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ABSTRACT g

DESIGN AND IMPLEMENTATION OF A
100KHz GYRATOR BAND-PASS FILTER "

;) , George Vretos

In this report, the design and implementation of high-Q,
/
bandpass filters using gyrators is reviewed. Chapter 1 des-

cribes passive band-pass filter synthesis, since this is

a

the basis of the gyrator filter design procedure. Chapter

2 described the various imperfections of operational amp- -

lifiers. Cﬁapter 3 describes the theoretical analysis of
J/ . )

gyrater behaviour, and finally, Chapter 4 describes the
implementation of a specific band-pass filter using gyrators
instead of inductors. The results show ‘that with adequate

designﬂggépautionSf\qyrators can be used to desigh band-

pass filters centered at 100KHz.
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INTRODUCTION

The ugsuitah*ility of inductors for the microelectronic
realizatiop of f;lters has led to the development of active
RC circulﬁs which simulate inductors. OQver the period of the
past t&enty years,‘many atgempts have been made to design and
construct inductorlees high gquality filters. One of these
achievemente was to replace each inductor in & congentional

\ ) .
LC ladder filter by a circuit that simulates an inductor, i.e.

a'capacitively—loaded«gyrator.

- 2
The gyrator is an element that until few years®ago had

S .
o

an available,'if incomplete theécry, but (at least at freguen-

=

’ c1es\Relow the microwave range) only lnadequate realizations.
In the last years, however, several good reallzatlons have

appeared in llterature, so that the gyrator now becomes avail-

able as'a practical active element. y

. The major drawback for rators' performance is the effect |, .,
, gy ¢ P

of ogerafional amplifier imperfections, which_can be described
by parasitic elements in the equivalent circuits. Because of ’
, . )
these parasitic elements, the performance of the active filters
- _may deteriorate‘coﬁsiderably Suitable steps for. increasing oy

- ) the useful frequency range of actlve filters and for av01d1ng

%
: >

¥ deterioration of its transfer performance are: ' I~

8 o
i . ' :
é a) Optimal design of the nonideal gyrator ’ R

A

h.,,
e T

b) Incoryération'of the parasitic elemente‘into the LC

A
a

structure . ' : .

o
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" within the passband, then, the change in loss have a well be-
[3

CHAPTER 1 o

o

PASSIVE LC BAND=-PASS FILTERS

" 1.1 Introduction , : ",

4::'\,/
In theory, coupled LC. £ilters have the lowest sensitivity

s »
v

to component variation. These doubly terminated reactive two-

ports ,produce a freguency response by reflecting power back

£y

.to the source in the stopbands, while in the pass ban{d power

transfer is r\axm\[‘\crt the zero loss frequenc1es determined

by the filter's transfer function. ‘

8

o

In reality, a change in any component of the filter can

7

. . . * +
only cause a reduction in the,;load power, down from the maxi-

mum. This power loss.at each of the zero loss frequencies
increases while at other frequencies a small loss exists

because of the ripple caused by reflected power. At any point

.

haved and slowly varying characteristic that follows the changes

of any component (inductor or capacitor) in the network.

1
4 )

The-synthesis of these networks has been studied exten-
y~)

sively by\'many pioneers in this fig,-l'd using 'mathemat”ical‘models,
which approximate a 'certainNtransfef function to a Permissible
error tolerance. The results of lth\eir work aré tabula.ted in’
mathematical tables to facilitate'tr&rsolution of certain f£il-

rs
ter reqguirements. ) )

The most commonly used filter approximations are the

‘Butterwortf’m, Chebyshev, and elliptic approximatioms. In this

»

report the Chebshev approximation is used.:
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LA sitic capacitance).
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m&g ' In .the present report the Antoniouw type gyrator was in-

!

" vestigated.' This gyrator circuit has been incorporated into
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1.2 Specifications of. the Pilter '
. _ , ‘ ' ! ‘ F-L'
i ' The required barfd-pass filter shouyld have a center .'° .
. . / .
fregquency of 100KHz, bandwidth of 20KHz, (passbhand edges

fl=9_0KHz, f2=llOKHz) with 0.1db band-pass ripple, and
L transmission loss, at fregquencies fA.!4OKHz’ and fB=160KHz

'equal to or more that 40 . db. : b

) With the above specifications for the filter's per- ’
) fofmz;nce, we first derive a prototlzizpe _lowpass LC ladder net;_—
' . : ¥
’ work which meets the 'specifications. Then we transform.the
8 léw-pass érototype to a band-pass filter, and substitute each
individual inductanc'e with a gyrator, terminated By a capaci- 3 “
tance 1;0 simulate éhe. exact value of t\his’ inductang:e. oY N
( S ' S .

This technique is superior to other techniqués used,

Because we get filters with very low sensitivities, provided

) . ¢ . ¥
that gyrators used ;re{ optimized for low sensitivity. - i o

L}

From Ref. [l]‘ we see that a third order low-pass proto-

—

type filter (Chebyshelv) will meet the requirement;s. The pro-

totypef low-pass filter is given by Ref. {1] as shown in Fig. K
. . o -
. e 1.1 The cutoff frequency of this filter occurs at a=1.
s . _ Ml ~ q
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) . . ‘
Elements transformation from low--pas;;Y to band-pass
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Alternatively for §=l, the corresponding cut-off frequency

T

is given by: . % :

2 N . 3 ) ) s ‘ '.
, B ,¢B 2 R g
wy = 3 * ug ¢ : - (1.6)
Also from equation 1.3, we see that the fegion -k¢a<l eor=

-

responds to: ¥ B . "
- ; It 1
. . 4, -
wy<w<wy . ’ . B * . o
and ' . » o s (1.7).

-m,2<w<"wl

S ®

- Therefore, for w>0, the passband corresponds to : -
- : “ . A , ﬁ
) . wl<w<w2°/~ - . .. . (1.8)

7 ’ '

* . r
.. and, the region ocutside corresponds te the stopband. The
f ' ’ .

bandpass of the filter"is given by: . » - .
. ,e 'a.a i . b\\
B = w,-u (1.9)
2 l » . M » .,
- 1 N s e Q
Also we have ) .
3 ) * . .
wd = wjuy R ' cooahey
i N 4 .

That is, the "centre frequency" w, is ‘the geometric mean of

®the lower and upper pass-band frequencies. Thus the tra%sfor-e

, ~ L v
.  mation yields a filter hdving geométric symmetry {[2]. The

elements L,C, in the lowpass filter are transformed to series .
' * . . .
. . . , .
or parallel resonance circuits in the band-pass filter as ‘
¥ f - . X ’
shown in.Fig. 1.2(b). .

. . ’ "r’ - s ¢ . 3
.Agplying the above transformation to the low-pass proto-
B [ ] f . . —~—

type filter ﬁig. 1.1, the required band-pass filter shéwn in

it .
)
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1.3 " Low~pass To Band-pass Transformation : : 1

“ A

" L4

The band-pass filter structure is derived by transforming

the basic normalized low-pass filter. The t;ansforﬁation ap-

Y

pligd on the normalized low-paés‘filtef is A 1o
Sz'l"m2 W T ‘ &
0 0o ,S 0 . .
Sn." = 5 (;—' + —g] ( . (1.1) \f
o SB . . 0 . i

*

[ L ¢ l
whose cut-off frequencies are a=zxl

. ' ' g
l k)
Is S=ju we get ‘ .
[
: - +wg . i
q & 2
Sn = jQ = ___j.‘_ng_ . (1.2) ;
or- wz_wz | - | o
h = 0 ’ = '
n —————--.( mB n R l. (1..3)“a -
The variation'of Q "with iespecﬁ to uw is-as shbwn,in . -
Fig. 1.2(a). o S D
, . \) o -
For @=-1 , 5 o
. . o \ n. . N
‘ (1.4)
‘ o Q
(1l.4a)
Ey

