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- severely' restric_:ted by the limited dynamic range of the GTAs,

dynamic range’of the OTAs. Finally, an eguivalent circuit is also S

. X ! . . .
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MODELLING CF AN OPERATIONAL TRANSCONDUCTANCE AMPLIFIER AND
AN INVESTIGATION OF ITS USE'AS AN INDUCTANCE STMUIA'IOE{

4
'

PIETRO ARELIA

)

3 .

The operational transconductance amplifier (OTA) is an IC chip

that has found applications in many analog elect.roniﬁc_‘ circuits, :aniuding

RC-active filters. .
LR

ational amplifier (0A). while a frequency deperxient model . £Sr the trans-

In fact, anQIA:.sasversatlleasthepomlaroper- o

fer gam of the QA is well—establlshed no such model e:p.sts for the OTA. ° "

Th:Ls the51s develops a frequency dependent nodel for the transfer . o
gain of the 3080 -0TA which is cbtained through experimental data of its
terminal-to terminal characteristics. While the model is a;rivéa
spec1f1cally for the 3080 OIA, a smu.]ar method of develogrent can be
used for other types of OrAs

The feasibility of simulatmg a grounded inductor using two 017\5 .
and a single grounded capacitor is iavestigated by de.rlving and testlng ' : ’
an equivalent circuit which takes into consideration the frequency de-
pendent gains,. the mputandoutput inpedances of theOIAs aswell as

the loss of the termnating capacitor. The result.s of the invest:.gation

show that inductances can be simulated over a wide range of values and

T AN~

37,

ov-e-;: a wide frequexwy range. However, the practical rangee can be
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A scheme is proposed and verified experimentally to extend the
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presé'nted for the inductor simulator circuit using the OTAs in the new
sc{am " - o o
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Output resistance of the OTA .

. Load resistor
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Correcting Factor for Gy (0)

*Parasitic resistive and capacitative carpments
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1 1 General ’ “ . - | ‘. B i
\).\ Q)eratimal Anplifiers are Very common IC chips. Engineers
have been usmg them extenswely for innunerable applications and oon- '
si,derable literature is available on their’ characterisfics. They ‘are well

known cirqu.t elements

mtheotherhand-theOPeratimalTranSOOrﬂm:tanceMplifier
(OTA) , which arrived on the ket in the early seventies, is somewhat
unknown’ carpared 0 its cous A, the Operational Atplifier (GB). o

Little - li\texﬁture“is available on the OTA from techni/cal X

journals and the féw textbooks which mention the OTA, basie{:zke
the

~

\ duoe in full or in part the technical llber‘ature available £

+ manufacturers [1] [21., This is not .to imply that the OTA has no prac-

, ' . . .
tical use.’ The OTA presently.finds applications mé}e controllable gain

is needed, as is often.the case in audio and control engineering.‘

Further fields of. applications are modulators, frequency oonverte.rs, -

o

analogue signal multipliers, nmltiplexers and saxrple—and-mld techniques, ‘
. to name a few. However, little attention has been given to the ‘role that

© the orm could play: in active filter design. Dr. T. Deliyannis (3] is,

according, to the writer, the most advanced designer in tl’és ;tea He

used' the CA3060 OTA a.rray in a nurber of active filtex eonfigurations

t"\
Filters are circuit configuratinns which are used to obtain at

’theirmtp.xtareshapingofthefrequency content ofaninputsignal

It is obVious that in order to design a frquancy sensitive network, the

designer needs to know accurately the frequency depexﬁmt"characte.ris'tics

L . T,

H
;.
e
-y
b
3
j
3
A
%
P
-4

)
+
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L)

.

‘ ' ': : N N ‘ "‘ "
.' of each passive and active filter element of the design. v« Frequency '
. - . &~ dependent models of the filter elements must be established before a

® ~ ' \
de51gn is attempted, »Extenswe efforts have been gl]ven to the study of ] o

« - . the frequency dependent Qa models, however ertually no effort has been Y

A - ' iR , put in derlvmg similar models for the Ol'As This is perhaps the main

| reason Wthh explains the little use of the OTA in actlve filter design.

l’\,, . . For the CA3060 OTA array which Dellyanms [3] used in his work,

h - 7 o specifichtions provide some test data [4] frem which, through )

3 v A2

A . analytical techm.ques, a model could be derived. On t_he other hand, no
oL »{;?f. mformatlcn is available to the designer who wishes to obtain a.frequency
. S dependent model of the 3080 OTA. ‘In fact, neither National Semitonductots
(L43080), nor RCA”(CA3080) have provided in their data sheets sufficient
\ ~ - A g information which could allow the designer to find a frequency model of ,
’ \:{ myofﬂet@@As,_ . T .
‘ . - N : ) %

1
¥

1.2 The OTA terminal to terminal model ' '

- ) _ o The active filter designer is interested in the input to output

;;; o characteristics,of the active eleménts. 'This’ study which is intended to

é‘ faCJ.lltate his future work will, therefore, concentrate on the termmal
to terhinal Characteristics of the 3080 rather than on its internal

circuitry.” For a detailed description of the internal circuitry, the

o n : interested reader may lock into 'reference [5]. Appendix I [‘>resents-\the(
% A . . circuit canfiguration Of the National:Semiconductors unit IM3080N which
. L T s the equivalent of‘the RCA mutmgolag. Pin des;grxations are iden,ticai.
vl g f'or“the‘twoOm's. . : ‘\\"\’ )
. . ;‘ | j .
I * S
\ > T . ' '
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- with the output resistance R .

ground but may flow to ‘either V+ or V- as well.

A frequency. inde'pendent model of the OTA

Figure 1l:
v *

~
-~ .
. .

\ 2
input of an OIA is. 1dent1cal to ‘that of a standard QA,

a

Figure 1, shown bela}is the. model of the OTA as presented by . .
_RGA [1]. ;o |
» ™~ ~ o
l * \ N ?V".
. | ~ ' N
N .\‘ . ' a ~ -
i ‘+ \' \\
L . 3
« ¢ | Gm Ein 2 Ro -~ >~ Io '
0 . \ . :
- Ein'" | Ry o —> ——0
- 2R,
- . A : P
| N
" ~ ’ T
- . -~
|- -~ . Ov
- .I /*l . 8
_ .
‘ N ‘_L \ - :
* a ’ v - »‘
] o <o Tape , )

Fram the circuit model of Fig.- 1 it can be seen that the differenti.,a,l-'

and i_t operates in

a similar fashion. However, the output of an' QA is a voltage controlled

i

. L o ‘ . . ‘ ) .
voltage source with a very low value series fesistance, whereas the output-

Sf the OTA is a voltage controlled current source (B
: . L s

‘Gm) , in ‘parallei v

R is modelled as two resistari:eé of value

2R , comnected to V+ or v- since the output current is not referred to

A ' . -

« I~

mrthemore, the trans— .

cOndthtance value Gy can - be externally omtrolled through the current I .

o ;

Gy g~ —ar o

N

-



2

[ 4 y
L
Oons:der Fig. 2 which shows an OTA used in an open loop ‘
ccnflguratmn and let I\’o be the open loop voltage gain of the c:.rcult C ‘.
NN N
”~ l l\ k . 3
A
/|
T ' o
! . “ i 1‘
Bn 2R * RS ) -
S -
| e
b, \
v [ . l / " .7 ¢
7 ‘.
7/ Iabc
Figqure 2: The OTA i¥ open-loop configuration h .
For an .ideal OFA R, approachd infinity, therefore we can write .
Vg IgRp T GUE R, ¢ . Coan L
Mo TE T E T TR, T WR o
. Tin, in ' W AN R , . .
" Note that if we regove Ry frc'm'i:he&i_réuit, thenf: . , < ’ .
v 'e ' " l( : } . . ' ' " , i(l
= G pn - ) o T ; N (1'.2)‘ t
y Since R, is ideally mfmlte thJ.s muld make the gain ideally JERRp. .— -
. infinite, as with standard QA '(pract;cally in borth cases, the output N ‘C . ; .

» voltages are limited by the. power

‘ ly voltages) . . However, equation 1.1 ) o :f:

-t

' 3




shows that the openl?op voitage ‘gain of the OTA can be‘reduced by external
10ading unlike the standa‘rd GA. In particular, from Fig. 2, we ‘see that
the opan loop voltége. gain ?f the OTA is directly proportional to the o
value of\ the load resistance };K. v .
1.3 An OTA frequeh'cy\depément fodel . 4

‘ The modeINof Fig. 1 is a frequency i_r:de;;endent model. In order ¢

A ‘ . . . R
to.make is useful to the filter designer, we must refiné this model by

% * . '
taking into cansideration the frequency dependenoe of the open ldop gain

- 1

of the unit. N -

sy selecting a'value df R, << Ry, equation 1.1 viilll)‘hold; and,
.since resistances are frequency independentelements, we conclude that
G, must be the frequéncy dependent variable which is mostly respansible
for generating a freduency dependent open 1oop gain. .

'I‘hat is. to say, if we can find an expression for G (w), ,‘ oo ,
. -

i

" expression for A (w) can be cbtained. . p

1.4 Inductance Simulation | A

° . The properties of passivegim.c filters have bee.n extensively -
studied 'me major drawbacks of these filters are due to the use of )

~

passmve indx_lctors. Some of the several’ disadvantages that are encountered

~

b?kthe designer making use of passive inductors are the followmg:
- (D), 'I‘heyare}l\ot -off—the_—shélf items, ¢

(IT) Inducto:s using ferramagnetic materials are basically non-linear:
i . ) =

eleﬂmtsw . , S L.

(III) They tend to act as small antennas and this pmpert:y can result in
mxdes:.rable noise ahd coupling of signals 1n the Circult 1n which

theyareused




Y

(IVi They are costly.

(V) They are not suitalele for miniaturization. ’ -
'I‘r_xe majer ihcex;xtive which spurred the development of RC network synt'hesis
‘was the néed to build filters which did not contain inductors.

Many methods of active RC network synthesis have been proposed
_mostly using operatmnal arrpl:.flers, fixed gain ampllfleris ‘or negatwe
impedance converters as actJ.ve elements. Nbst of the oonflguratlons,
however are very sensitive to oanponents variations. |

The interest in inductance s:mulatlm arose when it was shown
by Orchard [16]" that an LC network matched at either end presents a véry
low sensitivity of transfer fuict«im to, the component variations.” Thus, .
a simple wéy of’ designfng a 1ok-sensi,tiv{ty active RC filter censists in
designing & conventional RIC filter for the prescribed specifications,
ane then replace the indﬁctanc_es by simulated inductances. Apart'fran‘ ] ' ‘
‘the low-sensitivity property; the other striking advantage of this approach
is due to the availability of tabulated data and filter design programs
for IC fllters ¢

Inductanoe snnulatmn ccns:.sts in using a capacitatively
tenni.nated gyrator circuit. Many gyrator confiqurations have_ been put
' forwerd, one of euch cénfiguratim i§ based on an ideal circuit given by -
Sharpe ‘[17] -where two voltage controlled current’ sources, one with positive‘ :
" and the other w1th negative transconductarnice are comected in parallel and
' back to back. Since the OTA is essentlally a voltage cmtmlledv. current
source, it emuid be possible to.make use of it as an inductance simulator.

< . . . .

1.5 chaeofthethesis . ' ™

The first dbjective of tlus study is to find a frequency dependent
model of the 3080 OTA The second objective is to investigate the‘use of

AP ¢
B




of the 3080 OTA as the active element for a grounded inductance simulator
clreuit. o \ ‘ : 4

The investigations will show the usefulness of using the OTA as
an active element in circuit applications may be Llimited by its restricted
dynamic range. Consequently, the third objec‘:tive of this thesis is to
present ’a tes:hnique for extendmg the dynamlc Jrenge of the OTAs. An
equivalent circuit of the inductance simulator ‘c‘:i_rcuit ‘using the OIA in
the proposed technique i$ also give.n.

' The thesiB is divided mto flve main chapters. In chapter 2,
a study ‘of the lJ.near dynamic of the LM3080 OIA is cai:rled out and a
frequency dependent model for the transcondmtance is developed In
chapter 3 an investigation of the use of the OTA as'an inductance
simuilator is presented. The indefinite admittanoe matrix of the OTA with
finite input and ‘output mpedances is derived; hence , the Y—parameters -
of the inductor simulator circuit using two OTAs are obtained. Usmg
' network s’ynthesis: a model for the input impedance of the ‘inductor
‘.,sinuﬂator is realized. The model presented shows the effects of the
; finite input, output resistance as well as the effects of the finite
bahdwidth of the transcofiductance on the simulated inductance. Finally,
a camparison between experimental and theoretical results is presented.
Chapter 4 introduoes a new Voltage Controlled Current Source configuretim
usmg two OTps Wwhich is shom’to exhj.bit an extmded dynamic r;;xge in
caxparlson to the smgle OTA. Hence, a model for an inductance simulation
circuit using this new Voltage Controlled Current Source conf:.guratlon is

' derived. Possible extensions of this work are-indicated in Chapter 5.
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A FREQUENCY DEPENDENT MODEL FOR THE TRANSCONDUCTANCE OF THE 3080 OTA

2.1 The need for the 1inearity of the OTA

If the OI'A is to be used in filter desn.gn, it will be utxllzed

as a-linear element. OUr model for Gn(w) must therefore be obtained over-

the linear region of the OTA. }Our first task will be to define this linear

t

region. We will therefore test the OTA for linearity.

