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PREFACE

fhe study p:resented in this thesis on the æpplication of the
pctential analog to cireuit theory rpas initiated by the Department of
Electrie'a]. Engineering at the University of Manitoba in 1956" The first
use of the analog waê in netr¡ork anal-ysis for the presentation of æ

physieal picture of the logarithmie modu}us and phase eharaeteristics
of an Ímmittance'funetlon. The next step of study led to the app1ieation

of the analog to network synthesis problems and in order to facilitate
this study it was decided to construct an automatic scanning and display
system. The unit produced Ís simd-Iar to one developed at Stanford
University and described in a nesearch memorandr.m (SI') 

"
The naterial is divided into the following five chapters. Chapter I

presents the fundamental theory of the pot:ential analog, Chapter 2

describes the Network-Function Sinulaton and gives, its cons-truction and

perfonnance detaiLs. Chapter J outlines the or¡llbraùion ancl operating
proceduree" Chapter l¿ presents a series. of tests whieh senve to deteruine
the operating characteristics of the analog" Chapter J contain* a

discussion of the reeults a¡¡.d the eonel.usions.
The appendix of thisl theeis contains much important material which

could have been included in the main b.ody of the thegis; however, ít
was fel-t that to maintain eontinuity an arrangement of this, type would

be preferableo

fhe studies conducted in this thesis were made possible by a researeh
grant (NRC G5B4-1956) from the National Research Council of Canada"

Appreeiation for this support is extended to the. Council. Thanks are
also extended to Siemens Brothers for their kind donation of equipment,

Finall-y, the author wishes to express hls gratitude to Professor
R. A. Johnson for his able supervision of this project, his invaluable.
suggestions and. technical assistance, without uhish the çeapletion of
this- thesis l,¡ould have been di,ffieulü.
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AtsSTRÁCT

This thesis is an investígation into the application of the
pctential anal,og to cireuiü theory, A dry type, of e;lecf,¡"o1ytic tank
with a earbcn-impregnaterl paper was used, The fundamental theory and

the description of a devlce for automatically scanning the analog is
presented" Tests were performecl to determine the characteristics of
the conducùing sheet and the analog.
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CHAPTER 1

FUNDAMÐVTAI, THEORY

1.] TT{ITRODUCTTO}T

mrI'he two dimensionaï. potentia} field may be represented by the theory
of functlons of a eomplex varieble and fs indeed one of the earLiest
applieations of this theory (CfÐ#. Network immittance functions are aII
functions of a compl-ex variable (DA) whioh suggests üheir representati.on
by a potential field model, The cha:iacteristic behaviour of any immittance
function is specified by it s pole-zetro distribution just ae the charact-
eristlc of the potential field is deter.srined by ite charge distribution"
Thuso if the som,plex planes of the potential field +nd tho ir¡nittance
func,tion are identif,ied andr the eharge clístributions ancl poJle-zero locet-
ions equated. u aa gpaltog re}ationshi.p i.s createð.

This analog reÌ.ationship- serves f,ï¡p fnndsmentarL purposes wåth respect
to circuit theory ; a) it gives a ph¡rsica} þicture of the response of
net¡¡orks, mil b) it proviidee, a powerful too} in cletermining tli¡e immittance
functiion chajiacterístícs for æ givea type of rÊeponSoo The latter applicat-
ion is the first stage of a network synthesis procedure and is accomp].ished

by manipulaùing the charge dístríbutions until the desired resBonse

characüeristie is obtained,
Various conformal transfonnations may aLso be applied to the tr¡¡o

dimensicnal potential field ln order to expand the required respcnse
region o

1"2 THE ]IVI\4TTTANCE FUNCTTON

All,immittance functicns ( tet us define them as F(s) ) have the form
of a guotient of polynonaiafs such as

n n-la s +a-s + ....".+ a _s + a
Flr.\_ O I n-l n! !¡¡l- 3.L

b s + b.s t.o."..+ h -s + bo I -m-1 -m

# The letters in parenthes-es refer to the Bibliography
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They are all rational functions of the conplex variable s=a*ju which is
rlefined as the complex frequeney (V¿).

Faetoring eaeh polynomial yields the following equation:

t"?