~
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Fig. 1.3 is derived. ‘Impedance scaling can now yield the
w : filter of Fig. 1.4 where R=R =R, =10K. , ~
= . . ‘. .0 T . R .
From Fig. 1.4 the design vhlues of the filter are:
- T ) Ay ;
£, | - < 1.032 - ©. = S
i : Y C,F g2 = - = 5,160pF - (1.11)
¥ 1 RB 3 . 3 ; .
! ; 10%x20%10 N ' ,
1:;? i “ ‘ N »' P “ 3 ¢4 : . 3 N \ .
. . N r . .
L, = BBy o 20XI0 X0 o 490.897uH" (1.12) 1.
Cug  1.032(2mx100X107) ‘ : -
. } o L _R ' 4 v <
co Co = s 220D 593 5 (I.13)
: : ‘ 20x10 ! " -
D . . * ] - "
: < B - - . 20x10° ' s :
- Cy =y = — =X +— = 4.4168pF - - (L1bg |
‘) L Rug  1.147x10" (21%100x10) Q :
g BR 20x10x10 B
; Ly = —5 = = 490.897,H (1.15)
i . Chug  1-032(2mx100x1b7) d
+ \ ‘n 1,032 . '
3 Cy = zp = —p32 2= 5,160pF . (1.16)
- T . : 10"x20x10 o . ’ "

4

1.4 1Ideal T;?ansfofmat‘ions

n

, ~
From the desigﬁ valyes of the band-pass filter. we see that -
same elements are too small, and conseguehtly not realizable.
. ) N
One possible, way .to overcome this disadvantage 1is the use 0f

. . N . p
dideal transformers. -From Ref. 3°, "The ideal transformer is

a device which has zero leakage inductance, and infinite pri-
mary and secondary inductances, but so proportioned that their
ratio is finite nugber”. The voltage-current relationships

-

dre shown in Fig. 1l.5. - S e | .

L
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Efequency transformation of .band-pass filter aeriveé
. from low-pas?. prototype : ‘ '
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Band-pass filterfaﬁter‘modificaion
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' - R =Rs =10K L2=ll.854mH C 84pF. Lé=ll.854mﬁ , _
L *
| _ ? i
B ——=C!l= R, =10K
. >Ci=5,l$0pF"""’ gL 3 L
Y- J=.5112 5,160p
ot <

Fig. 1.9

Band-pass filter with actual .values
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From' Fig.s1.5 we see that the volt-amperes in primaryrand
. N \f *
secondary are egual, but the voltage to current ratios differ. -
. A . '
13 L . -
- - Since e2/12=n el/il, ‘and inductance in'’the secondary
o is like having an inductance l/n? times  as large pléced in

Yy

w o, -

LSRR

the primary, as far as the primary ié'concerned. This is va-

li%;also for resistance R and capacitance C. Equivalent cir-
!

cuits for a transforfer are shown in Fig. 1.6. . v

¢

o ' ?
r

Modifying Fig. 1.4 as shown in Fig. 1.7 we get the deter-.

minant ’*A for  nodes },2,3,4 as follows. &
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The‘network‘of'Fig..l.7 has been made symmetric by spli;%ing
the series indﬁbtance'aaz intoQéwb 8qual inductances.  From
"matrix theory we know that if we multipiy all the‘eleﬁents of

a fow or column by a‘reaprdsitive number n,'tﬁen Fhe deter-

minant 4 .is.multiplied by n i.e. n4, na na NA 7 ses

i ‘ 11" 1k’ kk

efcf But éince‘tﬁe'inputé outputland transfer immihanFes,,
are the ratios Sf two determinants, they doApot chandé‘because
tﬁe factor .n cancels. In other words, if the fié;t and last
rows and columns are unchanged, the terminal conditions afe‘
unchanged, despite the &anipulationsqof thé other rOWS’§ﬁd
columns. ‘ !

A
’ []

For the abéve determinant 4 the second and third rows
and colgmns can be manipulated without changing the terminal
conditions. Our.aim isutd aeyeldp a symmetricél network which
will make easiér the Ygaliz;tién of the network from the com-
pohents point of view. This is done by multiplyiné the

second and third rows apd columns by n. The resultant deter-

‘minant is: ] ) . .
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With ‘the Ean:mation given by ?igs. 1.5 and 1.6 and the small
modification of Fig. )l 4 as shown in Fig. 1.7, we get the '
equivalent circuit Eﬁ\Flg '8. In Fig. 1.8 we’managed to
shorten the gap between elements and to make thé’band—pass
filter realﬁzable , One-should note’ that the source and load

impedances are not affected [22]. .

Since transformers are not desirable elemeﬁtsﬂ espec¢ial-

ly in active filters, they are replaced@ by equivalent circuits

” K EN , -
"[3]1. Each transformer can. be replackd by, either an irductive
or capacitive circuit. In Fig. 1.8 transformers are replaced

.by inductive circuits, and we see that the circuit has reduced

.

element-value disparities.

To get equal values for shunt inductances we set

’ o
L1L, i Lj .
2Ly (Ll=n) +%, 2n (n-1)
20(n=1)L;Ly = 2L,L, (1-n)+Ls , .. or
-2 . . - . _ . 2 . .
2n LyL, 2nL1L2 2L1L2 2nL]"L2+L2 or
£ L 12 : ‘ - ' . -
2n Llﬁé 7 2L1L2+L2 | ) ) - (1.;7)
2 ’2L1L2+L§ L - .
n =z ] 4 —— ‘ °. . (l-LS),
v : - ¥
' ° - ® s
! v
o o~
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. Lz . '~ ‘ l
n = 1+—=~ = 24.189558 S (1.19)
2L A . A

‘L

———— e - ‘ ‘
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¥

1 J . ,
Therefore‘ :
‘ ) L -

e L 2L =2l s o2 . | :
L] = Ly =1L = Lﬁ rrcovik 0.511278 mH o (1.20)
N i L2 . T ) r
= L. = =2 = 11.854288mH - ‘ - (1! 21)
2 5 - 2n .
C, = nC, = 2,584.p8 pF C o, (1 22)
c, = 93,= 5,160.00 pF , C o . _‘:<}.23)

"~

The pgssive band-pas's filter with actual values is'shbwn in
Fig. 1.9. : -
'In the following chapters the simulation of the induc-
L 4 . *
tors by means of gyraﬁors will be studied.
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CHAPTER 2°

‘ C ‘ INDUCTANCE STMULATION

2.1 Introduction . ‘ -

A

An ideal inductor satisfies the first order, linear '

differential equation [7] VvV = L g% » where L is the induct-

ance in Henrys. . °
Therefore any two-terminal device that satisfies_-the
above equation, can replace the inductor. Now if we comparé

the above equation.with the equation for a capacitor, ie.

3

'(Ié = c%%) we see that the roles pla&ed_hv voltage and curr-.
ent are reversed (8}, and to simulate an inductanc¢e with a
*éapacitor we must transform th&é current I to a voltage Vi
- .and the V9ltagelvc to a current I.. This is possibié bacause

. both elements (inductor, capacitor) are storage elements.
The two-port device that can bé used to perform this conver-
sion is a "lossless" devicé and 1is referred to as a gyrator,

o

as(;efinéd by Telegén$[9]. o >4

AN

2.2 Properties of Active Networks \

ACTIVITY AND PASSIVITY: A network is 3aid to be passive

-

'if, for all admissible pairs. (v,i) kseg\fiE;JZ.l) and all

real t > - =

\

-

t’ ' . .
@ f. V (1)i(r)dr > 0 | ‘ (2.1)
- « p

assuming that at t= -« , the network was.relaxed and th

T ‘ . - “— ‘——4h—;—“ o
[ vif - I, | NETWORK : ’
* 3 S S— PR SR

.7 ' ‘;\ \ Fig~ 2-1.

t \ (i‘i;>§;qé conventions for voltages and turrents
! “ (% - V !

g
:
¥
!
?