Lmeanty will certainly be affected by the input dlfferentlal
voltage and may also be affected by the load re51stance, and by the bias
current. The effects on the output current of the input differential
voltage have already been investigated by Kaplan and Wittlinger (6].

However, - this investp',gatim does not specify whether the bias current or |

the load resistance could affect the linearity of the OTA. The test

results which will be presented in this thesis will answer these questions )

and furt:l_xernore, will provide the value of Gu(0) [Gm(w)|w = 0] which will
“be used in the final expression of Gm(w). They will also test the valid-
ity of equation 1.1 and the programability of the transconductance of

2.2 Experimental measurements of Gn(O) and testing of the lmeantx o
range of the OTA A ,

Fig 3showstheexperj1rental circuit wmchwasenployedto Ce
estale.sh the linearity of the transconductance of the UI‘A The LM3080N.
whlch is the equivaleht of ‘the CA3080E (8-lead dual-in-line plastic, -

MINI—DIP package) was 'used. _ . o

r
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Figure 3:  Linearity {:est circuit . R

.
15§ voltages were used in order to avoid the effects of the.

G L circuit capacitances, measuring probe capac:ltance and the fredquench - ’

dependentgainofthedm _ T .
TnetwoDOl ut‘capacn.torswereusedtoelim.nate any s’,witch

/ on transients from the power supplier.” R, was used as. the ocnpensating
resistor for.input bias currents and Rs was enéloyed to eliminate any 0 ..

offsetatthemqmtoftheam R; and R, we.reusedtofm;matento.

one voltage divider in order to- facilitate input vqltage neasurement.s. N

Y
. 3

1
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‘obtained by ammeter readings.

was set using the combination of the R abc pot and the

) Iabc
voltage E, . From Fig. Al in appendix 1, it can be seen that the bias
‘current can be calculated from the equation‘: \ |
|V—| - Vsy < IED-| o o {2.1)
Iabc = R3 C '
abc

where Vsy is the voltage drop across pin S-and pm 4. ‘This voltage drop
at normal temperature varies from 0.55 volts for an I abe value of 1 pA to

about 0.75 wolts for an I of 1000 pA. Precise values of Iabc were

abc

&

Measurements were taken for input voltages’ E x;anging from .
zero to 150 nv,’ for load re51stors of 1 KQ 10 Kﬂ 100 K@, and for blas
currents values of 1A, 10 uA,‘loo UA, 400 A, 600 WA and 1000 pA.

Ity should be noticed that forIk each ocmblnatlon ,of Rl and I a.bc
the assumption inplied-ln derivmg equation 1.1 holds true. In fact the
lowc_ast value of R, which occufs at the largest value of bias current is

’7.5m[1];henoe, Ro>>R£andA\ Gan

" For a detailed measurements procedure , the reader should look

‘

into appendix II. ‘

" It should be no that in Fig. 3, E, ‘iSappliedtothe
inverting terminal, thus positlve input voltages resulted in. negat:.ve
output voltages If terminals 2 and 3 are interchanged the' circuit

characteristics remain identical, with the exception that positive input-

i

generate positJ.ve voltage outputs.
Figures4la,b c,d e,42a,b,c,d e,and43a,b c,d e

display the results of the linearity tests. o
- 3

.o« " .
. Section 2.3 will analyze these results in the light of the -

objectives laid out in section 2.1.’

1

10

3
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K 2:3.1 \The linear range of the OTA .

o ‘ ' The lmear raoge of the OTA displayed by the graphs (1)

npres:er;t_ed in section 2.2 (Fiy. 4.1, 4.2, 4.3) is about 25 mV; therefore, S
; IR a5 input signal will be linearly. amplified [ (ex.: Fig..'4.2a)]l or

| at‘tenuated~ (ex.: Fig. 4.1b) by the OTA. This statement is valid ' fw

provxded we are’ dealing w1th outputs wvoltages which do not exceed V oM+ ©

] OM- (the maximm peak output voltages) [1]. Fig. 4.3, for mstance,

smws a -more .elmuted dynamlc range of 10 mV, since in this case VO

limits the output ‘voltage for input values over 10 nVv. v

.
PAY .
w’f‘\ * o ' f
.

Ve can, therefore, sunmarlze the linearity characterlstics of
' e the OI'A by stating that.linear range is +25 n, provided the output
- E - current reaches I ['I'ne ‘peak output current] [1] before the output
voltage reaches VOM
the linear ‘rangesof the OTA will be less than 25 mv. '

1 o
»

If the ‘output voltage reaches VOM before the output

, attains IOM'

’ .
* . N " L}

2.3.2. _\Aenficatlm of the Open ' loop Voltage equation

Equatlon 1.1 states, that the open loop voltage gain of the ora

- DI is dlrectly proportional to the load resistor RE - d e e

- N a

Table 1 which was cbtained fram the data presented in Fig. 4.1, R e - .

4.2, 4 3 proves, wlthin practlcal ln,mits, the valldity of such staterent. ;e

. e s
N Y ® N . b
/ - s ' 2
. . . . v

Note 1: The data di:mlayed:by_f‘i'g. 4.la has been disregarded. due to

_test instrument Mimitations (details are discussed, in Appendix II).

<
-

- o e emm——— . -
T T . . » e P s e
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TABLE 1 .

@en loop voltége gain (A ) versus load resistance (R,) for E, =10

Tabe A * A Ao .
1 oW 0.19 2.2
1, 0.2 1.99 . 19.5
100 2 - 19.5 . 195
’ '»nhwiﬂ* » : N ’ ' ‘ B "
400 8 5 ", 730 o .- o
600 1’ 108 1080 B y .
1000 - ° 18.5 - - 185 Y1400 (1600) (note 2]
P N - A . ‘ .
] ~ . .
2.3.3 Programmability and numerical value of G_(0)
Table 2 which follows belcw, presents the experimental values
of G (0) calculated fram t.he relation: '
Oy () = R S - , S
in""£ -, L ' - N
It is understood that these values of G (0) are applicable to the .
-linearrangeofthedm ‘ . '
' ‘\;" N & | ‘i
{ ] ” \
LY . . ' : . N . . v , ' ‘ , ‘J"{
. .oNote 2: A = 1400 for By, = 10 v (limits of lmeafr region) _ .
A,, = 1600 for E; = 2.5 mv ,.‘(z}
X e
( &

Rz grr-seevyy
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TABLE 2 )
D.C. value-&of transconductance  in the linear rggior;‘: f the OTA
Iabc l__R£=lm, R£=1OKQ N R£=100KQ Manufacturer Spec.
WA G, {0) mho G (0) ymho G, (0 wmho G (0), -umho, (25°C)
: ) .
1- 16.6 SR 22 .19
0 . 200 | 199 . 195 .+ 190
100 2000 1950 - 1950 2000
400 8000 7500 7300 8000
600 11000 . 10800 10800 - 11000
1000 18500 - | 18500 ~ 16000 18000
It is evident fram table 2 that the Value of RL does not-have a
noteworthy effect on the value of Gm(O) . . Furthermore the transconductance
of the OTA can be progranmed thrdugh its bias current using the relation.
GOy =191, - o 2.2)
_ Bquation (2.2) can be rewritten using equation (2.1) as: .
| [Vl - el 57 e T
- V| = |[Vsaf -] - o (A3) : ’
Gp(0) =19 a: ‘ . ' {2} -
. X Rabe -4 X N R
Therefore we can program the transconductance by varying voltage
* B (refer to Fig. 3). e . = S
! t .
4 o
-.f‘f" - " l ‘ﬂ:;:~

L Fa

I e

b o
gy
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Outside of the linear region of the dm, the trapsconductance

value decreases. This behaviour is depicted by Fig. 5 which shows a

typical variation of G (0) as a function of B, (data is derived from

Fig. 4.2a, 4.2b,-4.2c). {

In order to describe this characteristic of the OIA unit we

4
will rewrite equation (2.2) in the form:

G (0) 219-T, +CF . | A (2.4)

abc

'We_define:

-~ Actual Value of Gy
Nominal Value of G

‘e f . \

CF (correcting factor):

Nominal Value of Gm = 19-Iabc o )

N ) . v
- Actual Value of G (0) = Measured value of G (0).

Therefore, we can state that: ‘ o
- (@) In the linear region of the OTA: CF =1
(b) In the non-linear region of the OTA: CF < 1

2.3.4 Maximum output current (Iou)‘as a function of bias.current (I__]

[

Information regarding the relationship between I, and I

G

- (% . v
can also be obtained from fig. 4.1, 4.2, 4.3 using the expression:

: =='V0 max | ’(2.5)

oM Rp - .

, Table 3 presents this information. It is evident that:

.

(2.6)

)
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*In tliese cases equation (2.5) could not be used to calculate IOM.-'since

‘mmss
IOM-.vermxe oo™
I, R =1K» :ri£=1om \ R£=’1‘oo',fcz
L A Rt
‘ . i

1 1.2 1.1 . 1.4 .

16 ms . 105 Y -
100" ~1o,9 coo T iis - .10 .,
400 440 - T

600 660 640 © 605 )
1000 1085 1050 . 1040%"

.

A | A :

. V+ and V— placed on upper limit on Vo .. before I, reached Iom: This

data had to be obtained through amneter neasurenent.

2.4 Intr:.nsxc Noise ‘ '
Appendix IIT presents data regarding intrinsic no&se measurements

Two general conclusions have been drawn from

w

of the c:.rcuit‘ of Flg 3.
.these measurements.
(a) For a given value of Ry, the outi:»ut mise.iper_eases as the -
blas current: increases ' - \
; (b) For a given value of I It the output no.'Lse increases as the

load resistance mcreases.

25




e

: veltage measurements within thé oscilloscope sensitivity range while, at

L o
i « 26
2.5 Measurements of A, (w) ' ' ‘
- ' Experimental measurements on the value of G, (w) weré conducted.

on a c¢ircuit-similar to the one presented in Fig. 3 but with input fed

into the non-inverting terminal of the OTA,

In order to obtain meanmgful frequency response data 1t was

found that care had to be taken in num.mlzmg the effects of stray cap-'

acitance of the 1load. Therefore, it was necessary to employ the iowes't |

possible valug of load resistor and lowest value of capacitative loading. |
pxobe. 7
. A value one kiloOhm load resistor and the 10X position of the

B6063B probe (Tektronics) were employed. This combination allowed

the same time, mm:unlzmg the capacitative loadmg effects of the probe, )
stray capacitances and output noise,

Append:.x v gives details of the\measurenent bechnlque Flgure

6 presents the experinental data of. the open loop voltage gain (Avo) as-

a function of f-requency (d.c. to 15 Miz) for bias currents of 1000 MA,

600 LA, 400 LA and 100 yA. The value of E, was 25 mv, while the load
resistor was R!_—lKQ ' ‘ L . ’ - .
'Ihe phase Shlft between input and output (curve no. 5) was

o\

'found to be independent of the blas current, 1 SN S

o
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2.6 Compensation of data for. stréy capacitances effects

!

-~

/ " - fThe data. for. G_(w) dan be derived from the data obtained for

In fact, from equation 1.1, we can write: |
A W o (2.7)
L '

Gy

The’ theoretlcal locad value presented by the circuit of Fig. 3

‘fwluchwasusedtoobtam'uaedataofz\ (W) 1sR =1 K2, However, the

t .
actual value of the load was the parallel. eonnectlon of Rz, ‘the probe

resistance (R = 10 M2) and the -probe capac1tat1ve cmponent (C ) which

© was expermenj:ally calculated to be 20 pF (appendix ). Hence, t.he

actial lodd that was presented to the outpqt@:dizi was:

. _~_R£ o : A (2.8)
.*:, ZL—;‘Rf/Rp//cp -[i—_'_——s'—g—l?é . o . ,“ -
- ‘ , b M ) R . N . ‘.

© Therefore, the data dj.splayéd byFig 6 is ﬁor:

.

