenuatiogn
= lal = fantilog, & (x——p——"") ]
[ 600R N
< - S
P '\ ’ ‘ . Attenuation
= 194.85 .[antlloglo (—**—éa——-—) 1. ‘ - B.7)

P -
s

the simulated inductan.c'e. and Q-factor can be calculated by using Egns.

» L]
R.1 ‘axid:,B.7a, respectively. The sign of Q~fac%r can £ determined by:

1

1 >
observing the wave form of V 5

with reference to thq 'wave form V

.

When the Q-factor is positive, and at frequencies less than the res-
: -

cnancg frequency, Vl will lag V2. This angle of iag is dec;reased“ as

o

the frequency is increased. At frequencies less than the resonanc .

. o .
- 3

freguency V. will lead V2 if Q—factorjis negative. Thist angle of lcad

B

3
s

is decreased as the frequencytis increased.

. ” / ’ .
R .

¢ )

©

BR.4 Precautions

- . v -‘ ‘
The input level to the gyrator circuit and thé dc supply vblt-

!

ages were maintained constant throughout the test. The residual capac-

s A “‘

o

itance of the decade capacitance box was 50pF. This was taken .into

account. " -

H

- 'The dc voltage supply was decoupled by using ceramic capacitors

&

cf 0.1uF as close to the amplifie‘érs as p;)ssible. se.

’

. [

For high factor, the voltage -Vl was slow to settle after any
T R T
Patience was thus needed. .

1
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APPENDIX C - r -
" Fa
IVIEZ\SUREblEN“l“ OF AMPLIFIER-DC VOLTAGE CATN
. f . ?. . ) &°£
‘ g . AND CUTOFF FREQUENCY e .
) iy : - | ’
~ - - :'j o
» 13 “ . ) r -'
Y The open-loop gain f a compensated, operational amplrfiex ig ' ~
.S\ N t .. ' ' . ' '
1iven by " ‘ )
/ 2 VA
A _w - K
. 00 .
A= — . , . (C.1)
s 4w ; ¢
O ’ 1 N +
where AO and wo‘afé the dc¢ voltage gain and cutoff f{requency of the
amplifier in rad./sen., respectively. , The variation oﬁPiA“ with fre-
. <, o
quency is illustrated in Fig.»C.1. -~
This appendix describes a method for the measurement of AO and-’
s ' ;’3 b . ~ .
a a %, 32\‘ - >
| | ) AN |
-C.1 The Test Circuit ' ! * '
.ot M “F
1
The,t:;;DCircuit used &s shown in Fig. C}2:” The resistances Rll

. N I

% - > C o :
and R were chosen equal so as %o give a unity closed-loop voltage .

12

- gain'between input and output. The resistancges le and Rl4 from a ' ‘e
. ¥ . ; 3

. was chosen to much smaller than-the differential
o . o .. r

14
s

input-resiétance‘bf the amplifier (i.e. ® << RI) as a re§p1t°en‘is

pot¥ntial "divider.Rr

14

' »
'

was a 10k potefitiometer .and

proportional to e,- The resistance RIS

o
.

is used fgr.offset voltage adjustment. The part 'of the circuit Ehowh
. a : ° °
“ enclosed in dotted lihes(in°Fig. C.2 was enclosed in an alymihium box v

'so as to minimize,pick—up: Also all léads wexe kept as short -as pos-

E ]

.siple to\minimize'piCKJUp and unpredictable éhyay capaciténces." \_\I
<! o . ) PN
. a N
. ., . . -
C.2 The Méasurcment Proceflure . - O ¢ (/ti
; . ’/ ; . - S ’ - .
Using RiS' the .output voltage was adjusted to %Zero for zero input
~— : 3

¢ .

’ : t

. ¢ .
. i
- . .
. - . .
.
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‘s

a N ®

. : . 3 . . ’ + . "
voltage. An input signal ei was then applied and the level and fre= | |
[ . , * ' 0 ]
guency were adjusted to 1V ahd 0.5Hz 'respe‘;tivel/. The voltages e :
- . ' " . “w S
K - kY . . - ’ . ’ . \l '[
;md-'co weyre measured using a digital veltmeter, " This wds ropeated,
- " ’ ‘
§5r a number of frequencies. + ’ .
n.3 calculations "L - . o
T () ~ ) N . i -
i By definition, the oponwloop vgltage 'gain is-:given by ) .
- \
' (8] U [ ’
¥ I'e) ’ 4 * N
AT . (c.2)
~ > . : X .~ , N \\'
i N ~\ ' l' » -
. SR Y s .
Since S ’ vy !
. .6 : o . ( ; v ‘ 7 °
WS> R ) ! - - ! ‘
1 14 -~ . (C.3)
~ * - f .
e obiain v A K . - . oo -
\ - ,( - & ° ] ’ 3 7’%.
' ¢t + . = . . ) . y |
v R Ryg . ¢ .
e = - e . ' (C.4) |
. s R n- " . Le .
\ 14 . . . a
. o .. ”c,, 4 L . . w N 1\
tience; from ‘Egqns. C.2 and C.4 . , ; . |
1 - ., . . . . ‘ , . \ + - ¥
. 4 8 -
R._+ R ot oo :
R EO TR L »
R T . (C.5)
. R (& LA
. ’ 14 ., st - L
N . . , X ' 0 E .
.This esquation. Mas used to obtain,the modylus ofPtha open-loep dain.
The frequengy response of the amplifiex was then plotﬂed. A, and wrj )
. - / J N
o B . S )
werc detorm;ned) from the frequency responsc., :
. ’ s . .
. R Q" ’ L ! . 9 *
" . N ~ k ' - ° )
D : . s . .
C.4‘_ Precautions | . ° o - . P
¢ 3 4 * ' - N - “ -
. The inpf’ut voltage .level and the dc supply valtages were main-~ Lt
tained constant throwghout the test. The dc'volgage supplies were
] ‘ - ) S N . . .
P . " , & ! - .
decoupled by using ceramic capacitors of 0.1uF as close to the amp- , :
. \ 2 oL .
lifiers as possiblea { - N :
. - s < D
{ o R * - A ¥ 7
- ; . . o . L
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., APPENDIX D