\ll
oA

!
]
i




- w

3

3

the admissible signal pair in the above equation is consist=~
“ent with this. This equation states that the total energy

delivered to the network can never be negative for passive .

networks., Activity' then, can be defined as the opbosite of

?
- passivity. That is, a netwotrk which is not passive is active. §
4 ' v !
.2 g ) STABILITY: Stability can be expressed éy two very use- ;

ful definitiods for active filters as follows [12]:
@A) . A'giyen network is said to“be marginally stable or ,\ IT
;imply stable if all voltages and currents remain boundéd :
when/311 independent generators are set to zero. Otherwise 2
it is u;stable. (B) A given network is said.to be strictly

| LY
stable if all voltages and currents tend to zero as t + =, v

"

. if they are initially finite and all independent generators -
v <: . are then set to ze}o." )

) fn active .filter theory another important definition
for stability is the short-circuit and open-circuit stability. ' :
l_ . A network is said to be short-circuit stable if it is stab ‘

’ ‘when the ports are short-circuited. Similarly , this applies

. -for open-circuit stability.

sensitive to element variations than are classical fi&tersl

N
¢

R O

. > ’
A measure S of sensitivity of a network to a component value

N '

* K must give an indication of the change in some performance

[
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characteristic P to mariatioﬁs of the compongat aboyt its

‘ nominal value K ¥ ’ : SN
Sensitivity-measures may be divided broadly into two .

classes, namely Qicroscogié and; macroscopic. Microscopic
. P . » .
. measures. take into account only infinitessimal variations
of K about its nominal value. If infinitessimal sensitivity

measures may lead to incorrect results (microsegpic) when

elements with finite tolerances are used, then macroscopic

" measures should be yéed [iz].

These® properties apoly if an active network (in oun-
) o 2

is. well designqd and optimized properly. « -

¥. .

case filter)

!

2.3 oOperational Amplifiers

e

The operational amplifier is the most widely used active
device of all inear circuits in production today. It is
called "owerational amplifier" because operations like inver- ‘

T w
sion, summation, integration, etc., are readily performed

y

when these amplifiers are used with RC networks. The most

v

, ’(\‘ commonly used operatlonal ampllflers are monolithic lntegrat-‘
.ed circuits. These were in fact the first linear integrated
circuits to be‘wideiy used. Circuit techniques used in in-
tegrated operatLOnal ampllflers are contlnually being modi-

/ ?\\\ fleé\and have many variants, ~ , . .
\*"m . i
.iYdeal operational amplifier has two input ports. One .
' -
is between the negative terminal and ground, and the other

?
[l f .

3




Vag

»‘;«w\

%

s e 1 R S

F—.

- e

o s P e M o

DTG

USRS

—

. - ° .
. N N Z_/‘ ST & EMRES M i SARVIRI R A e
|

-

Fig. 2.2 () Are
Schematic presentation Equivalent circuit
- The Ideal Operational amplifier .
v { v " L
\ pr— L . . .
v’ N . - . .
V=i=0 : V,i arbitrary ) ' . ,
K (a) by = ,
. Fig. 2.3 .
* (a) Nullator - (b) Norator - - ‘\\»;p//*
' . l \ 2 .. ) - ‘\‘ -’

o

(a)

(b)
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I |
Fig. 2.4 e ‘
. .
Nullor N
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Fig.'Z.S (b) Open circuit condition
(a) Short circuit .
-condition
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— c ‘
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' m = . A .
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~ Fig. 2.6
Nullor representation of the ideal op. ampleler
Nullor reprQsentatlaxof a tran51stor._ .
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in different parts of an electrical network”. o

» . . e ‘ . D s
- Fig. 2.5 shows an example of "electrical conditions"”.

8 e
It has been shown in the past that an ideal transistor

o

is equivalent to a nullor. Also a nullorals equivalent to
an infinite-gain volt;ge—controlled voltage source (V.C.V.S.)

as shown in Fig. 2.6 Also it is equivalent to all the other
3 ' . - f R o
types of infinite gain controlled sources. |

<

The manipulation of nullators and norators simplifies”
the analysis and synthesis of active networks, and presents

a better understanding of a givenfor new derived a@tive\net-
. ‘ a / ’ -
work. These two elements exist dnly as paper elements and
it i's not possible to approximate them in practice., ‘There-
L Y

fore they must be used with care in ;ﬁalysis and synthesis

- -

’ ~ -

[
of active networks.

2.4 Nonideal Operational Amplifiers

A practical operational amplifier differs from.the

ideal one shown in Fig. 2.2, in that gain and input imbedance,

are finite* and that the output impedance is not zero. The
equivalent.éf}cuit oé a pracéica¥.differen@ial input overa-
tional amplifier is given in Fig: 247 .[31].

The differential voltage Sh}n Abof'the'amplifien is

[N

defined by : ) . .
E, - ) ;s )
A =g {2.2) .
S " ¢ \
¢ o 5 °
@

§
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v
# - .

betwgen the positive terminal and éround. It has only one

W

' - output port, the voltage .across which is shown as V<5 (Fig.

2.2). a
When operating in thePlinear region, the operatiénal | .
. amplifier has the follq:ing chifacté?gz?}gs [11]: |
1. It has infinite impgdance at ﬁoth inputlp?rts.l ) )
'$/ It has infinite gain. . -L‘ ‘ | P

3. It has zero output impedance.
v
' .
The .above three characteristics. are expressed by 'the

eqﬁivalent circuit shown in Fig. 2.2.
. A better concgpt of operationél amplifiers cam be
' achie&é@ by using nullors (13]. A nullor\co#sists of two
singular elements'as shown in Fig. 2.4~.D These two singular

o elements are éhown in Fig. 2.3 and were described by’Carlin

and Youla. \ o
- Fig. 8.3(a) represents a "pathological" one-port siny- .
" 3 . ,\g‘ ’

ular element for which the voltage across and the current

through are simultaneously constrained to be zero. Ssuch a -,

one~-port is called a nullator. Fig. 2.3(b) represents a

wpathological” one port defined by the dual relations:

.
& ) . w
~

[

and known as a norator. The values of the electrical vari-

- 3

ables for this singdﬁ)r element, are established by the rest
’ -’ ¢ .
-
of the circuit in which it is embedded [15]. In reality

these‘ﬁtjxpingular elements represent "electrical conditions’

. | L

L
-

.
A s Rt Mmoot i, ke

V = arbitrary, i = arbitary -

i am -

s e o n
. -
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/ .
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'must be used [35].

Where o - i -

N
* E; - voltage at the invertind input

E,, = voltage 4t the non-inverting input o

The differential input voltage is defined as

Eja B

= E -E , - N (2.3
. - : ¢ 9

The differential input resistance Rid is~genérally in

the range of iOOK to 108 Ma. 1In additi%&ﬂé? this, there is
comﬁon—mode resistanceHZRcm from each of the two inputs to
ground. The value of‘Rcm'ié very high, generally ranging

6

from 10 to 10°MQ. Since the common-mode input resistance

‘R is much larger thdn the differential input resistan€e,

cm
the effect of Rcm can be neglected for most practical appli-

cations. The output resistance R of thévamplifierais low, .

’

generally ranging from a few ohms to 1 KQ.
Practical operational amplifier circuits may be classi-
/

fied in many ways, but perhaps the most useful is by the ;

number of stages within the amplifier préviding voltage gain.

Thls systemaof classxflcatlon is useful; because the voltage,-

ga;n stages tend to coutrlbute the domlnant _poles of the diff-

.erential voltage gain functlon.of thelc%r¢ult, and hence.dlc-

tate the amount and E&pe-of-frequencf‘compensqt;on which

[ 73

The~f1n1te but hlgh open—loop galn is obtalned by casca—

ding several §tages, and the galn of. each stage'starts falling

\J

.4 P =

4 I REE BT
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off athdb/oct;ve after a certain frequency. Thus-.the net
roll-off'of the total gain can Be as high as-lsdb/oct&ve.
According to Bode's stability &£riterion, the rate of clésu?e
-betweéggthe open~loop and the closed=-lcop response must 5e

less than l2dk/octave.
With a given opverational amplifier it is usually not

o~ {
possible to apply arbitrary amounts of feedback to achieve .