. R (2.9)
Apls) =6is) |75 =
.' - P

In order to be ablé‘to find Gm(w) .uéing 2.7, we mist correct the data of

»*uis shown in Fig. 7 for the graphs no. 1 'no. 5of Fig. 6. The
numerical value of the oaxpensati.nq faCtor is. 1+8 Cp' R, = l+jJ.W 20-107%

hence:- £ 3dB = 8'.MHZ

P

-

Fig. 6. by nuliiplying it by the factor: (1+ S (';p RL) . This compensation .
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The importance of tiking in consideration the stray capacitances ¢
. " which may be present at the output of the OIA is clearly illustrated by
Fig. 8. In this case, the data was obtained when the value of load '
# resistance was increased to 100 KQ and bias current values of 100 uA,.
4 . . R .
(L + 8 cp R,) term drastically reduces it to about 80 KHz\/\'\ o
. : | . . . . —/\
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Phase Shift in degreés
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2.7 Additional experimental .data

Additional experimental data’ v.as obtamed to find out whether '
the length of lead wires and physical layout of the ‘test CeruJ.t had ' t,
any subs t1a1 effect on the results of the test and whether the data
obtained for the particular unit was an excéptionaloort a typical one.
’ Test results on the same unit were obtained using a different e .
° physical layout of the circuit and different length of interconnecting ‘
wire It was concluded that physical circ@it: layout was not a determinant L.
factor \for the c‘haractérj.stics of the unit presented in Fig. 6.
‘ ¢ Two 'additional units were tested for bias curlx;ent values of
\ 400 ua, under the same'.cpndition‘s errployed for fj;rst unit. A camparison
of. the%data obtained for the three different units is presented in
'Appendu V. From thlS omparlson, we conclude that it is reasonable to -
assume that the data presented in section 2.6 represents a typical response

of the 3080 OTA unit.

2.8 A model for G (w)

Cons:.dering equation (2 7) and the data obtained for- Avb(w)
two geperal oonclusmné can be drawn about G (w).
(a) The blag\currents & vary the value of G_(0); however, ' RS
t}eydon?tvarytfreshapeoflthe [Gm(w)(curve. “ . " o
{b) The phase of Gn.\(w) is independent of bias current.

i . . ' )
The shape of the lAvb“w” curve suggests that we could try.fitting a- ' .

.~ second order system of the fogp: ) Ky ’ (2.10)
‘ w) =
. T T w1
. where KO = Gm(O) R[' . ) o ‘ (2.11)'0
?M-. ' ' . . : . ﬂ ; T “,

) Co .. .




.
»

oA
&

‘ Values of Gm(O) for Ein = 425 mV are available from Fig. 4.1c, d,' e.

- ‘Thus a camparison of our nodel'for Ko and the data of Fig. 6 is possible.

Y

&

TABLE 4

~ . }

Model. for K, versus actual value of Ky

Tahe Model Actual
wa "value of K, (aB) . Value of Ky (dB) (Fig. 6)
100 5.3 . - 5.3
400 v o, 112 | T
1600 | 206 . .- 20.6 S
1000, 24.4 ' 24.5 i )
' " v
.The comparison shows that our model for Ky is valid.’
We‘clan write the denomination éf equation 2.10 as: «’ o . o ]
Dish=a (G +b Gw +1= 22+ (2gu a1 (2,12)
n n .
. . : i ' [
where: W = natural frequency of the camplex poles
e 0 = danpiny constant ‘ A 1
hence: a.fwl- and b=%ﬂu : } - (2.3)
iy 2 L :
A normalized second order system is of the forin:
Hiw) = — S o ,
@2+ 2D gw+1 - « S
n .n - e
. ™ [
v .




v

o

" Therefore:

[Hw) | = > 1
%EE) + (1 - W )2 d i
n W ,

" We can find the maximum value of |H(w)| by taking the derivative and

setting its value equal to zero and solving for w.

[y

: ' . .
The maximm value occurs at the resonant frequency (wr)'. For ¢ < 0.707

(which is our case) this value of W_ is given by: . -

r

‘ ) .
and the maximum value of 'IH(w) | = (2 0V1- 0771 (2.15)

N

From our data we can ‘obtain W_and the normalized IH(W).I "_; thus we ‘can

max
solve for o and Y;Jn: 1 '
W; =1.23 - 16° . 6.28 rad/sec ' R 4(2.16)
|H(‘w) | e @B = |%(w) | s (B = I%(O)Igda) = 4dB
Hence |H ’

() max = 1+58 , ' (2.17y

a
= ©
\ '

Using (2.16) and (2.17) we can solve for Wn and 0 in (2.14)-:and (2.15).
These are standard equations whose graphical solution can be found in =«

technical literature [8] (see also Fig. A 4.2). ' .

- » -

Wo=W o Vi-20 . s

34,

We obtain: W = 8.54 - 10° rad/sec; fn = 1.36 MHz . - (2.183)

o =0.33 S 2ase)

< W
It
=
n

13.7 - 1075 - C(2.19)

T
"
N
Q
1l

7.25 - 107%

LI
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"~ and our first approximation model is: '
) < 1(0) Ry o | . .- (Preliminary Model)
A (w) = : :
vo 13.7 <+ 10725 (§w)? + 7.25 - 107% (jw) + 1

| A oompanson of the measuxed phase characteristics of the OTA
" {curve no. 1) and the phaée character:istics predicted by the model of

‘eq‘uation. (2.20) (curve no. 2) is shown in Fig. 9. It is apéarent that a

discrepancy exist between the two. This chscrepancy can-be corrected if

3

we add a phase connecting term to our second order model of the form:
. . ' P '
o (2.21)

8 =-tan"' W
W
n
\ . ' ‘
. ’
, 1
’
3 »
: 3
' X
¢ -
- - M .~
[
e *
* . L 3
v ' . ' + .
" L3
L . ' &
N . hd £)
. ] . 4
. 3
L]
v -
S
‘a (' R %
/ K %
K ' ,.

(2.20)

4'*-. L.
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This iﬁe'sults in a model describedby curve no. 3 which is a cé.ose o
approximation 6f the mea phase characteristics of the OTA.

Equation (2.20) t theréf'ore c‘ontain, in o;der to provide a
better approximation of the OTA, the phase coirecting term of equation ‘.
2.21. Network synthesis literature describes ptocedures which allow
the magnitude’ to be found with an arbitrary miltiplying constant from a

given phase function [9]. This procedure is applied below:

8 =tan ' W ’
T wn' f
letM =W and N'=W ' T . >:‘
] n R . Ky
M+JN=_,WH+JW R ' 1% . 7 o
z2(jw) = (wn\+#3w) K - o , 2 o . .

i) = /T F -k : L .22

'S:ane, atthenment,wewishto'changemlythephasepredictedby"

r

_.'e?;uation (2.20) and keep the magnitude unaltered we must use a Vaiue of

K=l : (2.23) ‘
R )
“Therefore, the’ term to be included in equation 2.20] is: . o 4
' ' : W+ Jw (2.2 :
CT 1 (Compensation Térm no. 1) = ]
. B n - . T
L L 1 ) ~ - ', B R . 1;
Our model no. 1 for the open loop gain'of the OIA is:
AL 00 = 1Gn!0 Ry I %t | wodelmo. 1 (2,25 o
;" [ 2 . '-’.‘
O - S  NA R R 5
o LA s , - b
A}
- K < .
1\W“m:7:"‘""l - ' - T \



_Fig. 10 compares the measured [A | (curve no. 1) with the |A",ofw).| .
predicted by’model no. 1 (equatlon 2.25) shown as curve no. 2. It is
apparent that model no. 1 is an excellent approxmatlon of the actual
characteristics of the OTA' for frequencies below 2 Miz. Above this.

- frequency the model prédicts a si:eeper attenuation rate aarpared fo the.

B

measured one.

. A more accurate approximation model for frequencies above o -
2 MHz can be obtained by selecting a value of K = %— in equation 2.22, .
: A .

MS value of K will yield campensating term no. 2. d

RS T 30 : (2.26)
CT2=—— =14%: :
H wn - wn
v Therefore our model no. 2 for the open' loop dain of the OTA is:
' [e,0 R W+ dw Model no. 2 (2,27)
Ao ) = o |
P : oy 2 W
. \ @+ 2 gwn| n'
‘ n n’ :

The |Avo(w)| 1s also shovn in Fig. 3 as curve no. 3. It is apparent that
' for frequencies below 2 MHz, model no. 1 is a more accurate model; \thereas
over 2 MHz, nodel no. 2 offers a better approxuration of the OTA

. magnitude characteristics.
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i , Finally, equations (2.25), (2. 27), (2. 18), (2.19), (2.7) and (2.4}, give

us the information to wrlte a model for G (w).

S 191, ¢ CF et v
//43ﬁivﬁ\5~ - * fo 2 +w
AN s 3’

n . n

(2.28) --

. ee—) .
. .

1 . ’ N

o ‘ g.mdelno.z' | < o ‘ . ' .
o A EUE S W+ W (2.29)
o g = 22 S o

: . @ @ gwer|, ¢ D

- W W . . _ .

where: W, = 8.54 - 10° rad/sec; o = 0.33 - S o .
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CHAPTER 3

" INVESTIGATING THE USE OF THE 3080 OTA AS AN INDUCTANCE SIMILATOR _

3. 1 Gene.ral S A S
(,yrators are two part devices whose terminals c}uracte:istics
are descr;Lbed by the admttance matrixs )

[yl = O‘ Gy (3.1)

-6, O0.| - : - e
il: . \12 .
—p . ret— ‘2 ) I L

11—

+ gi:9; C - ) ~ .

Va [ ./V’z'a',.' -

1‘L

’ Figure 11: Gyrator ", . ‘ ‘ - ’ :

."Iftheloadappliedtotheseoondportofthegyratorisa .
0 ’ . ! .\:»
capacitor ie: 2z, = SC) then. from eq. 3.1, we can write. '
LG v = (G2t) = 9—‘——‘,5—5—"‘- . T e

'O = -~L=:x———_ ‘ ‘ ) . ' .
hence zZ, = 1.~ G . . ' . h‘ £3.2) ) -
“Therefare, a gyrator which is terminated with a capacitative load exhibits O
_ an inductive load at the other port. - ) B . . "' '

v .
. . . ) . e
..
4
. ) . ~
\ . . R
Y B . *,
Ld .
' N .
1 N . )
' N L]
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© . .
N y s
v S
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The admittance matrix of eg. 3.1 can be rewritten as follows:

ki

] 0o 4G 0 4G o o (3.3)
vyl = = ' ,

0 +”
-, o.] L0 0

‘G, 0
The two right-hand side matrices represent o ideal voltage
controlled current sources (WCVS). The first VOCS having a positive
transcor‘ldwtame and the second a negative transconductance. Thus, from
eq. 3.3 e can see that a gyrator can be realized' as a parallel and back-
to-back comnections of two voltage céntrolled current sources. This type
of cmfigurétim is :iepicted in Fig. 12. Lt ‘ -
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Figure 13: A gyrator realization using two OTAs

Since the OTA is basically a WCS, usingtwodﬂ\unitsin
a similar confa.guration as shown in Fig. 13, we should be able to
construct a gyrator circulb‘ By terminatmg this gyrator w1fJ1 a

capacitor, we can, then obtain an inductance simulator.

¢

e -

I

3.2 Objectives )l .
The objéctives of this chapter are:
(@) To derive a model for the gyrator circuit of Fig. no. 13,

taking into consideration the finite input and output

resistance of the OTA and the transconductance model derived

in chapter 2. This derivation ié-to focus on the use of the

circuit as an ind\x:tange, s.’umlator. .
_(b) To test the model. (
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§.3' The indefinite admittance matrix of the [y (iam))

R}

The #ndefinite admittance matrix of the OTA of.Fig. so. 14 cah

" be derived using standard network ‘analysis techniques ‘[10].

. B
&~
@ —o , )
BARCTEE
s Ko
3
V,
: Fiqure 14: OTA model with finite input and output resistances
. - ¥ B ) N “
’ - '3
A/R; 0 /VRi N ,
o Wik | G VR RSV, SN _{3.4)
. mefuni ~1/R, 1/R; G + 1/} . ._
- N 3
N ’ 4 'If terminal no. 1 were to the inverting input and
i . tenninal no. 3 to the mn—inverting input, the resultant indefinite admittance
L3
. matrjx would be simikar to equation 3.4 with the exception of having ’

:’ cppositesignsinfrmtofthetranscmductanoe Ifthedﬂwerepobe

‘ ®  an ideal WOCS, R; apd R would have.to be infinite and G would have to

[N . B ‘;a -

: . ‘be frequency independent. = " . ’ '
‘ i ) \ . . 4

15: L '

e . ' ’

L ' . -
¥ “

P . :
- R o - B e

j
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- 1 ‘ "
3 4’ A circuit for mductance simulation . .
Fig. 13 is redrawn for convenienoe into Fig. 15, in wh:.ch YL o R

(the terminating load for the gyrator) is given by. the parallel
7
cambination of a capacitor (C) arid admittance (G!_) LL,G , R, , RO
m:® 1, 1
and I,, ", R, , R, represent reSpectlvely the bias current, -
m: 12", V2

transconductance, input resistance, output resistanoe of _qm no. 1 and

. R
OTA no. 2.