“ . D.1 Voltage Handling Ca’pacity of Gyrator GB ' o
' v-sinq“ the' notationfof Section 4.5 for rgyrator GB we obtain .
. ' . s 7 2A(AR'+ R + zL) o -
> t ° )
. . ° - Tl‘(S) = o s (D.1)
© "R+ 2(R+ Z YA+ 2 (R 4
\\ AR ( L) ( ZL’
o . . v . ki
s Henc2 Eqns. 3.14, 3.26-3.27 and D.1 give
B ¢ , . K - (1/2,) R
. .- ‘ mf(z) + “)2&1 4+ AOwORC)(' .
. T (Ge) | = 2 | e > (D.2)
L N ¥ law, + (2 + A _w RC) s,
- ; 0 < 00 N
t °, . o
) ’ As w =70 ’ .
o . !T“]'.r(jw)i _fl S oL - (0.33
PR ) . \ ~ ’ ° , ‘
.00 o - and as w > w © ’ . : . .
' . 1+ AR\ - .
IS MY RSP i . e
» < i -7 0% . , .
R s : R : . ’ ’ . ~e
. . . ’ s n T~ R
s IR 5 AQLL‘ORC »> 2 then, for w > mo"we obtain °* . L T
§ - T ‘ ' \:‘ s - ’ - ‘e N
: AR VR B I ! .. (D.5) .
~ T “ - v - ae * o
. "Similarly ' ) . - S
P milaply . 2 . , ' \ , )
L T N e ! ' - :
. . c e TH(8) = : ‘- . © (D:6) .
S ° . T 'A-R+2(R+ZL)A+2(R+'ZL)- , .
, L . L ’ } ' & S N
R s ‘ . . . . .o :
] , "Hence Egns. 4.25 and D.6 ‘show that. * - .
T a DoN L o, . — . i .
. ' iT' (jw)‘t = }T (Gw) l e ’ . ) o e ' (D,7) .
' “eFox Vo =0 = .+4.19, D.5 and D.7 show thit
. @FO¥ Yoy T Vgp T Vg B@nst34.d9, Do and B.7 L
- - . A , . . N » » , L}
: = i & ° ) ! D.8
i . ° vim, ,M.}n (Vimlf Vimz). . - : ,( ) ; .
N - where : T - L. 0 . . -

Vv .- . o
S, s .
5 L

. . A
. s . iml

°

< . A )
f . _ .
. . A o v a
o . v . . ° .
1Y I'4
x
. ° i . a 3
- . ° . . ] .
4 . -
oo, @, / - R . . .
< a
"’ ' ST ° ° 1 - O
° s « S
* - - s
L
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10 = 1
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: 1
B - : - (/)
. 2 2. 2 (17 .
v 4w R+ w (2R + A w 1, ) ‘ .
s 0. ' 0 0o -
Vime = % — {. \ (D.10)
A_w o R™ + n L .
070 o) * N
1 S&“
Euns. D.8-D.l0-have been used to e¥aluate V{m.for gyrator GB as -
. .
T ehown in Migs. DL1-DL.2.0 0 Ak low {requencies the | orf{ormance of gyrator
; -
- P . *
Gu is identical to that of gyrator GA. At ‘high freaquencies, nowever, .
_\ ° ) ' .a'
e tie voltage handling capacity of gyrator GR is smaller,
’ - Figs. D.3-D.4 -how experimeatal results for gyrator GB. Thd
o L : M ‘ )
dis¢crgpancy between experimgntal and theoretical results at h}gh N
Crequencicos’ 15 due to the internal loading on the amplificers.
. Lo ', . - . M
A comparisch of the experimental rosults of Figs. 4.5-4.7 with .
w o . - [
thore of Fig. D.3-D.4 shows that gyrator GA is supusrior as predicted '
. . o
by the theoretical approach.,
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