°

a given closed-loop gain, unleqs'the open-loop phase shift

is corrected with additional Jircuitry. The correction pro-

cedure is called "fregquency compensation" or '"phase compensa-.
4

tion", although the phase-shift is actually only partially

E4

compensaéed in a restricted band of frequencies. ‘'The frequ-
ency compens;tion can be achieved external;§ by‘alteration
of the external feedback, or in£épnally by the use of addi-
" tional components in the amplifier circuit. Some of the -
methods most often uséd ﬁre called "lag compeﬁéation",l"lead—
lag EOmpensation", "fged-forward compensation”, \

A reasonable approximation of the opeq-loop gain for&a
.practical operational amplifier is given by

;(s) . Do o (2.4)

ey
1 2 3 -

' . - /
where O<wj<uy<wy . The approximate (asymptotic) behavioug of

log |A(jw)|.as a function of log w-is.shéwn in Fig. 2.8 in the
% - X

)

AN
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form of a Bode diagram. |A(jw)| is constant foxr w<w,. It

1.
2 at l1l2db/octave
30 and at 18db/octave above Wy [33].

fallstgff at 6db/o§tave between wi and w
‘
be tween W, a?d w
The phase shift ¢ is shown as a function of log w, and

i% is given approximately by =459, -135°9, and -225° at the
Hforner frequeng;es wi, W aﬁd‘w3, respectively, assuqiqg
\that these frequencies are.well ;eparated. From Fig. 2.8 we -
‘derive a simple sufficient criterion for a good design for

an operétional aﬁpiifier. The open-loop gain should not

fall off at more than l2db/octave at frequencies for which

|A(Fw)|>1.

2.5 Other Imperfections of Nonideal Ocerational-Amplifier

1. Slew rate: If an operational amplifier is over-
driven by a large-signal pulse, or squaré,wave having. a fast ™
‘enough rise time, the output does not follow the input‘immed;‘.

iately. Instead, it ramps or "sle&s" at scme limiting rate
determined by internal currents and capacitanées. The magni-
tude of input Qoltage‘requifed to make the amplifier‘reach its

‘ - 4
maximum slew rate varies, depending on the type of input stage

used [34]. As an éxample, in an operational amplifier with a
Q
. slew rate of 0.5V/u sec, 60 usec are required t¢ change the

output from -15V to +15V. For a sinewave, the slew-rate is
Y ) ' % .

! -

defined as

/

slew rate =2n fpvmax | - (2.5)

Tt o TR A
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where fp is the maximum ‘input frequency béyond which rated

output cannot be obtained without significant dlstortlon

Vmax is half the (rated) output.swing of the opera- -

tional amplifier. \

<

/ 2. Power baqdwidth: Power bandwidth is defined as the

‘maximum freguency at which full output swing (usually 10V

peak) can be obtained without distortion. For a sinusoidal

output voltage V,(t) = Vpsinwt, the slew rate required to
) Q

dvg | .
3t wVpCOSmt ' . (2.6)

' This has a maximum when cosut= 1, giving

dv, ‘
4t ,max = uvy ,(3'7)

so the highest frequency that can be reproduced without 'slew
llmltlngj wmax(power bandwidth) is

av N
w 3 o

1 o
max Vb at Imax (2.8)

ATﬁus power bandwidth and slew rate are difectly related by the

inverse of the peak of the sinewave VPJ’

» 3. Unity gain bandwidth: In order to ensure stability’Aﬁi
of a practical operational amplifier when used in & unity

gain configuration, the compenfation capacitor must be chosen

by

—
PPN " v =v
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to provide a dominant pole. This dominant pole must vroduce

a 6db/octave roll-of £ in gain so that unity gain is reacheé

at some frequenc? mT.lowef than the next most important pole

produced by the amplifier. Thus the value of W and of -

compensation capacitance are determined by the frequency lim-

itations of the devices in the ampllfier. The unity gain
b

bandwidth is inversely proportional to the duration of the

slew rate. Thus.a principal'aim in high-speed operational

ampiifier design, is the achievement Iof high gain—bandwidtw
product with sufficient phase margin to give an‘optiméily
damped response. |

The gain bandwidth product is determined by'the location
of the higher frequency polés, which contribute excess phase
aﬁ frequencies at and abo&e crossover [35].. These higher
frequency poles are canributed by the fall-off of the gain

;

of the various stages within the amplifier.

o

2.6 Minimization of Parasitic Effects

In order to achieve good high-ffequency performance with
operational amplifiers it is necessary to use them with large
lgain-bandwidth products, rather than the more usudl high-gain
operational amplifiers with gain~-bandwidth pré&ucts of the ) !

order of 1MHZ to 10MHZ. 1In fact, the very large dc gains -of

LAY o Be an e v

the common cperational amplifiers are unnecessary in most

active filter applications. . )
. ' i
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 Other -important‘factors are & ) )

. o . v .

a) Layout: a good layout can reduce stray capacitances and ‘

bl

o

*‘* load impedances.. ‘
}}( ' b) Technoldgical mprovemfntfz technological 'improvenients
:f% | -can be relied upon to continue ﬁduce many parasitic
effects. Also, the effects of nany parasitic‘componentsq

' . can be minimized by a cprrect choice of the impedance

o ‘ ' ,
level in the network. Some parasitic effects can also be

‘ , mim’.m;'.zed by choice of dc ‘operat’ing curreﬁts and vbitages.
§ ‘&\ A possible disadvantage in either case is thdt ‘the ’dc
i / ' '

o / power ‘consumption may be increased. However, many para-

sitic components can be "designed in" or "swamped out".

g

. For instance, amplifier input resistances can usually be !

allowed for by slightly altering the design.

¢ , [\
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CHAPTER 3

|
GYRATORS

A4

An "ideal gyrator" is a twq-éort non-reciprocal network,’
whi;:h at either port, presents a driving-voint impedance
proportional to the terminating adix;ittance connected across
the other port, .with a pdsitive coﬁsi;ant of propeortionality
.[10]‘. This ideal gyrator is a lossless and unconditionally

stable network and 'is described by the short-—circuit admi tt-

ance parameters [4] w ‘ o
“ Yll = Y2‘2 =0 (3.1)

i
le =-Y21 =G (3.2),

In practic'al gyrators instability and sensitivity prob-

lems can occur due to overational amplifier- limitations.

Thérefore thé‘design' of a prac/tical gyrator should be based-

on stab:.tty and sensn.tw:.ty optun:.zatlon. Diréct transfor-

mation of capac:.tance into J.nductance is poss:.ble with gyra-

Therefore inductors simulated in this way can be used

3

in th‘a construction of very insensitive active filter‘s [12].

tor .

Many gyrator des:.gns and implementations can be found in the

literature which exh:.b:.t good ‘'performance [16] to [20]. Gyra-

tors can be realized by netwo‘r)gs with resistors, capacitors
: 4

The non-reciprocal components

and non-reciprocal components.
‘ ' {

.
~
0

AP At Fe g e i




. an inductiye character in two ways. If Z
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This is the basic gyrator e€quation and can be made to show
I
1,22,23 ,Z§ are

resistors and 24 is a.capacitor in Fig. 3.1(b) the egquation

hecomes
Vi =z sL:[i . M T _ (-3.7)_. )
' where . '
R, R.R.C ¥
L = —l—?—R-S—i (3.8)
' 2

This will be referred to in this report as a type GA conflq- o

urat:.on.OIf on the other hand zl,z3,z4,z- are resxstors

and 22 a capacitor as in Fig. 3.l1(c) the equation hecomes

o

vV, ® sLI; L ' . (3.9)
where
B R R c 2
I = ;5 2 o _ (3.10)
4 .

[

This will henceforth be referred to as a type GB' configura-

tion. Whenever possible, all of the resistors are made egual
for convenience, whic}f!gives L=R2C- for either configura;:ion.
The term R2 is'l often c'a}.led the gyration constant. Consequ-
ently the circuit confiéurations shown. in Fig. 3.1(b) ahd (c)

con‘éert a capacitance into an inductance.