N\

Vi

»
- 9

Fiowe 15: A circult for inductance similation . .o o S
H ‘ . . . ' v i
After -having derived the combined indefinite admittance matrix o TE
for the circuit of Fig. no. 15 and having grounded node no. 3, we cbtain SR
the following nodal admittarice matgix.’ . _ ]
° V 0 . .
. + , .ot ‘ 3.5‘ . ’ ~
e | MRt R G | (3.9) .
. . . 1/R.
. ~m, Y VR, MR
~ T [ ' ) ' 3.

i
'’}
AN
o
S
-
.
« Y e
'
»
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%
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.- . /. LA
' ence: " y11 = + 1R, - LA\ (3.6) a
Hence: - }1\; l/Rj_1 ; l/RO, g (_\/\ ‘ .
viz = G ’ ' . (3.7)
‘ = ’ X (3.8) "
o Y21 "Gm1
by yaz = ¥, + /Ry *+1/R; 3.9) J
[N . . ' I 4 . . !
" The input impedance 2, can'be expressed in terms of eguations 3.6, 3.7,
Y l‘~ ‘ 3.8 and 3.9. - ~ i ' ‘
- ‘ . . ' * .
B SR P NP L
T M|Ya1 Y22 < Yiz2 Ya .o -
i1 Z 1 / SRR 1% B B .
Y11 L 2 21 VA_+ YB R L LA . -
i Ya2 : g ' .-
% 2 > :
: . where y, =yn ’ CBa2) o |
and yp =|Yi2 21 . - ‘ (3.13) T
B Yaz . =, - .
‘L - -
R : 3.14 \
Yp = Y12 ,'l/Rig + l/ROz‘ (3.14)
\ ' N ,
; ' , L o :
: . s : v C
X ’ ° N < .
- o 1
; -~ - . N .
“« ? ‘ e :{ 2° ’ .’
‘ 5 J; 4 y] " g ;.
- < ‘ C "
: “:* . *, l . .c, - * - Vs
‘*‘ - N . ! ’r
X ) . ' o .
aam — G o - T—a——— - . PR
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Fr::;m 3.11 and"3.14 we can see that Z; cah be represented by a parallel
combinat ion’ of Ya and Yg. yA can be represented by a parallel o

cambination of Ril -and % . This is 'shown in Fig. 16. ’
2 . :
. E

(a)

-

| o— . '
\ Zi .——b‘ %\811 RO, ’ YB

T

. 0=

(b) .

‘

Fiqure 16: EBEquivalent circuits for equ‘at-im,B.ll

I
.

Fram 3.13, 3.7, 3.8 and 3.9 we have:

. , - —Yaysr - Gml m,

Yaz, y[ + '.1/R01+ 1/1312

1
2 YB, . Gml Gmg . R01 Gm1 sz Riz Gmx
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We define: R \
: G G (3.17)° .
yg = - . ‘ .
1 Yl‘ )
vB .= G G Ry L ‘. (3.18) «
. ¥B = G G R ¢ | (3.19)
Hence, 1/yB = 1/yBy + l/yB, + 1/yB, . o | (3.20) '
. . , . ! e -
}  We can therefore represent yB in Fig. 16 as a series connection of yB;, '
/»~’Y‘Bz and ¥B; . . - o . o
Our next task will be to synthesize these three admittances. .
We will assume in our derivation that the frequencies of operation of .
the inductor simulator will be much less than the cut off (natural) }
frequency of the OTAs. (ie: Assume W W, ' _ ‘ L.
. 'Therefore, equation 2.24 and 2.27 (CTL and CT2) reduce to:
" \ wn' + jw . ' o (3.21)
enserz|B—| : .
CT n |
Hence equation 2.28 and 2.29 (rodel 1 and 2) for G (W) are identical and x
equal to: T o | o .
: G (0) | W+ . ©(3.22) ;
G W = |5 S e Fh o S .
N m 22 (JW) + 1 Wn ' ’ . . : o
¥ ‘ T oo i :
N - ‘ N ' ’ J ’ * '
and , : “ T . 3 o e
‘ Gm1 (w) sz (w) = Gn'u (0) Gﬂh (0.) : m , ) . l,. ' ) R . .
. j.é:‘ , wn + 2jw
" ‘ ". . TEG (0) Gma (0). ' m = (3.23)

-

’

AT T o N -
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Wn + 2s .
W+ 30 s T (3.24) .
. n l i '

let K, = Ry GmIIO) thjp? ' . . (3.25)

-
- s .

From 3.24 we can write . B . \/ ,
K: s “ ! . ' . * * .

yB‘2 (s){:‘.Rol sz (0) Gm: (0) l

v

3

il

| ,952(5)'

!
+
FN
Q
o
+
[
+
S

29 30 s
W W
n

P

©¥B, (s) = yBix(S) + yByl(sh e (3.27)

yB; (s) can be #mthesized using a paraflei cannection of yB,x(8) and yB,y(s).

.. YB.x{s) can be synthesized using a series RL circuit {Ry;x, Lyx) in which:

RﬁiF% . _ ) . (3.28)

Cag o L - (3.29)
L.x Ca: S S c -

ot et T L

"L :

" yB,y{s) can be synthesized using a series RC \(R,y,"cny) in which: i
' a‘ N . . . . , N
. ) a ) _ K
=20 . | E < (3.30) :
RzY = I_(: . : . ( . . l*
4

- . B i ’ ! N
: ’ - 3.31
Cy 2 K _ - ( ‘ ).

0) R, .- ) ' (3.32 2
(%5;0) 1 o (3.32) . .
‘ ~ o 4

.
N 4 “ 4 N
,
« ' ) ' . & ¥
N L . . f e
. . @y
L 4 g - y o
o
.

Iet us define: K, = G_ (0)
. oM

T - . Lt
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Using the same procedure outline above for the realization of
yB, (s), we can also realize yB, (s) which will have the same circuit
'oonfiguration of yB, (s). '
The equivalent expressions for ecjuations 3.28, 3.29, 3.30 and
. ) s v f ’
3.31 will contain, -in the case of yB, (s), the term K, in plice of K,.
Thus, yB, {s) can be realized by a parallel combination of a .
series RL circuit (RyX, L,x) and series RC circuit (Ryy, C,y) for which:
_1 - - ' : C(3.33)
Ryx = K . » ’ ) . . .
px = do_ : ' i (3.34)
’ W, X : _ ’ : '
“ . ' g v . ‘ VS ‘
Ry = %‘E ) ‘ ' (3.35)- ‘ 3
. 3 . . N
cy = 2K Lo R (3.36) . ;g
W ) .
'n |
We can now redraw Fig. 1.6,’ taking into consideration‘the réalization of - g
yB, (5) and yB; (s). This is done in Fig. 17. yBi(s) is still to be 1
synthesized. . * 3o bﬁ' o ' ’ ‘ B
l ) — ‘ . . . B . \
let ZB)(s) = Ym—m (3.37)
-~ 3 . ‘ ’ :‘;‘
then, from (3.17) and (3.23) we can write: i
! ’ YL w + 40 v.S V( o ' : " '(3-3_8)/
By ()= e |ers | ' .
iy M, h ¢ o : 3
. b
Yp 'shown in Fig. 15 is given by the parallel oatb_inai:im of C and GL’ U .
thus y, = SC+ G ' ' (3.39) 3
\/\ | h |
1 \ ’ -




’ c ' ’ N .
let, ,Kl —lel (0) sz (0) X
Using 3.39 and 3.40 in’'3.38 and performing the algebrai

-arrive at:

-

/

(3.40)

k]

c division we

.

. S [Cw’ (1-2 0) + 40 Gy} + G, W (3.41)
2B, (s) = S 20 C + n /4 2 "n

[

Ki 2K15+K1w~n
£ '

3.41 can be rewritten as a summation of three terms.

. + s [ (1-2 o) + 40 Gp|’
< W

ZBy(s) = S (26 CK.) + K
A e 0
| W.

_+KO

0 T2 S+1 . 2
. "W

n

n ! <
v § . .
«’»
where K0 =1 \ ) {3.43)
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o

From 3.42, we see that ZB; (s) can be realized as a series combination of:

(a) an inductance: L, = 20 c X,

(b) a parallel RL combination (Rj'L,*) in which:
*

[
-
!

C (1-2 o) + 40 Gp K

.0
W .
. nl

R =L, W "
0 n 7
3

K

(c) ' a parallel RC combination (RO.“ Con) in which

v

ST
R KG
oI S
o TWEKG g

b

gtp entire realization for yB) is shown in Fig. no. 18.

Y

(3.44)

(3.45)

(3.46)

(3.47),

"(3.38)

) A fmal model can now be obtained by adding the redlization

fojz‘ yB; into Fig. 17. Howe a simpler model will result if ZB, and ZB

.\}

—of Fig. 17 are oanb:uwd Thls smpllflcatlon is detalled in Appendlx VI.

The resultant impedance (ZE) can be written as::

80 s
K 80 s ,

n

b

’ZE=‘Z.B, ‘+ Zé, = |‘-_2_+_4_q:|5\+ 1‘+’. Lz 4Js+1

(3.49)
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I S E | o)
where K, = g— + & (3.50)
" Bquation 3.49 can be realized by a series connection of:\ S T
(a) a parallel RC cambination (Rec Ce) with:
‘ Rec .= KT ’ ' ' . ' (3.51)
2 +40] 1 . - -
D C =l N (3.52) -
' ‘e [ wn ] ]<T ' ‘ . .
‘ ' ° ° J ,
(b) a parallel.RL canbination (R ), L), with: =
. . R - " (3.53)
L Ret = KT I:z + 4] ' i - ‘ .
- 8c o (3.54)
Le —v-Kr _w_ % . - Do AN\
. - n : : ' ‘
K Fig. 19 stbw.s the realization of Z;E. '
Fig. 20 shows the final model of the inductor éixm;atbr circuit.
" 3.5 Mumerical Values for the Components” of the Model - ’ - .

) Inordertoobtamthevalues of all conponents ofthemodel
_ R it is necessary to’have also \ralues for the input and output resistances ’/4\\ .
e | of the OTAs. 'These can be cbtained fram the manufacturers"* spec:.fications / .
" [1] and they are reported in Fig. 21.
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L, =0.62 KoC

\\
ST
g

e | ’_‘ t’g R;l . \*LOI | Loi
‘ . R

]

- ) L4 N 2 =3
- .. cogt - 2}.(2 io
Q g%ll :: —Qg‘ ) r;»‘
.~ 11 = Ge ¢
Ro, o 7 ho
I =3-1077 Kp ' 7
. b Le Rop = 0.76 Kp B
- . /& “‘
\\ - ' ‘ _3.8.- 107
\‘ N KT
) —— Ce
. : T e , ,
- 9 . : ) .
o /\ ‘

.

_ {2770 - 20¢ - P S
N 1, (1) (GF2) p
n & ) » b

I, 1, are expressed in uA /\
. Fiqume 20: The final model 6f the. - g o
. inductance simulatgr circuit ,

?

~ . 153 . 461 . 1 ' :
Kp= = + . .
SN L I,I.-11 | (CFL) (CF2) . ‘
Ko

a

. . . ,
~~ - , . . o 5
. .

(0.38C + 0.14.107°GE)K,
(1.6-10°C- + 0.6GL)K,
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Figure 21: Iriput and output resistances of the OTA -
v .
' ' }
- . As can be seen from Pig. 21, values of input and output resxstanCes
T . =
™~ s are dependent on the bias current. In the log~log graph both ,(RO And R,
F\ Vs. abc) ex}ublt a straight line characteristics. Therefore, they will

have the form R = BIB, with B and 8 as constant. B can be found fram the -

PN

value of the ordinate when the abscissa is equal to one, and B can be

e r
23
P '.’