The. rocts of the nunarator are calIed the zeros of tbe. in¡nittance function,
the roots of the denominator the- poles and H is á scale factor* Let us

no$¡ er[Bress the- immittance aÊ a Bhasor quantity:

F( s)= I ¡'( r) ¡ rj Arer:ment F( s)

or F( s)= H "lT I s-s* | eiox

Tf | "-"r¡ ujer

if s-si= I "-ril "iât
Consider now the logarithmic transform of this fnrmíttance function:

tn F(s)= ln ( I r(s) I "j 
Arsument F(t)) 

= w(s) say , r.6

thus IV(s) = 1¡ lr(s)l + j Argument F(s) L.7

Tn terms of the pcles and zeros, where it is understcod that in the
algebraic summations the zeros contríbute- positlve valued terms and tlre
poles negative valued terms , Trre may write:

L,3

1.ll

1"5

r"8ld(s) = In H + x. ln l.-"rl + jx e.

trn general we have:

w(s) = M(s) + i0 (s) !.9
a function of the complex varíable s wlth M(s) giving the logarithn
of the inr¿ittance magnítude anil O(s), the immittance phaseo
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1"3 THE TWO ]II).4ENSTONAL POTEI\ITIAL FIEIÐ

Let us consirler a sheet of homo,geneous Ísotropic conducting paper

as atwo rlimensicnai ptane of the complex varieble zq.+iy, Unit currents
are injected at the poínt" ,o"r!"22. ....zoc The electric field prod.uced

in the sheet is given by;

E(z)' = -Vþ(z)
rr¡here it is understood. thatc

l. r0

vØþ) =t#=) " it#et

The current fSow in the sheet is given by:

!(z)=çE(z) l-.LL

where 0- åe the surface conductivity of the contlucting gheet"

The dÍvergence of the current rnusü be zero everytyhere. ín the sheet

excep,t at the points of current injection and if the divergence at these
points of discontinuity is represented by a Dirac delta function (ST)

rr¡e haVe:

V"f(z) =K x ó (z-zr) !,!z
Using enuaticn 1.1-1 we may write:

V.E(z) =g E ó (?,-2,) l"t3
o_ L'

and substituting from ."uatio! 1"10, there results:
-v.vø(z)=-V*ø(z)=S¡ó(^-rr) r.r/r

r
This is Poissonrs equation for the tuo dimensional field having a

driving function
p G) =ts E 6 (z-2,)"t-c-]

The soluticn of thås wetl. knor¿n equation (W) isr
Ø(^) = Gn E Ln (z-2.) + Co t,I5

where C^ is some arbitrary constant" If polar co-ordinates areo
intrcduced such that¡

z?2.= lz-^i1 "iVi I.16



ïrhere it is understood that at points of
are contributed to the sr:nmations and at
terms ( or vice versa if it j-s so defined

ïf we Ídeatify;
V(z) = Co * CI E In [z-zil

and V(r¡ =clEV¡.

then

?¡e may¡ r*rite ø,

a function of the

function anA Ç (z)

1."4 THE POTq{TTAL

lnIe have shown

con¡ìueting sheet is
f orm:

Ø(^) = co + c, x J-n \z-ziì
Ì+

icr r vi L"L7

current source negative terme.

p.oints of current sink positive

)"

I "r8
l"rg

L "20
i.s the potential

L"L7

(u)=v(z)+jV(z')
complex variable,z, where V(z)
the strean function"

ANALOG

that the potential field of a two dimensional
a function of a complox variable o z , and has the

Ø(z) = Co o C, x ln lz-zil + j cr EVi

where tlne z. are the points of curent source and sinku
1

AIso it has been shown that any írunittance function as a rational
loqarq*hmre

function of a complex variable s has tho goneràllfo¡n¡
!ü(s)=]nH+x, ln l"-u:.I +it€. 1"8

where the s. are the pole and zero Locations"
l_

With the identification of the plane of the potentiaL fieLd with the
complex frequency plane s s=2, 4d the rocation of the current sinks at
the zero positions anô current sources at the pole positions, the potentiaL
fieid becomes the anaLog of the irnrhittance funetion.
Thus Ø(s) = Ko + K, !l(s) L"2T

where K^ is a reference constant and K_ a scai-e factor.ol
Rowriting equation 1.21 we have:

v(s) + jp (s) 
]no 

o K, tn F(s)