3.3 Simulation of Multi-Inductor Networks

The circuit discussed above simulates only inductors
having one end grounded, which are not suitable for many filter

*

configurations. However, an interconnection of two gyrators
. R

o

x T
LI P

s




~a

,are the transistor and theoperational amplifier [29]. Aas .,

- £i1lter, the Antonipu GIC [5], [4] will be used

-

of practical interest with reference to present technology

ideal transistors and operational amplifiers can be modelled
by nullors, it has been proved in the past [5] that two nullors

are necessary to realize a gyrator. .

In this report, for the realization of the ban-‘-pass

PO

analyzed,

because it has been shown to be superior to other known GIC !
, - !
realizations [6]. f i

3.2 1Ideal Analvsis of Gvrators Using Operational Amplifiers

]

‘The circuit model developed by Antoniou is shown in Fig.
3.1 along with the defipitions of ‘the variables to be used in
the analysis. In the ideal anaiys‘i’s the operational amplifiers
are assumed to'have i_nfinite’gain, infinite input i‘m‘pedance,

zero output impédance, anZ zero offset. The voltages across

the inputs of the amplifiprs must be zero. Thus we have the

i

equations | , ‘ §
1,3 + (ii-xsuz =0 - (3.3
'(Ii-IS)Z3 tO(I;°1~T 02, = 0 T | (3.4)
Also . L E
Vi= Lo+ (1) (z‘2+zi) + (11-15-14) (2425) (3.5)
éombiqing thése equations yields “ ’
'i/i.= ( ‘Z;zis) I, R (3.6)
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. Substituting the valdé\%f,ls to equ. (3.12) we get '
2,2, 2, : .
I, = -X + == / . , (3.14) -
( 4 \? Z ] Zé) '
The gyrator voltages are given by
vy T 3ytIg ) (24+25) ) (3.15). -,
vV, =V.-1.2 L (3.186)
Using the two current equations the above expressions
. can be .simplified to ’
“ 7 ’ z z ’ "
4 4 274
= 1 — = - —
vy o= v (L +zs) , Vo T Vil I,%, ) (3.17)

The amplifier currents can also be written in terms of the -

¢

input voltage, as follows

v, 2, e
I, 57 (1+ 59 . (3.18)
5 3 : -
2,2 z
274 1
I. =V, (g=——5—) (1t =) ’ . (3.19)
5 i ZlZ3Z Z, : ] .
. v i . . . l
Recalling that T ° jwL and assuming a type GA gyrator,
s i i

these equations: can be further rewritten as

, RR o . ~
- 173 N \
vy o=V, (1+ j“LRz) T o 320
Ry "
v, =V, (1- Tor (3.21)
v, R, R, a - .
= 1 175 - ) R
1,7 R Ry a : 3.22)
5 . 2 ,
v, Ry N . . , -
[ Q.2 — . . - . /
Ig ij(;+ R, , _ CL _ f3 23)

. A
S e et ape e e e T YRR SRS e
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~can simulate more general dnductor networks [21], as shown
a in Pig, 3.2. The resistive network interconnecting the two

/ ‘gyrators is exactly the same as the inductive network being
simulated.. 'Howev%r, in order for the'ge circuits to perform

Y

] correctly, the corresponding impedances 2Z., 2 of each

2723124 )
. of the two gyrators rhust be identical. Thus each inductor ' . j
s proportional to the corresponding resistor in the inter- ;

) connection network. : ’ K
" :

3.4 Voltage and Current Handling Capability of Gzratbrs

>

N

1 , K
The maximum input voltages and currents which the%ra- ¥

tors can handle are determined by the passive element values
14

« and the véltage and current levels at which the operational

amplifiers begin to saturate. ‘ . Vo
R . k)
From the basic configuration of the gyrator we will de~ [

. ‘ '~ termine the operational amplifier currents. The gyrator is
assumed to be ideal in this analysis.

The two current equations were found as

- ' Iizl + (Ii.IS)ZZ 20 (3.11):
\ . 3 . .

From equation 3.11 wé readily find IS as

i ' Zl " o
™ K 2 o ‘ - .

\J"L .

Coaet = T ke R R A Ergasslpetiiiaray
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does not occur in the proposed filter configqurations and

. \
estimate, if possible, the size of the output offset voltages.

@

The basic gyrator configuration in Fig.. 3.3 will be con-
sidered first. - Modifying the basic equations’ from the ideal
analysis ‘to include offset voitage and bias current terms(‘
gives‘ 4 o

: (Ii+ll)’zl+(Ii+ll-I5)z2 = el . v(3.24)
(Iiﬂ.l+1.2+:|.3—I5)23+(Ii+J.]_-l'i.2+i3--15-I4)Z4 = -'e2 (3.25)

v, = gI~i+ll) zl+(Ii+ll-15) Zot (Ii+ll+12+13-15) z3+

+ (Ii+11+12+13-15-15)Z4+(;i+ll+12+13+1471514)ZS
: (3.26) !
Solution of these e_quations gives Q
Z,%.2 2.2 : Te -
17375 - 2375 -5 . ,
V, = I, (S—=—=)* e, (1= 5==) = e, (1+-=)+ i, (Z2,%2,)x
i 1 2224 1 ZZZ4 2 Z4 1 172 (
23%5 | 25 .
X(Zzz4)_(ll+lz'+l3) (23+2,) (q)*(ll*'lz*l:s*'l‘l) 25
‘ (3.27)

where e, e, are offset voltages and i1,i,/35,1, are

bias currents.

Clearly if.a 1/s term ~(step/‘function) multiplied any of -

-

-

these constants, it would increase "linearly and eventually
saturate the gyfator. 3‘,6 illustrate the (ineaning of the equa-
tions, let all the gyrator resistors-have a value R and the

o

capacitor a value C. Then, for type GA gyrator we have 4

. )
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'Knowing the maximum voltages and currents of the overational

-~

amplifiers, one can calculate the maximum input voltage57

before the onset of distortion. A similar set of equations .

can be written for a type GB gyrator. In'theory, one‘canf

determine optimum gyrator element values to allow a maximum

input but, in practice, this could result in unggalisfic

element values. ' , . )(/ .

3.5 Analysis~of nonideal gyrators . - \\~)

» .
DC considergations:

An ideal operéiional amplifier should respond only to

r

the difference in value of the signals applied to the .non-
(inverting and inverting terminals.\ Unfortunately, a practi-
cal operational amplifier has both input offset voltage and

input bias currents anq)may have noticeable effects on the

¥

bircuips in which' they are used [15]. Their effect on cir-

cuit behaviour should be determined. The amplifier's DC gain

'

is very large and will be assumed infinite. DC offset at the

-

output of a bandpass filter is not a serious problem, since
. the output can be. AC coupled, as long as the offset is not
large enough to interfere with proper circuit operation. The
'problem is that when the power is turned on, se#erél of thg
amplifier output voltages drift slowly toward saturation.
The ,voltages increase lihearly with time and -the whole,proc-

Y
S

ess takes 5-10 sec., suggesting that a very small bias current

is' charging a capacitor. We must ensure that such behaviour
. s : .

¢

n—.

— A =

.
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% v, = Iin(SCR2

13

)+e, (1—scé)—gz(1+scml(‘iz+ i,) (2sCR?) +

+(ll+12+13+l4)R : . (3.28)5

_and fdr'type GB ‘
<

2 +i3{2R+ .

| - 1 arm o . 2, oL
?/ Vi Ii(sCR )+el§} sCR) 2e2+11(R+sCR ) (1l+12

+(11+12+13+14)R ) (3.29)

5
4

-

From the above equations'we see that the two circuits are
I -7 ‘
unconditionally stable ‘as expected, and shown by [5]. ,

i At DC, s=0, and so we conclude ﬁhaﬁ

-e +(il+1 +1i +L4)R (3.}00

h Offset voltage}type GA) e;-e, ot ig

Offset‘voitage(tfpe GB) el-2e2+(i4—iz—i3)R' (3.31)

For typical operational amplifiers, e, and.e2 are
’ around 5mV 4nd each of the bias currents are of the order of
iOQ-ZOqu. From the above equations we conclude that the
gy;a;or produces a steady offset voitage ihdependenf of the

~

load. If that load is an inductor (or -another gyrator) the:
“ 4

offset &oltage will produce a rising current, limited -only by >

: |
the inductor's internal resistance. Such ,aA situation should

bé avoided.