T determined from the slope of the lJ,ne. 8 is given by the ratio of the
total linear 1/ gth along the ordinate ax:.s for a decade change in the

» o . . bias current, div1ded by thg, linear length of one decade change - in -
1 s . e ‘
; ' resi tagce | .
: ‘ We obtain: S g
- F . ., . X ) . . ) ' i . i
Lo g o 800 e "~ (3.55)
| 11 (1 ).G'B R ' N . :
4. h - ' 1 N -~ ( ‘ :
} N . ‘/ r’ » X .
3 . g o 8- 10° &3 . .‘ (3& y
,: ‘iz ‘I ).59 .v .
' « 9 . . N b N N
S 4 ' o _. 1.8 . 107 ) . (3.57)
:r ) ) R(h I ,# ) S ' :
¢ - ' '
3 LR
® ) R - o
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A ) | '
‘R =18 - 10° | (3.58)
°%2 -Iz * . .
N
p { . . LRI T
- Using numerical valves for W n, o (2.18a and 2~18b), Gny (O ¢
: ' (0) (2.4); R o Ry Ry RO (3.55 3.56,‘ 3.57, 3.58) we can fmd .
J . values for all t.he ocmponents of the model
" >
Fig. io lists all the camponents values. Wptice that each
\ compo) ‘nt can be expressed in terms of-the pif¥ current of OIA‘no. 1 or
OTA n§. 2, the terminating capacitor (C) and its parallel Tonnected
“(Gy) - )
3.6 An Approximation of the Model of Fig. '20
A furt:her snnpllflcatlon of the model presented in Eig 20 can

be obtamed by reoognizmg the valldity of the following appmximations°

whlch are based on the numerical values of the catponents for frequencies

of operation w1thm 100 KHz. . '
1 = 1 . 0

g) Ryt /7 ¢yt

IH]
&
-
bt
-

-7 - {c) R /! L, 5 Ly Ly ."I"e‘z= Lo, A o
. el k& / - R
“ . - // "
K @ R, /'/c 2 R

- ec -

Using these appu:oximatlms, we can simplify the m:del of Fig. 20,
asshowninFig.Zz o ~"~,“
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Figure 22: A sinplified model of’the inductance simulator circuit
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3,71 ' Dynanic Range'of the Model ot S

-

The dynamic range of the model is the range .of voltages aver
- whlch the inductor simalator circuit (Fig. 15) behaves linearly. This

=

1sre1atedtomedynamicrangemrwhichmemcmsare1mar

€

Specifically, whenever one of {#e two UI.'M begins -to operatié with a non-
i’ li.near transconductanoe value, the circult starts to operate outs:.de of

. the dynamic range. ‘ : T “
‘ C’l" Forthecircuittooperatewithintl’xedynand.crangethe
following equations xmst be satisfied: . .
( ' - . h ‘ - < B
@ Vys:25mv o CoE (3.59)
b v, sz25mvc " T (3.60)
{ ' ‘ .
. -
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“

‘ ' u
For circuit operation within the linear region the model of

Fig; 20 applies.

For circuit operation outside of the linear region, the model
can predlct qualltatlvely the behaviour of the circuit by examining the

effects that the two correctmg factors (CF;, CF,) will have on th% value

‘of the smulated inductance and 1t%quallty factor.

’

3.7.2 Limitations of Realizable'Simulations . .

6l -

-

. v —/
A better ipsight -into the limitations imposed by equations (3.59)

and (3.60) can be obtained by introducing the definition of three terms:
. 4 * .
the .theoretical inductaznce (Lt) range, the useful inductance (Lu) range,

the useful quality factor (Qu) ra}nge. ‘ ] R

Theoretical Inductance (L, ) Range

The simulated inductance is proportional to the value of Ko.

Within the linear regidn: } x, . 1
K,__2770-106 : .
0, I, I,

Since I, and I, can each be varied over a range of 1 to 1000, thevalue

”

0armdhencethevalueof similated inductance, canbeprogramredover
9

a range of 1 to 1,000,000. Thus the theoretical range of values of

of K

similated mductanoes for a given terminating capacitance and admittance

is: . ] ) . N K
Theoretical ra‘ngg of L is: Lmin S,Lt < Lmax where. | . o : :‘
Loy = 2710 - ios [C +0.14 - 107% Gp)
Ly, = 2770 0 [C4 0.4 - 107 Gyl
: ! /

v
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Useful Inductance (L ) R}—knge

A
We define the useful range of L (Ln) as those sinulated inductance

values which are w1th1n the programmable range and which also camply with
the limitations set by % and the linear dynamic range of the circhit. -
Values of inductances which are within the useful range satisfy the

-

following equations.

2 2 2,2 . ey
[Wh Lu + {Rg)“}° << Rp, ’ (3.61)
- . /
where: W, = 6.28+ (highest frequency of interest) | S
. - .
-~ t (G ) Vl
* £50 - 107 (V) (3-62)

1w, C)* + (G + 1/R<,1 + Rl) 1%

"'WR 6.28. (lowest frequency of interest) -

\]

s

. » Useful Quality Factor (0,) Range

We define the useful quality factors (Qu) as the range of
quality faé;ors which are obtainable using‘Lu and which allow operation

y&ithin the linear range of the gyrator circuit.

WL, . ' (3.63)

%= & o C ‘ L .
At the input part of the gyrator simulating a quality factor'Qu, we
can v‘drite: ¢ N . r | |
V=1 (Rs + jw L) - ' . (3.64)
vy = voltac}e at input port

I = current into input port

Bquation 3.64 can be rewritten as follows: L . . .
V]_ - . i
fis- =1+ J QLI , o (3.6§)
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"From 3.59, we know that for linear operation [Vy|< 50 - 1073 “’#)“-

-
v

thus, using 3.65 we have: o ’ &
50 < 107°(V._) coe T T *
pPp 3 '
R 2 1+ Q)% - (3.66)

Let Vt and Zt represent respectively the Thévenin's anlent voltagé and

impedance of the circuitry present at the input port of the gyrator. Thus:

v N c (3.67)
kI = t ‘ i
Zt + Rs + Jm‘u

For a given set of bias currents, the IHS of 3.65 reaches its minimm when
|I| attains a maximum value which occurs when: X = - WL
v, . | ' . (3.67
e, = v R . oI

L] t s , .

~ L
* Furthermore, the RHS of 3.66 reaches its maximum when !

W Ly . . T * (3.68)
s , b -~

'

Qu'-_-

Thus, the most. stringent test for the i.nequality of 3. 66 is given by:

: !
0.« 10y, Be *RI 5 [ ‘“h Ly 3.69)
Ve | .RS LI '

Realizable Tndustance Simulations
All inductance values that are w:Lthin the range of L which is
. defined by equations 3.61, 3.52 and 3.69, are realizable similations.
It can be nqticed fraom these equations that:’
(a) '.'largef values of Vt; and higher values ‘of‘ wh tend to decrease

the range of L whereas, ' o
(b) larger values of R, and higher values of W, tend.to increage
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Test no. 2: Variation of simulated mductame as a function of the bias

64

the range of L. hirtlme{npre, since large valtes of bias '
. - currents of OTA n[?y 1 tend to decrease’ the value of R, and

increase the IHS of (3.62) much more drastically than =~
"equally large.values.of bias currents of OTA no. 2; it is
wiser to start the desiqn of Ln with low values of I, and.

>
large values of I,, rather than vice versa.

‘3.8 Testing the Indactance Simulator Model

A series of tests were conducted on the i_nductor simulatox ,
L4

circuit, in order to assess its performance. 'I‘hey are, listed below and

their results are presented in ther followmg pages Detailed measurement

- procedures are outlined in appendix vII.

-

~—-Test no. 1: -Variation of simulated mductenoe as a function of the bias

current of OTA no. T(Lvs I,)

‘A series resonance ci.muitwasused I,, RL'GZ C, and

the Q and £ of the circuit were kept constant. All vpltages were

within the linear dynamic range of the circuit.
Fig. 23.1 shows the results of thJ.s test. A close agreement

between the theoretical irﬂuctanc_e and the measured inductance is obsexved.

.

-

currentofOB\m.Z (L vs. _L)

Aseriesresorwa:wecircuitwasused. I,, R[, CandtheQar;d
f, of the circuit were kept constant. All voltages were within the linear

dynamic range of the circuit.

Fig. 23.2 shows the results of this test. A close agreement
between the model inductance and the measured inductance was found.

~

-
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Test no. 3 Variation of s:i:mlaﬁed inductance as a' function of the
terminating capacitance (L vs. C) B

A series resonance circuit was used. I3, I, £' were "kept

constant; variation of Q were kept in the range 3 to 7; variation in

-

’ resonanoe frecquencies were within the range'of 3.5 to 10.5 KHz ‘A1l

voltages were within the linear dynamic range of the circuit.
. Fig. 23.3 shbws the result of this test. . The agreement between
the model and the measured 'inductance is apparent.

" Test. no. 4: Similated inductance versus frequency

A series resonance circuit was\ used. I, and I, were kept
_constent. Different values of C and R, were selected“in erder to produce
resonance in the range 83 Hz to 107 Kiz and generated quality factors
which allowed linear operation of the circuit. |

s

We defi.ned Inductance Deviation (ID) as:

vy

‘m“neamed Lrodel

Lol x 100 M’( S

Fig. 23.4 ‘shows the results of this test. .

Most measurements showed on ID of less than 5 percexit.’,‘

" Test no. .5: Variation of D with variations in G,

A series rescnance circuit was used. I, I, C a‘rgd the

'resbnahcefrequen’éymrekeptbonstant. A series resistor was added to

the resofmancé circuit in order to decrease the voltage present to the
i.nput of dl'Ano. l at the. resonant frequency This resistor allowed )
linear operation of the inductanoe sinulator at values of Q for .

,}which linear ope;atim would not, otherwise, have been possible.
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Fig. 23.5 displays the results of this test.. A reasonable
agreaxentbetweenthergndelanglegpermentaldatacanbeobseryed: |

‘o

—

Test no. '6: Input resistance as a function of bias currents

The gyf/gi:or was terminated with a resistor of 100 R, a.nd' the
capacitor C was removed. The input resistance of the circuit was then
ﬁeasuxled for varioﬁs values of bias currents.

Flg 23.6a and b present the’ results of this test Madel and
expennental results are in close agreenent ‘

Test no. 7: Circuit behav:.our in the mn-linear region ’

A}

In order to assess whether the model could predict from a

qualitative point of view, “the circuit behaviour in the non-linear region

t.he following test was cgnducted
Tha, gyrator was terminated with a pa.rallel canbmatim of a

capacitor (C) a resistor (RL)' Using a series resonance cimuit, .the{ ’

‘reson,anoe frequency (fo) and the Q of the circuit were measured for
" different values of input voltage which exceeded the linear dynamic range

of the ci.rcuit For this circuit the model predicts the follow:l.ng

characteristics (¥efer to Fig, 20, 22 a&; 23.7).

0.066 (H) e o

R, = | BT ~+2,32_] @ S S

‘Rp VIR # )T IR

66.
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‘Operation cutside Of the linear range irplies a decrease in the

. . " values of CF, or CF, (equation 2.4),. thus we expect an increase in L,
hence a decrease in £, (the series capecitor remains obviously constant
It.hroughout the test) ! Furthermore, since the ratio of L to R _remains
approximately cmstant, Q0 should decrease due to the decrease in f

The model therefore prech@cts that larger voltage values will
produce a decrease in the resonance frequency and the Q of the.circuit.
lmasurements cmfirmed thlS behaviour (Fig. 26. 7a) '

‘ 3.9 Conclusion \. A
.o ) - ' ‘ I !
4 MOI:AswereusedinouropenloopmdeasVCCS,inthecircuit, ’
$ A o configuratidn shown in Fig. 13, to form a gyrator circuit. : - 1
.§ o ' 'l‘he model for this gyrator circuit, terminated with a grounded . o
. rparallel capacitor/resistor oanbination ‘fs obtained and tested —
Experimental measurements confimmed the validity of the model.. e |
l'I‘hesinmlatedinductancepmsentedattheinputportsofthe '
circuit is potentially prograxmable over a range of 1to 1,000,000 and =~ . i
over a bandwidth of at least 100 Kﬂz, rxnwever, these ranges are xrainly '
; limited by the restricted dynamic ranges of the two OTA, and their ‘
finite input and output inpedances The ’I'hevenin's equivalent voltages ,*3;
; and resistances seen by the input ports of the gyrator can also affect §
-K‘ . , - , . N , o . . 7,1;:
% the realizable ranges of simulated inductances that can be cbtained in o
. | L | , %
ff : s ) /—) ‘ x
%‘ - “,;‘:
B * . * . ) (
f ‘ “
B ' » .
iu Il
Z .

s~ o ) it o T 2 - s - N e —— s ot 7 TS AR o
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Test conditions: I, = 100. '
I, = 500 ..,5
— Rp = 4700 . |
X Vj: =’5 mVH, . \
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i model Rinp — = « = m = = o o
e Test conditions: I, = 500 pA
5 y " Rg = 1000 *

C \ " , Vi = 50 MWVpp
'Destsvareconductedatafrequencyoflomiz For the e
cmbmatimof11=500uh,1,=500 + Ry = 1002, measuremerits

. takeri in the frequency range of 1 I-lztolOOKHz. Rin was

a‘f .
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Tests were conducted gt a ¥requency of 10 KHz. For the
cambination of I; = 250 uA, I, =500 uA, Rg = 1009,

measurements were taken in the frequency range of )
10 Hz to 100 KHz. Rinwasfo\mdtebeindeperdmtof

tbeWtfmquency.
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CHAPTER 4 - ‘

a' _."