'Ko o K, ln lf(")lo j Kr Argument F(s) I"Z2



ïdentifyíng rea3. and imaginary prarts yields;
V(s) = Ko + Ku ln I r(s)l

and V (*) = K, Argument F(s)

Any point s cln the pl.ane may be used as e reference potential
and at this point:

V" = Ko + K, J-n ln("o) I t"Z5

also at any other point, say sl
vl =Ko o KI h lF(sl)l

The potential difference between the reference point and the arbitrarily
selected point ylelds the logarithm of the- ratio of the SË# magnitudes

at the tu,o points"
rhus o, - no = K, rn 114 L,26e r 

¡riso)[orr t" Iffi,[= # r"zT
-*t

where V is tho potentÍal. meaeured. at s uith re.spect to the potenüial at
Sco

Consider now the stream funeti.on

\i (s) = Kn Areument F(s)

5

L"23

r"24

i"2¿t

line integration,

1"28

L..29
òr¡

the following relations must hold for

I "30

1"31

The,

Thus

Rewriting Argument F(s) = U g."l
Kt

stream function at any point may be determined by a

orv
ds

(-") = / t òt/(") a" + )9!þ ao J'

òa

UJ (s) =.r d\J(=) at

From the Cauchy-Riemann conditions
any analytic function (DA) å

òlt(") = -èfs).
òcr þcu

aad à_-!11Ð = èv(s)
ò r.u òe



Substjitutíng into equation L"2j we now have¡

V (t) =.f'f *è-v-(s) dc + ò-v(s)- dur J

òr¡ òo

In particular, if the line integratio4 is perforrned up

axis and started at the origin, sinee dcr = O, we have

tU

V (o'u,) = "l -ò-v(o"t) 
ao| ' o òc

That islP(o) E o for any immittance

I,"JJ into equation 1,24 gives:

6

L,32

the real frequeney

the followingr

1Dã

function. Now substitutlng eguaüion

I "34

L"35

argumeat F(o) =I / òV(orr) a,
Kr0 ào

u¡hich may be uritten in susnatiorr form as:

Argr.rment F( r¡) = I E, AV( O-!9) Ar¡
KfO Ae

lJo may a].so use an aLtersrate symbol to re.pnesent immittance phaee,

thaù is.Argument F(ur) = â(,¡)" The imnittance tine cteLay or phase slope

1s defined as ü :â(t¡¡)" Differentiating equatloa 1"!¡ yleLds the. immittance,
dt¡¡

tirne deiay as3 Lgdg). = .1- -èV(0.,*,) = ]- Alrc-,-gì L,37
dt¡.¡ Kt ò c *t Aa

Let us again consider equation L,jZ wb.ich may be recognized as¡

Ç (s) = "f I E(s)"å T ds 1.38

v¡here n is a unit vector normal to the path of integration, Substituting
from eauation 1.11 we have:

W(")--LI tr(s)"nlds L"39

That is, the phase Ts n"onortional to the totat current crossing the path

of integration"
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1,5 sYMMElRrCAr, PROPERTTES 0F Tr{E ANALOG

The coefficients of the polynomials describing any immittance function
must be real, r¡hÍch results ín all the roots being real or occurring in
complex conìugate pairs (Sf) " Because of this property the immittance

functicn is symmetrical about the o or attenuation axís"
Thus F(s) =F(cocu) =F(o,-¡¡) I.4O

which inplies tnat è{(s)| = Q 1,41
ã, -- [ ,=o

fn the potential analog this correspond,s to the fast that the o axis
is a current flow fine" The ínplicatlon is thaù only that half of the

plane with the positive frequency ¡xis. need. be simulated, the other being

represented. as, a reflection prod.uct"

Let us now consid.er a quarter plane rahieh hag. its reaL and. imaginary

axis op.en -circuited" The poles and aeros of this quarter plane are

refLected into the other three quadrents of the plane so as to set up a

function havÍ.ng quadrantal symrnetry.