- x
3.6 AC Behaviour

.
’
- ° ¢
.

The nonideal ‘'AC behaviour of  a gyrator is determined
by the pardmeters of the operational amplifier. In pragtice,

the opefational amplifier is a nonideal device. It is
B i . ﬂ -

0
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g, = -é-]“—+xl—§ (2 + =2)+ R — (3.33)
1 “py; ‘o Ry (2RF R FA u R7C)
2R .
G, = -(,R; . —2 ) ‘ (3.34)
2 1 N, R(2R+3R_+A_uw R°C
. 2 2. 3
- + -4R -
s - 22 (11 4R ) (4RR R, +2R“R_-4R R,-2R )= )
o) 2. , R ' + 2
3 AowOR RRI(2R+3RO AomOR C)
2 4R R ’
2w o) 1 o, R i
= 1+ + - =2+ (3.35) 5
Agng{ R 2FR_u_RC) R Ry ] |
. Ry 4 R_(R RI-RZ) ’
c, =% L = |2 2 r=— °c 2 —| = .
- w *
o0 I 2R+3Ro+AowoR c
R . ' el
:Aalla [24‘-.3.]’ - _ (3.36) .
oo ; :
3R, “
r, = i-—R- + E_Q +GLR2 ‘ (3.37)
4 o) o) '
20 ' (3.38)
r_ = (R+6R_) ' B .
Pg AZm 2 o L - .
[olNe] -
. R (3R, .
N\
P . Ay o AQY
i
and
~ ®
Ls = R2C
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and M(w)

AM (w) =.._ A(s) ds
M(w) B ‘

for the deviation due to a finite Ao\and,B, respectively.
With the above typical values we conclude «hat the gain-
bandwidth product B is a very important parameter for'frequ-
encies above S50KHZ, because it has greater effect than the
dc opeh—loop gain. | o

The basic gyrator configuration (type GA) has been mod—..
elled by [24] for non-ideal operational amplifier, shown in
F%g. 3.5 (equiﬁalent circuit) and the following parasitic
elements were introduced o

[}
1. A constant series parasitic inductance L .
: p

2. A constant parallel parasitic capacitance Cp.(analogous

»r

.

to the winding capacitance in an inductor) .
3. A f{equency-depeﬁaent parallel resistance Lﬂ%3 which
reduces as the frquency is increased.
4. A frequency-dependent—seriés re%istancétrés which in-
eases as the freqﬁency is increased (analogous to the
' winding resistance in an inductor which increases due.
to the ;kih,effect). |

5.. For a nonzero Ro’ enhancement is introduced.

b - . . .
Also, the various values of the parasitic ‘components
G ' ..
were given A - :
\2
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characterized by a frequency-dependent voltage gain whose.
magnitude starts from a very high wvalue at DC (usually in
the range of 80 to 120db) and then monotonically decreases .

for higher frequencies. Likewise, the phase of the voltage

gain is a monotonically decreasing function sfarting from

<

0° at dec.

"The nonicdeal voitage transfer function A(s) of the op-

“erational amplifier is usually approximated by the expression
t N

*[23]\\ ' .

Aowo ) .
‘A(s)= ‘é‘;{;‘; (Z-\.oqu>>l)c ' (3.32)

>

where Ao is the dc’open-loop gain of the oéerational amplifier,

and w_ is thé”cut off radian fregquency.
14

Typical values given in [24] for the parameters ¢f the

model shown in Fig. 3.4 are

A_® 3,000 = 200,000, w_ = 30-15x10°rads/sec
P_,R, : 50-500M@ , R

o7 Ry 50KR - 242 , R_ = 50-2000

I:
Ref. { 23] reports that for sufficiently small deviations aAM(w)

of the gain function (magnitude), the effect of finite A, and

a

" finite B on M(w) Q);e given by A
B M(w) ‘
AM(w) . _
Mla) | _v/;k(s‘) ds
. a,




e TR

S it K

o PRI T T TR - "

5]

TR A TR

IL

»

. RO RO TP W W g

———e e it o

L § L iy

- 44 -
y ‘ . .
. tPs
AW
— ==
Gpy Gp, Yig GP3 T Cp ‘0
3 L
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gyrator model
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°

Fig. 3.6 ‘ | L
Rp
Gp T cp L
- Fig. 3.7

®

Simulated inductor given by [67].

-1
H

The Ahtoniou-GIC‘used to realize a simulated inductanqe

>

.

Fig. 3.8
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In this analysis all resistors were assumed equal. From

the above parameters, Lo represents the nominal ‘inductance,

~and the rest representsparasitic elements due to imperfect-

ioné of the operational amplifiers and load capéciﬁor.’ Also
the magnitudes of these elements depend on freéueﬁc} (ie. gain
baﬁdwidth product of the amplifiers).- |

" Therefore two simplified models weré intorudced [25],
for ﬁettéé‘representatioq of the gyrator for low frequéncies

and high frequencies, as shown in Fig. 3.6.

The analysis of Ref. [25] is the most extensive one,

compared to other reports up to'date, because all the parasitic

elements and non-ideal parameters, of an operational ampiifier
are taken into, account.,
A more simplified analysis is given by Ref. [67]. The.

GA type eraton is analyzed and the follgwing parasitic elem-

"ents are reported.

2’ l
2 we o - \
G_ = (1+ —) . (3.41)
P AR 2 ]
o'l Ayug .
C = 2(A.w Ry)E (3.42)
p I R *
g 2R 2 3 : 2
1 W 4w :
R, = —= (1+ -——‘“W§)(lﬁ C,R.) _ (3.43)
P N AO A (w )% AOmO 1 3. ' °
v‘o. o ‘ 1 '
N : 2 A : : ,
L ° L (lfete) ‘ ‘ € (3.44) .
Q AowoClRS' . .
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This analysis assumes R,=R.=R, and

2773

IRZI 31R) < (.RD'RC) (3.45)

& RO << (Rl

where

-

R_is the output lmpedance of the operatlonal ampllfﬁer.

0]

RD is the differential input impedance of the' operation-,

v

al amplifier.

Rc is the common-mode impedance of the operational amp-

D

lifier. '

Ed

4

The presence of these parasitic elements raises design
problems, which may be minimized by using as criteridn the
Q-factor for optimum design. The Q-factor of the simulated

inductor with impedance Z. 1s defined by

L
Im 2, R _ . -
QL * Re 3z < . (3.46)
L : -
; The design is optimized by maximizing the Q-factor. For

a given frequency fk, the Q—fﬁgtqr'is maximum if

2£, - - ‘
Ry = wL(ly %) % Y (3.47)
4f ' ’ : P o
.1 X ~ : . .
C = — (1- ,—) . (3.48)

’k s oo
For.this cfitiéal frequency fk’ a suitable value is
' chosen at which a high Q-factor .is of prime importance.
This is the case where the tolerance sensitivity of the

filter is greatest and therefore compopent tolerances have

a

° ‘

°

PRSI D T R
.
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‘the maximum effect on attenuation distortiqn. Tﬁis occur
at the frequency at which the attenuation curve has the

- steepest slope and the group délay is a maximus (s].

l

3.7 Effects of Finite Ogera{:ional Amplifier's Gain

i
¢

Above SOKHZ, the operational amplifier's gain can be

approximated as

A w
’ ]
A(s)= " o8

o

provided that m-<<tuc o (3.49)

g

-’Thé i'npuut admittance of the GA type’., gyrator is givén by/’[G]

L. , \ ‘ , 3
From the . above approximation we’can ignorg the-second 1
‘ . - {

order terms of A(s), and the input admittance/of the gyrator - &

becomes e /, . ~
‘ . i s I . .
- ) ) b ¢ .
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Sgpsti?uting‘gquation (3.55)'to equation (3.52) and (3.53)

3

we get .
v I ) } - .