A TECHNIQUE TO IMPROVE THE DYNAMIC RANGE OF THE OTA

- 4.1 General
Tr( the previous chapter, the limitations imposed on the simu-
lated inductance by the restricted dynamic ranges of. the OTAs were pointed

out. This chapter will present a new circuit ¢onfiguration which ifitweases

! the dynamic range of the OTA. Furthermore, an equivalent circuit for the
' inductor simulator” circuit of chapter 3 employing this new configuratitn,
is derived. ‘ ‘
: “ «
4.2 A WCS with Extended Dynamic Range . .
"~ , ~ \ v
_ . : , )
' Oonsiagr Fig. 24 shown below: ) x N\
Gm, -
- r
N \
\ ’ l"’
: ]
- Fioure 24: A new VOCS confiquration ‘
< let R=R +R . o ‘
- gnd, assme R, >> Ry S ' e
, " . : Rix >; R ' . ) . e :, . I Y

(g ’
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v, =G R(vi-vol) - . (4.1)

0, my .
] _ o ‘ / \
Cp, R I (4.2)
Thus'v, =V ™ ] .
0, i 1+ Gml R . a.
M L. ~
G. R | R (4.3)
. = v my - R ’
Va, T Vi [T+ G R |-
let Gnu R> 1 .
and &= R (4.4)
R .
4
Then vy, = AV ' (4.5)
e 2
’ vdl = Vi - VD1 -] | #(4 6)
Asing 4.2 into 4.6, we obtain: ' ‘ o B,
R I S -, o . (4.7)
o Va Tt l:l+c R] | S -
4 . ) III1 . . .
' . , - , : ’ .
let B=1+G R - < : .o (4.8)
. P M P . ) .
Meﬁpm: Va, =B ' ’ B 4.9)
v . :
~ 'f) ! ‘ o )
Vet Ve, Gm, z vy § tl‘g - - . a0
| , ' . 3 » ’

By designing. a ci.rcuit with small values of o and large values

of B, uecanensurethatthe}inearmputdyrmd.crangeofcmlandOIAZ'
v .
axenotexoeeded 'Ihusthecircuitcmfiguratz.mwillactasavms

"with a mxh larger dynamic rénge than the single 01V oonfig\matim. v
Ebcperimenta/]. neasuramts whic:h were conducted ‘on Fig. 24 are .

’

detailedinappe:'diagml. ’Destresultswrlfiedtmycorrecmessofthe

A L

analysis vhich is outlined above.

.
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, 4.3 Nodal Admittance Matrix of the New VCCS Conflguratlon

A nodal admlttance matrix for the new VCCSs conflguration shown
in Fig. 24 can be obtamed by writing the [5 x 5] augmented indefinite
admittance matrix for nodes 1, 2, 3, 4, 5, grounding gode 5 and ,

" eliminating nodes 3 and 4 by pivotal condensation. The resultant y

paramcters are: . - " - : .
. ‘ . -
N \ , ' (4.11)
Y =iy y. (R, )%} - . : .
11 Pz ll - ' . ’ P
o Y12 =0 (4.12)
1 3 S (4.13)
> Y #-G TR : , : '
2 M Rt Ry " ¥, " ¥p,

47' ¥ _- 1 ' o ' L (4.19) S -
. = . i “‘l ) . -’
| SR Ry, - L o

! | _ where %
* S ‘ - ;
1.1 1 o ' ' ‘ :
et e . . ! LY \
' : A YP1 = R1 Ra Ri ] B ] ' §4 15) j |
L 2 N . E
- ‘ ' ’ . 3
, 3
, . - N ’ ’ é
0 FR R S : (4.16) §
- Yp, © R R JE‘T’_; . L 5
‘ . . ' . A“. v, :
1
' .- Ccmpa.rmg ameters of the si.ngle OI‘A (E‘quatlori 3. 4) with i
/" | - ) theuy“'parameters of this new WS configuration, we, can observe that: ' f
;l N . , \
' P » (a) Y12+ Y22 ar% identical. N . o

. / . ’ _
(b) yi1 of the new configuration is gi\gen/by Y11 Of the single -

: - OTA minus a constant. ‘
! (c) y:1 of the new configuration is gJ.ven by y“ of the single
&
OTA divided by a co/vs/tant. ‘ ' .
'§ T ’ B '
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Lo 4.4, An Inductance Simulator Circuit Using Four OTAs ,
Consider Fig. 25. This is an inductor simulator similar to the

one studied in chapter 3, however, in this\ca;s,e, each OIR is repléoed by
the VOCS configuration presented in Fig. 24. Since the y parameters

of the original OTA unit coampared to the new two OI'as VOCS conf:’iguration
differ only by a constant, we can donclude that its model circuit will

be similar to the original mdel circuit derived in chapter 3 and presented

‘ in Fig. 20. However, the camponents values will change. Fig. 26, shows

'\m{y the model circuit for the configquration of Fig. 25. Parameters values.
are listed below. .
4 A ‘
. . , Ril' Ri,' Ri,.' Ri;,' can be calculated from equation: 3.55
- , "R01’ RO,’ R03, ROu can be calcglated fram equation: 3.57
Gm1' Gm,' Gm,' Gmn. can be calculated fram equation: 2.4
¥ . '
yp1x and y‘pzx can be obtained fram 4.15 using Riy, R’-’x" Ri,' Ri;
yply and yp;y can be obta fram 4.15 using ,Ifly,, Ryy, R.u.’ Ri,
: 1 ' (4.17)
G =G - .
. R - R, - vy . .
v m X m, 1X iy Yplx szx ¥
1 (4.18)
G =G ,
m R - R, * . ,
= Y my ly i; Yply ypzy ‘ . ~
. ..l v
’ R 1.1 1 . (4.19)
1x Ril- yp:x (Ri1) -
-1 o
R, = 1 1 . o (4.20)
i ' : R -
i Y Ri; ngy ( i;)
. " ' :
B =R ‘ (4.21)
X 2 )
' RN

-
]
. = dns
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" (4.22)

(4.23)

(4.24)

. (4.25)

(4.26)

' (4.27)

R,
1

Fa

(4.28) -
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¥ ’ ’ CHAPTER 5

SUGGESTIONS FOR FURTHER WORK. AND CONCLUSION

“5.,1 Suggestions for Further Work

Chapter 4, has presented a new gyrator circgit whicﬁ has the
advantage of a much wider input dynamic range campared to the configuration
studied in chapter 3. A feasibility study for this new gyrator circuit can
be a subject for further studies. The major obstacles that the designer
will face in this work can be predicted from the model circuit and the
equations presented in section 4.2.3. There will be a decrease in the
shunt equivalent resistence ($quation 4.27 and 4.19) and an increase in
the simulated inductance (equations 4.23, 4.17, 4.18). Further work could
also be directed in :investigatin‘g the feasibility of this configuration
using the 3060 OTA and the feasibility of using the 3080 OTA in coambina-

.-

tion with the CA3046 transitor array as suggested by Kaplan and

Wittlinger [6], in any of the two gyrator configurations which have been

presented
A gyrator circuit tonfiguration using a single VOCS (hence, a

single OTA unit) is presenteg in (11] and reported below in Fig. 27.

v

24 d

O~
T 5
A T ' *
Fiqure 27; Iggedamecoverter circuit us:uﬁasinglem - .“\ . g
. . . _ N\ 2

-
1.y
oty

-
-
«
~
—
Eﬁﬂ;i« et
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assuming that the OTA has an infinite.input and output impedance, we
can derive:

‘ Y
G+yy (4.29) K
Gm + y£

1
;=G

[

If the inequalities G << |y| << G are satisfied, thén: ' .

- o
m

- Y ' *(4.30)
, ‘ ' ’
This configuration could alsc be a subject for further investigation.
Fugure designs could also consider increasing the input resistance
of the OTA and its dynarm.c range by considering a hybrid oa/ora conf iguration. —
The QA could be used as a unity gain buffer to replace OTA no. 1 in the o
circuit configuration shown in Fig. 24.
Improvements of the present work could alsc be a topic for further

studies. We could attempt to derive frequency dependent models of the OTA

K

by other methods and compare the accuracies of the different models thus

IS SN

_obtained. Moreover, by adopti:ng more sophisticated measuring instrument-

e

P

ation, we should be able to express the linear range in terms of the
hamenic and intermodulation distortion percentages. Furthermore, we could
attenpt to obtain measurements relating the variation of the quality factor

. of the similated inducténce as a function of frequency. .’I‘his type of data

o S S5 R

&
i

was difficuit to obtain because of the limited dynamic range of the two

“a

k2

_OTA inductance simular circuit . A st¥ly of the simlated inductance

NN
ffﬂ.";q} ot

performance with respect to temperature and supply voltage variations and
a catparatlve study” of the circuit with generallzed inpedance conv&'ter

":i{ﬁ

simulations such as Antmiou'g [12] "[18] [19] would also be des_irable.
“ . { to w 9 .
{
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5.2 Conclusion’

]

A series of experimental measurements in the open loop cl’;aracte;—

istics of the LM3080 OTA provided sufficient data to define the linear

t

range of the OTA and to test the validity of the theoretical e(juations“
pertaining to its use as a VOCS with programable t;e;nscondmtance.' The
dynamic range of the unit is + 25 mV; however, if the choice of a bias
current and load inpedaﬁce’ is such that the output voltage reaches the —-
‘value of the supply voltage e t currer;t Feached the value

of the bias current, then this dynamic 23: wi\fl be restricted. :

Having defined the linear region, we proceeded to cbtain, through.

' experimental measurements, a frequency dependent model er the transcon-

ductance of the OTA. This model widens the horizon of the RC active filter
designer by introducing a new active element (VCCS) with established
frequency dependant characteristh{/icsg. Due to this ‘lmm}ledge ‘about’: the' -~ p
frequency dependent characteristics of the transfer gain of this OTA, the
‘question of whether it could beocme a valid competitor to the OA in active
f:.l'cer design can now be more effectively tackled. ’ ‘ . ’
The model of the OIA was applied to investigate the feasibility - '
of simulating a grounded inductante in a circuit configuration usmg two

¥
OIAs. An equivalent circuit for t.l'e two OTAs circuit was derived and

e.xperimentally tested. Model analysis and experimental results were found I ‘

a

to be in close agreement. The investigativn. showed that indyctances can

be simlated over a wide range of w//elues’ and over a wide frequency range.
Si:mﬂated inductance values can be ea51rly programmed through variations

of bias currents. However, the practical range can be severely restrictedxr

\ . Lo
byt:helnmteddyrmmcrangeofthedﬂ\s &W T

- S

3
N

-t




conflguratlon was theoretlcally and e.xperm\ental%y proved to extend the

\

N v dynamic range of the smg].e OTA. An eqmvale.nt th for the mductance

} . J similatér was also obtamed using F_hls -new configur\atlon, This equlvalent
i .. ®,
h -

o ,\clrcuit and a few other suggestlons were presented as possmle alternatlves ‘

. to the orlgmal mductance simulator c1rcu1t -
L0 “ In conclusion, while it is obvmus that .further work on the
/ . $ubject is necessary, }:he auti}or hopes that this study has triggered the ~

:i,ntenest of the reader and that his work may have contribu 1’_n a small

way to increasing the wealth of human %wwledge in elegtrical techmlogy
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APPENDIX T

« CIRCUTT DIAGRAM OF THE~IM3080 ‘OTA

-

-

< (-} INPUT
2
(+) INPUT O
, )
AMPLIFIER
BIAS INPUT
Y NC
(-) INPUT
() INPUT
LY v-

-

.

_‘_1 .—'— NC D
2| .
L. oaumn
~ -
™ 3
for VIEW .

v
¢

Figure Al.l: Schematic diagram of the IM3080 OTA -
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- APPENDIX II . ' Co

MEASUREMENT PROCEDURE UTILIZED TO OBTAIN. DATA FOR FIG. 4, FIG. 6, FIG. 8 (CHAPTER 2)

+
v

Instrumentation

Amreter 'PM 2505 - Philips ~ (I, = measurements) ' ¢
Voltmeter: HP 3476A - Hewlett Packard (E ., Measurements)
Power Supplies: LPD-422 FM - Lambda (V+, V-, E>-) , .
Ogcilloscope:, PM 3226 - Philips (monitoring v+, V-, Eb-)

‘ /+ Probes: PM 8927, 10 M @ 11 11 pF, 10:1
‘Oscilloscope: 7623A - Tektronics, equipped with the vertical module

7A26 and time base module 7853A

Probe: P6063B )

z 9 : 1x, 1 M, 105 pF - o *
' '.’ ; IR le,thMQ,lAlpF : - /
Function generators: F34 - Interstate"Electmnics Céxporation .
’ ) HP 3312A — Hewlett Packard
t ' ' HP - * 8601A
! .
Test Procedure ‘ ) v . ‘ N
(1) Vary B~ (ox R ) Until the ameter reads the desired value of I,
R C(2) Groﬁnd the input of the OIA. Measure the output voitage. Annul
‘ . this voltage by varying Rs. - |
(3) Enjsure that v+ and V- have riot changed; then, inject the desired - ‘ »
. . ,

-

“input volfage. .
°(4) Measure the output voltage.
abe and Rt’.' Setting
the bias current to values over 400 pA tan be accomplished by

(5) Repeat steps, 1 through 4 for each new value of I

' grounding E_ and varying R, . Very ‘small values of bias current

Dt ¥ o

/




4 I‘ ) ' LY '
' ] ] . / 4
o 'f . ‘ ‘ 4 / 91 ;
Vo0 . . . . . .5’ N li Ad
can be obtained by using large values of R abcl and moving Eb closer ]
. ' ‘ . ) . e} . . e
.+ to =15 volts. . . . g
I S . . R * < N A
. Practical Measurement LJ'.mitations ’ . : ' - oo
+ The maximmm oscillosoope sensit1v1ty is 5 -mv/cm; thus 1t is '
obvious that the data presented in Fig. 4.la should be considered with T S
~N. .
a grain of ssalt. That is, output voltage readmgs of less than 0.5mv '
T corresponded to vertlcal deflectlons of less than 1 mm; therefore, it was
impossible td obtain accurate readings -in this range. ’ .
- .
. ’ . ) vt . ne e .
" . . r . ‘f-
’ ‘ & ‘ )
« N . . . A
0 ‘g
¢ ; ' 2 L] 'Y y f N
R4 / v . ' “‘ . w" ]
N .« ‘a9 g
' ' ( ' 4 - " B
. v -3 H N . x
. a )' ) \ ! !
. ) v p .
* - x C
i
!
] a ‘ o r . % p
" * . '2 ,.
+ D - . ’1’% i
: y .
) e \' @ T ’



’ 1 ’ : 92
. !/
» , . /
v ’ ! APPENDIX III /
‘ ‘ : ' ) s /
‘ NOISE MEASUREMENTS
. N T ! p/ ‘
! * . ' * ’ . ’ '
. L ‘ .Noise was of highly random nature. The values of.peak .
peak. average output noise which were taken on'the circuit of Fig. 3 should
, -/
be used only as-.a guideline to evaluate the test measurements Accuracy
- . ' vd .
. presented in Fig. 4.1, Fig. 473, Fig. 4.3. -
3 \ : .
. If more rigorous measurements of the rms intrinsi¢ noise values-
are desired, the intbrested”réader should consider using "tangential
" method" technique described in reference.(7].
J . Procedure Adopted for Noise Measurements
; * ’ L] !
(a) Ground the input
(b) Set the desired value o}f I using B or R _ ) . ? .
: (c)’Use Rs; to zero the DC offset at the'outputo the OTA A i o i
. {d) Measure the output average peak to peak nojse level. , o
. , . . ¥ ?
(e) Repeat (a) through (d) for each value while keeping the oscilloscape £
, ‘intensity unchanged from the setting which was used to cbtain the :
! | ;
data for Fig. 4.1, 4.2, 4.3. . 5
N Appafatus: see Appendix IT , ‘ ) ',
Data ¢ ' o .
The 7 1A 10 y)A 400 'pA 600 pA 1000 pA
. /) (yanp) Vo (m( V‘(J (mVpp) Vo (mv pp) Vo (mvpp) .
R, - ‘ | R
2 ) ., : 3
1KQ Co- 1 1.5 2 3 !
* s 0K - - 10 2% s 17 ‘ :
C10KG T 0.5 ., 30 100 . 1110 150
i ) 5

» - ' ‘ - ’
e N J, ) ST e /t 5y Felaer -yar gt ) . 4"" s '/ R e Smmmacmsaasd -— ) - W e e e
N . h . .
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MEASUREMENTS FOR G, (w)

- ~ ‘ . -

Basically the same apparatus presented J.n append.uc II was
utilized. In addltlon, the frequency counter: .5381A° (Hewlett Packard)

» Was employed to measure the input signal f(requency dt was found that at
high frequencies, the capacit"ative loading of this unit affected the .
magnitude of the inpl.;t ‘signal Thus, the procedure used to aV01d thlS
loading effect consisted in measurmg the frequency of the signal hence,
dlsqoramectmg the frequency counter fram the circuit and then tak|mg the -
input and output voltage readings with the counter re:mv;éd’/f\ran\fhe circuit'f

The Tekt/:ronics oscil}osoope 7623A (vertical module: 7A26 and
mai.n time base module: 7A26) with probe P6063 in 10x position was enployed

to measure E;  and V,. Phase shift between input and oftput was measured

1.
using the dual channel facility of the oscilloscope on CHOP (main was on
" magnitude x10). ‘ . @
The quoted capacitative loading of‘ the P6063 is 14 pF; rmaever,‘
the exact capacitative loading which was e:@&inen"taliy calculated using

"an RC series circuit to be approximately 20 pF. Details of this measurement

]

are given below. »
: IR - ‘
pwl }
M\f % <€ , . A
R |
\/ o :
A : 1om"J' | oo
T .
I | R N '
|—._:' | -:J:.'-."-
. - —'"l
Probe

Figure -A4.1: szbe capacj.tance méasurenent
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Experimental measurements of £, £, Vpl , Vp provided the data to
! Y Y 2 . .

N

[ =

: Fran Fig.' 1\2 we can write: Zp(s)‘ =

R

e _

P
—
-

. . |
1 +8SCR
. P

[1+

calculate the value of Cp.\ '

(6.28)2 £3C?R? ]?

It
!

\J"} =.0.828 Yoits' ) : :

*

|Z§(W) |

|zp (w) | 0.666 volts
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, o APPENDIX V o L
, COMPARISON OF THREE OTA UNITS :
~ i d - X ‘
j, L Rp.=1KQ I, =4001A, E  =%25m ‘ | C BT |
' [ mm. 1
) ' : - . ./ . “
Frequency” Output Voltdge = Output Voltage - Output Voltage
Unit 1 Unit 2 T tnit 3
Jnit 2 ’ , Unit 3
b ©

N ‘ g B / mv

10 Hz 360 360 . 360 ‘ .
* " . ‘ ) ;

v 250 . SR PR o . ' "
500 - - T 400 ]' 400 " . 420
750 - 480 480", 500
1Miz >y . 560 : 540 "570

: 590 .t 560 ~-- 600 , S -

S L 600 - 550" 590 P
[ 550 © 500 . 540 , ) ;,

'3

COAdANEWWWWRNNNN R

- 390 . 400 " .o . A

360 - 360 ' . 360 -7

Coe ©320 320 ; - 5

280 - 280 . '280 . : ) o

‘ "~ 255. : o260 . f - »
235 235,
. e 2200 00 T, 200,

L2000 - ©1%0.., L -, 190

v
L W
(TSN 0 8
[ NeNs,]

-
SN O NN
. w '
N
0
[-N

[
o
, O

[92]
N
(V8]
o,

. 110 o 100 .. £, 100

'L,i\;;//} X

P10 Ry C L 4 88

.13 ' . 25 . 2 PR .25 ‘ . ' -
14 ' . 20 . 20 . 20 - } ] . .
15 . 100 . o100

g v
. . :
P N - .‘
L[] - + - N
s .
‘ -«
‘ N\ - .
k] . . “ A ?
] . ‘
. 1 .
. ) ) .
: LY
’ L]
: - «“ .
.




97

DLl [ 3 ) . oy
N 9
. TABLE. NO. 2
. —_— . ! .
- Frequency I/0 phase Shift 1/0 Phase Shift I/0 Phase Shift
! ~  Unit 1 ) Unit 2 Unit 3
3 ™ ’ “
. . degrees S ) .deqgrees
10 HZ 0 0 . ‘ B U
100 - ) 0 0 -0
1 KHz R 0 . 0 o 0
10 0 0 0
100 0 - "0 0
250 ~ 0 ¢ . . 0
500 - 0 0 . 0
750 4. ; 7. e 6 -
1 MHz 14~ . 14 - 43
1.25 32 ) 36 . 32
1.5 48 ’ 52 52
1.75 61 63 65 °°
% 75 76 79
. 2.25 PN 80 ot .80 80
2.5 ~7 1 gy . 90 90
2.75 » 1100 100 100 4
3 { ~ 106 105
3.23 110 110
3.5 118 116
3.75 ) 123 120
4 , 128 : . 126
5 134 . 134
6 . 145 - 144
7 150 -+ 148
8 160 : : 156 . . 153
9 , 168 . ©T 160 < ;160
176 D Y/ I R X
180 1 /- 7, 180
180 S 180 180
180 : 180 " 180 .
180 ¥ .. .- 180 , : 180 o
, 180 ‘ 180 -. 4 180'— | ~
J . .
) * - V’~ . .
3 : , }
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For the case of Zy or'ZBz (refer to Fig. 17), the components

. c. K
.
N T s e 4

- i APPENDIX VI

© COMBINING AND SIMPLIFYING 2, ANDZBL

~

The circuit ghown below has the same co

" *

© . W - o
ZE .
2 , .
. . ".
.
.

-~
v

+

Figige RA6.1: Confiquration of Z.B1 and ZB
: : )
. —4

Its input impedance Z(s) can be written as:

"s? (LRC) + s (L + RRIC) + R _ N{(s)

B TRy SR TRO 1 - D)

can be written in terms of (6, K, or K,, Wn). Performing

.

‘substitution and considering that wn >> W, we obtain:

-

=

n

» e
H

Dis)

where K is equal to K, or K,. " R \

Using these tho expressiens for N(s) and D(s;, we can write:

- t -~ . ]
. .

RN

2 Em— -— W .
 kwr * W T K K[

.80 2 + 43} oo |2+4
SWI—::-F \'WJ + 1 S [Wn

i

.
[y

¢

iguration, of .27 and

- ’
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//‘*\.
s
-
14
-
L
-
.

'
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APPENDIX VII o
) ‘ R ' L , ' ¢
MEASUREMENT PROCEDURE FOR TESTING THE INDUCI‘AM}E SIMULATOR CfRCUIT

{

+ The basic inductor sin;ulaitor circuit is shown in Fig. A7.1.

:' f’ . t'_‘
ﬁi% A7.2 presents the symbolic representation of the basic circuit.
L
Values for P}( and IS( were chosen -to minimize the DC offset caused by
(P . Hl § N2 .

. the bias currents of the OTA., Nulling of anysxesidual DC offset at the

. L . ‘ . .
* — output of the OIAs was accamplished through Ry1 and Ry Bias currents

2

were set through a suitable selettion of Pb and E, combinations,
~ R

% Instrumentation |, : L . '
~_ HP3476A Multipeter - Hewlett Packard

Use: Monitoring DC offsets, measurements Pf Ry '
% ' N . : N
' PM2505. Multimeters - Philips ‘. ‘ o
« . . . - .
Use: Monitoring of bias currents

HP3312A function J geherator ﬂ.

Use: Generation of input voltage | |

7623A - Tektronics with 7A26\and'78?53A modules and P6063B probe-Oscillps;‘iope
Use: Measurement of input and gesonant voltage
° ' e o ) ‘., . . \ . T & . -

14 .

1P4265B - Hewlett Packard - Universal-Bridge , = -

Use: Measurements of capacikances and d.j_.ssipation fai:'t';ozjs

4 v R . .}“ \ v .
HP3381A- - Hewlett Packard - Frequency Counter e N
Use: Measurement of résonant frequency
.U
~& B .
- ‘/) a
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N
. Test no. 1:

“\

A
"L versus I"

" ’ ! “ '
The test circuit is shown in Fig. A7.3.

)
L
e
o

Fioure A7.3: Test Circuit L versus I

’
-

Ry = 100 @ -
C =1y,
Cp = O._o33;n3 - I = 100 1A
‘ = 0.068 WF = I, = 200 A
= 0.15 WF - I = 400 yA
61' = 1‘{3 mvp'p( I =hsoo‘ 1A
A

»

" Nominal @ponent's values/input voltage and bias clurrents.

4

R
Ve
1
“
. .
o
»
"k
a
N\
»r
a
-
.
*
)
+*
b ¢

The\:arallel cambination of the series (150 +,50) Q resistanoes with
v

‘the l ! resistor presents a low inpedance input into the series resonance

c1rcu1t fgrmed by CT and t.he simulated mductor circuit.

S

frequenc1es at approxinately the same frequency (f

~

different values of I;.

L]

<

}Esonancevwas indicated bythe peak value:

the résonant fréquency was recqrded.

?