1-1+¢, == - g £ 0 7 . (3.56) ..

-T2 4 ‘2 . $¥£! : '

N v I , ) . ‘
-1y, £ - F 2 =0 (3.57)
2 ¥4 V2 . L
or . - 2
¥ ‘ !Y '_Vl = ——1'- _I.—z— N
4 T, T, T, :

which implies that

-

I2 o
{7—2 - Y’4 (3-58)
- | | . o
Egn. (3.55) is easily satisfied by letting N
‘ Y, =¥,=g ; (3.59) [

< Y

where g is real.

In practice, second-order effects which were ignored in

! X EqQn.” (3.51) will dominate if Y2=Y3=g [80;. However; Egn.
E I
(3.58) is seldom satisfied, since Vz has, in general, com-
2 : L
ponents orthogonal to Y,. Setting.Y2=Y3 in Egn. {3.51) we get &
' I, I, Y ‘ V.. I . ‘
1 2 71 20 2 1 72 :
Y.® =32 == [1+j (=) (Y, == =3~ )] . (3.60)

From the above eqﬁation one concludes that for best perform-

" ance at the most .critical frequency wéf“(uppér cut-off frequ-

i

. . ency of the band-pass filter) the quantity -
' ﬁ o ' « v ' - :
» C, .
I .
m ot ' *r ' "
* " ,
» \ ¢ N s - -
/ )
‘,Q . a7
\ '

Ll r
B LTI T AN Y e T e
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I I, Y Y Y v
1l aw”2 7173 s 3 2.
Yo = o= Ml oo (i) (1= = Y, 7=
N T YT, LT, ug ¥, 4 T,
¥ (3.51)
LTSI S S Ve
¥2¥g TV, T T, Y, I, ¥, T

In this analysis the two;émplifiers are assumed  to be
identical. From equation (3.51) we see th.ét for ideal per-
formance of the gyrator, the i.maginéry part should be egual

+
to zero. Thus, the following equalities should hold
) 2

Y v Y, I, .
l___;..‘-;- y4 ...3'_?__3__.2. = 0 ‘ . (3.52)
2 F2 T V2 o S
Y Y,y, v I
21424 2 Yl_ VZ L= 0 (3.53)
Y3 3 I 44 Yy , .
4
] V '- ,
Since in general -I—2~ is a function of fregquency and takes on
. 2 ‘ Y !
{ a complex value, then 1 + -Y—3- must be lindarly independent of
. ) : ) . .
v Yy, I . o
T2 3 2 : - .
Y, =%~ o5 o < ’ : (3.54)
$I, Y,V :

. Thus from equation (3.52) and (3.53) 'we conclude that it is

necessary to have Y3 K
' - =0 '
2
. ‘ T
which implies :
Y, =Y : : . , " (3.55)

2 3

< L

\‘ ?ﬁ

“




¥

= . = 1 o ‘ : )
?l R; ' .Ys : TE; énd Y, —>jmc4 (for GA type) (3.67)

— . rat o f

‘o, Ty N . ,‘
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Thus taking o
‘ I, “ . .
’mcfc4 = ool . (3.64) )
2 |w=uw . ¢
- cf ) .
minimizes- M. Then the corresponding value for the GA,typé ; ///
- o . . R ]

gyrator transfer fqnction is

. J ) " ' e
. ‘ ¢ R ! . K / N ’
I I, Y.s. 5. C .

i_T2 %1 du j A

5= o= v L[(¥» =) coss] , .

Vl- 2 Y4 Qc ' (3'65)-' M

at w=wcf \ \

» .

or f (

I Y. Y - ' !
“i‘ R +2 -y : (3.66) i

w @cf‘ 4 o
. Iy " @
Sane ) T = Ys ‘
.2 o

Also .

-,

re

» . &
At the frequency of interest the above equation becomes

v o ‘ . . - ‘. .
3| . 4u . - .
l + ' 3.68
TT . z JleRSQ‘i (1 mc) o ' ‘ . ( ) .
cf . .
¢ LY - ?
1] » v
- . : - ' e ;
. -
‘\‘: v
) \ - .
A
N y !
.\ -
\
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\Y I, .
CoMo= (y, 2 -/\9 2 .
R T A : '
should be as small as possible, because at this frequency,
‘the group delay has its greatest value. T - T .
- Letting . a3 .
v . . .
. 1-2 = ped? & . X L (3.61)
, ; 2 ) . ‘ - . .
% i Wi : ‘ " ' :
N \ v ]
it follows™ that we rgquire K , C ‘ /
. <pl . ] \
N »
5 ' \ . ” ¢ 5\
] C. M=y, ael® . """l"""e
- Y e’ :
: o ’
: | to be as small as possible. ;
) The type of gyrator used fof this filter is type GA which
requires that Y, 3 uC,, where C, is real.
fTﬁerefpre ' e
) je je~3° ’ -
M= ju_.C,A(sel? + ' (3.62)
5 - ; cf™4 ‘ wch4A s ,
‘which implies that )
I \ b \ .
S | , o1 :
,\M J(N—E_A_(?T + mch4A(S))COSG+(m——E—'ﬂ'§) wch4A(rS))S@ﬁ.
. , cf™4 cf4
t < ' ‘ - b ) * (3.63)
. Minimization of ithe 'above equation occurs when .

A L1
T “c£Cq *ETST

. o

where the' second rm)reduces to -zero. : .

. o
]
° . . N\ , .
| .
. l ) \
« . 2 . N
! . -
.
.
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From the above equation we see that the input inductance

-

has an infinite Q factor (Since the real part of the equa-

£, - . . . . PR
. ' tion is zero), but undergoes a deviation in value, and is

given by . .
® - . )
a%l - du (3.69)
w=m°f-~ fc )

This equation implies that the deviation of the inductance

value is strictly dependent on the gain-bandwidth product

I of the operational amplifier. The Higher the gain+bandwidth

product of the operational amplifiers the IOWer“the,deviatiOn

’

of the inductance. To minimize M (optimizatibn-of GA type

of gyrator) we let

. * / -
= 2 - l
l : W 3 S
cf °
~< , .
or e
wegCqRg =1 ¥ ,

Thus eqn. (3.68) becomes

C Y
v : . . ’

1 : ¢ 44 o - .
T = JRy(1+ =) . - (3.71
Il b w_p. - 1 We ‘ . ( )

cf
This equation also suggests the use of Rl to adjust or to

trim the value of the input inductance, from the deviation
due to finite gain-ﬁandwidth product of the.opegﬁtional

amplifiers.’ ~ \ ’
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CHAPTER 4
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TMPLEMENTATION AND TUNABILITY OF BAND-PASS FILTER

4.1 Introduction

The value of a 51mulated inductance is determined by the
dhlue of flve passive components in the ideal case. The

inductance is typlcally described by. an equatlon of the 'form:

L = R R4R.C,/R,. Thus, the percentage errors of the compon<

ents add up. If each component has a tolerance of *+ 1%, L

has gdmaXLmum error of 5%. 1In practice, the component errors

o

w111 not all have the same 51gn or maqnltude, so the. error 1n
L will probably be considerably smaller In any event} it is -

easy to adjust L by means of potentiometer, in place of R, as.

1
Egn. (3.71) suggests., The tunability of the filter was rela-

tively ' simple. Two different methods were used with the same

¢

results. : K i

4.2 Band-Pass Filter Using Gyrators %
- The band-pass filter was implemented with the replacement
of all inductors with multi-inductor network. The two =

N - N . . +

inductor sections were simulated with two gyrators, each one

sharing one resistor to reduce the number of gyrators used.
The four gyrators used were identical with optimized component

values as follows.

Ry = Ry = 4.99Ka t 1% | | - 4



A )

for optimum’ performance. The second of these equation

suggests that the lower ‘the gain of the operatiOnai ampli-

»lg fier the higher the value of.the capacitor used (for a cer-

tain frequency), and less influence of the parasitic. capaci-~

tance of the gyrator.