.o,

-3810«12) for

Of‘ v2 L]

3

The value

. g

Different values of CT were used “in order to generate resonant

of

T 102
)
//
e
.
\
{
R
*
1} ° ®
a4
.
- /
)
.
~ .
. .‘
N
—



Ry, was used to keep the Q of the circuit low in order to avoid

non-linear gperation of the circuit. Referring to Fig. 22, we cbserve

th@t Rp >> WOL + R i hence, .the inductor simulator circuit is reduced

to a series RSL oombmatlon in series w1th CT We can calculate the

rreasured simulated mductances fram the relatlon ‘
. ! ‘ A
-1 _ 1 . © (a7.1)
— .
(meas. ) . (2 ’th(meas.)-] C'I‘ '

Ccmponents values were measured’ (C C'I‘ RZ) in order to take in
¢

&
consmeratlon in the calculations of A7.1 the dlscrepancy between their

actual and nominal values.

o

. b

Test no. 2: L versus I,

R .
[l

Procedure: similar to teét no. 1; fO = 3.5 KHz y
Nominal components values/Input voltage and bias currents;
\ By = 100 |
C =14F ‘ . :
= 0.033 - I,7= 250 ‘ T
Gp = 0,033 WF - T,'= 250 4 o N
T - ~
= 0.068 \F - T, = 500 1A . | TN
. ) A
= 0.15 uf - - 1000 pA | /
Uy =10y, Ty = 200 1 L \
o& s
\ ’
‘ i “I A
t
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Test no. 3: "L wversus C"

~ [}

Procedure: similar to test no. 1; £, was képt in the range 3.5 KHz'to

t

10.5 KHz..

3

Nominal components values/Input voltages and bias currents

R, = 470 © | : | , o
‘CT= 0.033 uF A a
c=1w " | . g
< 0.68 uF - ' :
=0.é7uF ' | e A\
= 0.33 uF ‘
- = 0.1 F
U, = 5, I, = 100 uA, I, = 500 1A L

‘Test no. 4: ", versus frequency" ' \ . ‘ -
"The test circuit shown in Fig. A7.3 was used. Values of C'I‘

_and C were chosen in order to obtain resonance at dlfferent frequenc1es. ' v

Values for R£ were chosen to keep the Q of the series circuit 1arge

enough to obtam measurable peak values of V, at resonance while at the

same. time allow:mg the c1rcu1t to operate within its lmear region.

' The similated inductance vas calculated using equation A7.}. Variation ‘ :
of components values fram nominal value$ were also taken in consideration.
Bias currenty were kepf; constant. : R _
Y ' i | | ¢ .
. : ’ LY
. . o ;
A ‘. » ,
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Naminal canponents values/Input voltages and blas currents

‘c#l,up, QT=:(47to 0.01) yF; R£=10K9t0\4709

C = 0.33 uF;. cT = (0.01) W Rz 470 @ / L
' C=0.1 W ' Cy = (0.01 to 0.022) WF; R, =470 2
C=0.01 WF; Gp= (0.1 yF-to 470 4F); R, = 2.7 K Q ‘
’ e
I, = 100 A ' .
I, = 500 pA
f
V.=5mv . J ?
i 7 pp . .
| P : e o
S ' ‘ ‘ : ’ ' Vel :_,;,JZ
< - . /—/
‘ Test no. 5:- "Q versus R " . R /—-
,The test ¢ircuit shown in Fig. A'I .4 was used. 1' - . ' /- A
| ) 150 | .l Ry i)/
| 5 i Kk o , ‘ A
v » I’ .

50 Q ' ' .
l % , . < ] é o
10 - : — C R ; o
b [ Vi > T ¢ /
{

. 4
Figure A7.4: Test Circuit Q versus Rp -

4

~ Constant values for C, C'x‘ I, and I, were employed, thus the resonant

J

frequency of the test c:.rcult ranamed constant throuqhout the measurement.

F‘I‘ was used to keep the.voltage at V2 within the linear dynamic range of

of

the gyrator. Under the test conditions R, > Rg+wil; ' ,




& Sl Pt

/

-/

7 , o
/ . ) ;
// 8
/ ’ .
e - "o (model) ©fmodel) o
/ _‘ e ’ ;
Her/lg:‘e, Q( el) = R, (A 7.?)
y B . {model) . '
. / y . N i f
/L(nb,del). and Rs( 1 can be Ob"t.‘.f'ilned from Fig., 22; whll“euz, Wy can be .
// calculated as fqlldqs: ' :
; ! . . Ca7.3)
O (model) - ‘ s ‘
. ¥ (mode1) CT
At resonance, ) . /
i v + R 2 et ‘
v, Rp + Rg ) Wo L (A 7.4)
v a s o~
. 1 Ry + Rg + Ro Rp + Rg + Re /. .
‘Le‘t Q'I be the'quallity factor of the test circuit:
Yo (meas.) “(meas.) o ‘(A 7.5)

’

" Since Rp + RS. > RC' fram eq. (A 7.4i‘we can calculate Q'r from the .

. A . v
KNI

Qrz

e )

(R‘I' +R(: + Rs)neas‘ ] . . 7>

~

Rc is'thg test capacitance resistance which can be obtained from the D.F.

(dissipa{tion fa'c“tor). of the test c;apapit'ance: Rc = D.F../' (21T £ Cp).

L_(meas) can be calculated as follows: ‘

1 . L a7.6)

“meas.). T T Wo(meas.)jZ Cr

2

-~

neasurea values of V, and Vj using the relatiq{:n-

2 ' . .
-1 .
. Fd

-

4
q
R

. S
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Fram equation A7.5, we can. obtain RS(meas y as: ‘ ’

%

' s

WO (meas.) L (meas.)

RS‘(meas.) e 0r = Rp —R, . T ‘,(A.7.8) |

Thus, using A7.6 and A7.8,\ we can calculate the measured quality faegor

. of the in@uctance éimulator as: ' '
Q — wO(xneas.) L(‘meas.) (7.9)
' (meas. ) RS(neas.') ) ’ , | .
o - ° . .
Nonminal oarpo'ne.nts' values/Input vpltage and"bias currents
R, =100 Q; 220 Q; 470 Q; 1 K Q
éT = 0.15 yF, D = 5:10° . ' ,
V.=10mV_; I, =400 wA; I, = 500 p&
1 pp ! : . u’A" L - PA Q
Test no. 6a: R, versus I R .
The test circdit ‘is shown in Fig. A7.5.
*
> < | ' Rz ‘
- o /> 4 '
e Figure A7.5: - Test circuit R, versus I ,
. .
= - sar oo ’
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° - , : o
N A}

The bias current I, and the load re51stor R£ were kept constant throughout

the neasurarents. When termmals S s! are cormected with terminals 1, l1

[y

we can write: o a ‘ - )
. [Rin(meas B J B : ) (R7.10)
L S | Rinmeas.) T 08 : _ \

S5
these are disconnected from termirals 1, 11.-

'V, is the source {zolta_ge which is measurable between terminals 88! when

The 50 9 resistor is the specified internal resistance of the
. function generator This resistancé value was also experix'néntally‘ :
verified by measuring Vg; hence, terminating the generator with a o
"precision 50 Q resistor and noticing that the voltage between S Sl had
indeed dropped by one half of A '

-

V, is the voltage between terminals 1, 1! when these are

oonnected to the voltage source. -
, Thus, by neasurlng v, for different values of I;, and using : .
equation ALlO, the measured values of R, were obtamed. .
m(mdel) RS(model) ‘ G . (A7.11) -
VA ) 2 :
Test no. 6b: R, versus I, :
Procedure: similar to measurements for test no, 6a; however, this tJme
I was kept constant. SR ST
Nominal oarponents values/Input voltage and bJ.as currents B
. ‘ . ‘ ' . C :. ‘ -
.Test' 6a : .
Rp =100 8, I,-= (100 +500) A . c ey
V= 50'mV ., L= 500 A .
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) 109.
’Dest:’ 6b )
N : l .
. Ry =100Q, I,= (250 > 1000) yA ' . K
« . * . ! \’
i' ’ : M . ¢ w
V,=50mv_, I, =250 . N : " . .
T 0 Mppr f1 = 20 : "
; [ . ‘ ‘: i ' . ) .
" Test no. 7: Circuit behaviour in the non-linear region . : 3
Test circuit: similar to Fig. A7.4, but with R, shorted.
i - i
Constant 'values of bias currents (I, I;), load capac'itance' {C),
load resistance (Rp) , and test. capacitance (Cp) were employed. The
. - , \
resonant frequency and the magnitude of the resonant voltage were recorded
. [
. . % . ~
for various values of input voltages. Q (meas.) *aS obtained using the
techmque }iescribed‘in test no. 6.
/ N * .
,.Nomingl camponénts values/Input voltage and bias currents '
Rp=1KQ . ’
C=0.1\F - S T
' Cp=0.033 F; DF = 5.107° , o “ Lo
v; = (5 to 100) i Ir =100 uA; T = 500 yA o
v
% L]
woA!

AL~ " - S, . T U SN



: ’ R "L . 110
- APPENDIX VIII '
TEST MEASUREMENTS ON /THE CIRCUIT CONFIGURATION OF FIG. NO. 24
¢ a S

The actual test circuit. is shown in E‘qlg A8.1. 'The saxre

/
L. /‘

-

: "s'on —Bp, (0 +-15V)

il

P
o—
ﬁ\
~J
'
'
Te oL

Figure A8.1: .Test circuit. ‘New VOCS confiquration '\-'~
I ERREE

.
oy . RS N

Ehie i < - T T v - B e TV R PP e
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’ .
Design for v, = 1 v
si orv, =1V, ?
R IE N2 \
From the analysis of chapter 2, we krow that the maximum . A ‘
differential voltage .for linear tranépondwtance behaviour of the OTA
03 . ) —J . '
J.S- 50 - 10 Vpp' : ' —
SN ‘ _— o A '
. Thus, for linear'operation: B2 20 (from 4.9); and fqr a value
of I, = 500 yA, thls value of B implies that: R 2 2000  (from 4.8).
- ' ‘“ {
. I-‘urthernnre, from 4.4, for the condition R = 2000 2 and I, = 500 vA, we .
obtain R, § 1009 ' . l N . ¢
A largerwdynamlc range will be obtamed if R> 2000 Q or if
. \
11 > 500 uA
The resul“ts of the tests ca.rrled out on thé circuit of Fig.'A8.1. . . ° e
" Willnow follow.
i
. A . . i 7
'IEst no. 1: "V, versus Rz';’ ‘- .
"Iéstoondltions ._~'_\,. ‘ ¢
| _ S 3 T
V. = 0.5V - .
.1 jo o ) ) .
L= o T S
) .R1=2KQ' s .'«. T A N ‘ 5 : . d
R =200 . EA
1] RN \‘ ) ) ‘//
f =1KHz L .
[ \1 o
[ ' A
. B ¢
/ L ' :
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Test Results Lo e
. Ry (lf Q) vl)(mVpP) Yy (mVpp) T
. (nominal) measured theoretical -

N
.
RS dae e n DY L Pas

1 . 4 45 R .

5 - 1%, - . 208 - ' . P

. 10 " 440 450 o A, L ;§
50 < 2000 2120 . ) - e

‘_— 100 4300 .7 . 4500 - A

EPRCY S ST P2

Ne ’ L] ‘

. 3 ! . -
Test no. ™'V, versus I " ' —
Test conditions: K

o \ ! ’ '(
. LY o™ . i

Vi T 05V | ‘ NG K

f ) . iy

Fev e

3
i 3
_ g i
R;-J.OOQ o B ;'
A:lKQ » - * ) J
f‘z - .
£ = 1Kz ! - i
.. o
/,«r’ ;‘;_,
' E:
[} A , r

200 - - 0. - 99 F ., o A -
< 400 IRt ) C 0 180t .o D T A

. 600 250, 270 - g
800 30 . 360 .. o - |
1000 . 400 T .- 450" LT

= ¢
~‘ s o, s P
- ’ - :1
. il
. ! 5 iy
k s
2. . . . f’ §
. \\‘ d < Fa ‘
4 . )
' . ‘,‘ k.
. . } o
W
' - ‘ i
- b Yo -~ -
e .
E . |
: »
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vk
HE
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’E

r

¢

B

H
\..‘
Y
' . . .
o
B . .
H -
f

W e

'I\a;tp_cg. 3:

'Dest conditions:

100
75
50
25
10

Test no 5 4:

o &ap@@mmm
* -

O
I "

Re=2KQ

'Vp . (v )
£ " pp
- 'measured
440
K 330
o230

115
45

>

Ve

500 uA

T, *

= 100 uA

versus V, "

l'v B

" . Test Results

«
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Using 4.5, ve havey R, = 4.7 1V (wi

\ ,D.'.
Usi/mg 4.9, we have: wvd, = 100 .

less than i, the circuit cdnfiguration w'il

T

. Test results cleafly confirm this expectation. . In short,
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