A vélue of 3.6nF was chosen_for Cc Then R5 is deter-

4.
mined as
1 1 - .
R, = = . —— = 4029 (4.8)
) 5 W.Cy  2.mx110x10°%3,600x20 12

(%Y

=

- The value of RS ;Qenudefermines the value of the sharing

resistance,-R6 which is analogous to the ratio

L

: . R )

N L= | (4.9)

) ” 2: 6 (™
From the above analogue the only unknown value is RS'
‘Therefore

7 . rs ‘ . ‘ 3

‘ u RsLo _ 402x11.874599x1073
Re = ~% = . =3 = 9,305.56Q . (4.10)
' 1 0.512982x10 X o

t

R = 9.31K *+ 1% was used, as the closest standard value.

At the beginning the operational amplifier used was
thgoﬂarris type HA4622, dual-in-line 14 pin 'package contain-
ing 4 operatiOnaluémplifiers. ‘the gain bandyidtﬁ product of

..this typé is 70MHZ whiéh was suitable for the.band-pass'

filter implementation. The filter waé,implemented bht it

was unstable. The reason for instability was the operational
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£ - a5 .
TR gy RO, LY bk v g
’

a

for Q enhancement with® respect to amplifier bandwidth {23].

) ‘
The Q- factor has been derived and is given by Ref. [80] as

Ay 1
Qw) = - « ——— (4.2)
2 wRC +.L_.
! wRC
In the above equation resistances Rl, Rz, R3, Rsbwere assumed
\ \\ all equal, ‘therefore L, = CRZ, '
o . v,
o / Hence .
j
1 ' : A R
Lo - Q ., 1 ’ :
é ARG s S . (4.3) 1
o+ *
~ ) : R wL )
| ) = .
: : s
This equation suggests-that for a maximum Q at a given -\
frequency w, ' » o .
R =mCLO . A/' r - . . ) (4..4)
. - This freguency in thigfband-pass filter "is the upper cut-off ’

v

frequepcy equal to i;oxgz therefore the value of R is

0 R = 2xmx110x103x0.512982x107° = 354.540 - (4.5)
o . ;
This value was used for resistor Rl’ and since with this
resistor we control the value of the inductance, as equation
z (3.71) suggests, thema potentiometer was used for trimming
purposes. ‘ N
Also from Egn. (3.63),\ (3.70) we have L e
WC, = = S (4.7
c’4 A(s) _ - ) .

B e AT SIS ey o 2
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amplifier itself, because this type of operational amplif-
ier,'b.esides the excellent pargmeters, is unstable for a

!

gain less than five. For the mplémentafion of gyrator ’

?

the operational amplifier must be stable for a gain of
unity.

The RCA operational amplifier, CA3l00T was then
used. This amplifier has a gain bandwidth .produlct of‘
3‘8MHZ,, and unity gain stability. The filter is shown

in Pig. 4.1 with actual values.

4.3 Tuning the Band-Pass Filter

Tuning of the filter 'was done as follows: through
a l0MQ resistor, we feed the signal to th\e parallel LC
circuit, %t center fregquency of l00KHZ, and we trim’ the
SKOOQ poj:en’t'iometer to achieve resonance at the center
. ffequency,as in Fig. 4.2. -
$ince all the shunt inductors have t‘he same vglue/
the adﬂustmeﬂt for eaéh gyrator is very easy .and accord-
inqu‘ the band-pass filter is tuned without any other

Q\ difficulty, by interconnecting the two sharing resistors,
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' set by shorting point B to ground and adjusting Rl to

" the parasitic elements were calculated as follows

[ v s
.

- 50 -

£

[ud
ot

:Cy , input and output impedances.

Another way of tuning this filter is by using Lissa-
jous figures. Since this filter is designed symmetrical,
the tuning can be done in two parts by ciisconnecting . 3
capacitor C2 in Fig. 4.3.

-

Using point A as the output, the first gyrator is //

achieve resonance at the center frequency.’ This result$
\,
{

into 0° phase-shift relative to the source. Then we

|

,disconnect point B from ground, and tune Ry of the

second gyrator for 90° phase-shift at the output. We \
follow the san;e procedure for the second part of the Ao 3

‘filter. Then by connecting back capacitor C the 'filter

t

2!
is tuned with an accuracy better _than 2°.

~

4.4 Parasitic Effects

@

' The band-pass filter after tuning had a response far
from ideal.- The deviation from the ideal response was
due to the parasitic elements introduced by Ref. [24]
as G r L ' and C_.

Py’ "Pg’ P’ P
resistors, capacitor, and various parameters of the

. 8ince the values of all,

o

operational amplifier (for each gifrator) were established,

3
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c = R2 CLob 1 1s 2 .5 6497x10 5wno ——
3 Py - Ry 7 RaB, R4, Rl"i‘o -
i : or 4
{ / .
! L= R 177%a
{ G 3
: Py - .
3 2 R, R, R R, (R+R.)
! 20 1 R2 %y 1 Ryt R4
r_ = 2 (R+6R ) = =% (=2 +-2 )= = 0.709m2  (4.11)
' Ps Aém g o R, A, A, RoA, )
N ° Q
. R, (R, R.) - 2
‘ _RBRy Ry :
3 L, e 0.003 uH L (4.12) |
: - |
R ".. | , | 3
c =2t )= =2—=23pF | © (4.13)

’

From the above calculations we see that' the only significant
parasitic element is capacitance Cp' This parasiti¢ capaci-

. tance affects the quality factor Q, of the simulated inductor. '

v This quality factor is the ratio of t}ie, capacitor C4 to the

parasitic capacitance Cp, Ref., [6].

Cc

. “4 _3,600pF _ g :
o, z, —L—P—23PF 156.5 - ) (4.14)
. ‘

Two different compensation technigques have been introduced
for elimination (or reduction) of this parasitic capacitance.

Ref. [25] suggests the use of a capacitor C_ with a value as

. 2R ¥R - ” _ ,
€t —= 1 : . (4.15)
Aow°R~ ‘
RN
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where R = R2 = R3 ‘

Ref. [6] suggests the use of a resistor R_ with a value as

. C4 .
R,.* R & - © (4.16)
_ P
whgre R = R2 = 'R3

L)
[

Both ccmpeh;ating elements are insdrted between the
common inverting input terminals SF the opera}tiOnal amplifiers
to ground.

Both methods were tested and in my opinion the use of a

[}

compensating variable resistor is better, because the tuning

, 4
process is faster than using capacitor. At the frequency of j
100KHZ, the simulated inductance is also sensitive to stray

capacitances, aid a good layout is very important for best

With the use of compensating resistors the response of

the band-pass filter improved significantly and the aim of

this report was achieved. ,/
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B » CONCLUSIONS
C < -
The feasfbil,i-ty of imble.?nenting high-Q, active, band-

. pass filters with gyrators has been studied. The'.design

is pbased on a suitably transformed passive filter network, -

by replécing the inductors by -capacitively-terminated

girrators. With the use of gyrators instead of inductors,
H 3 .
the filter preserves its insensitivity to component varia-

" tions, and since the gyrator is an active circuit it does

' not add d:.ss:.patlve elements to the fl]\ter.

From the various types of gyrators that have appeared

A 3
and analysed. ‘The main sdurces of errors are the :meerfec—

in the literature; the %oniou type has been investigated

tion of the operational ampllflers used duqf%o limited gain-
!

bandw1dth product. From all t_he' parasu::.c elements introds .

uced, the parasitic capac1tor is the most J.mcortant one.

‘Opt:.m:.ZatJ.on of the gyrator cons:.sts of the ellmlnatlon of

this parasit:.c capac1tance which is done by two dlfferent
approeﬂches.'f Both methods Mproved the performance of the ’

gy'rators‘, and“ a frequency response has been achieved for the

,\band-bass filter which is close to the desirable one.

4 g\ N
«
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