That is F(s) - F(a,u) = F(-croo) =F(o,-cu) = F(-a,r-ur) L"42

Now if F(s) is representative of an immittance fnnctlon then f(s)FX(s)
wiJ-l possess quadrantally symmetrieal properties, where fX(") is the
complex conjugate functicn, and it may be shor¡m (ST,GU) that al-ong the
real frequeney axis:

¡'(o)¡'x(tu)=lr(,r)l 2 I.43
that is rn ¡'(tu)¡'x(r) = 2 ln l¡'(r) I r.44

Again consider a guarter plane but in this case having tbe. ímagilrary
axis short-circuited and the real axis open. The poles and zeros of thj.s
plane are reflected into the other throe quadrants so as to ere.ate a

function having dÍssymmetrj-c properties,
that is F(o,u.') = - F(-o,o) L"45

If F(s) is an imrnittance function then F(s) is a function which Ís

. ¡,x( ")i dissyrnmetric and it may be shotsn (SfrOU) that along the reatr" frequeney
' ax.is;¡

F(q\ = ui 'argument 
F(o)

t '/+6
rx(r)

tha'c is ln f(r) = j 2 Argumenù F(u.r)
wfl(')

L")+7



I
Ït is also of interest to note that if the immittance function ís

an ímperlanee then the interchange o,f poles fcr zeros and zeros for poles
yielrls the arimittence respcnse (or vice versa).

I.6 CONFORMAL TRANSFORMATIONS

Once the immittanco function is shor¡rn to be an analytic function of
a compl-ex variabLe the epplicabitity of the potential anai-og to, a conformaL
tra¡sformation is apparent" Many transfor"mations are possible (CH)rnamely,
exponential o logarithmic, orthogonal circle (Smitn diagran) , the
Schwartz-Christoffel transformations etco the logaritbnic transformatios
was seXected as heing of particular interest since it has the property
of p:esenting the immittance attenuation in a nogarthmic scale Fersus
the frequency, also in a logarithrnic scale.

The compl.err frequeney plane s is now identified with a new planeo
sa.y wsu+jv, by the transfonmation

w=Ins
ïf the polar co-ordinate system is used

trl
s =lrl"J o

then a mapping of sígnificant axes may

a) for the pcsitive attenuation axis

w = rn ( t"l .j0) = 1n [sl
b) for the positive frequency axis

1"48

+j0

ror=l-n(l"l .jn/zr=lnlsl + jn/z
c) for the negative attenuatioa axis

wsfn( i"l "J 
n) 

=lnlsl + j n

This mapping is illustrated in figure l-"I "
The properties of the euarter plane may be applied as weII to this

transfonned'ptrane when the proper þsrrî:dsriss âre, left open or short-
circuited. This transfo¡'rned pì.ane doos not Ìend Ítsetf to phase measurement
techniQues utiliaing the voltage gredient method since the incremental
sampling distance Aa changes alongthe real frequency axiso

1"47
to define the s plane, nanelyl

be performed as follows:



s pjÌane rrr p.trane

FTGURE 1.1

TT{E LOGARITTIM]C TRANSFOM/MTION



CilAPt'ERr 2

MTE POI.E-ZERO NETISOH( FUNCTIOT{ SIMUI-ATOR

2"1 GqVERAL DESCRTPTTOI{

The pole-zero network function sumul.ator 1s heeioãlly a, cleviee for
sirnulating and scanning the complex frequeney pnane. A dry typ.e of elect-
rolytic tank using a carbon-impregnated paper and excited from several
movable proh.es serves as the potential analog. The automatis or manual

seanning is accomplished by a series of mounted probes which feed a motor
rlriven rctaty switeh"

The e^uipment layout is lllustrated in figure 2,1 and consists of
a) a portable rack mo,rnting the electronic units antl b) a work table.
carrying the. conducting sheet, probe chassis, transposition fra¡neo movable
probes., a distribution unit and a plane reference bias circuit. The

portable rack holds, from top to bottom, a monitor oscilloscope, an

operational unit consisting of d.c. æplifiefso a constant current pole-
zero supply, a set of msnual selector switches o a regulated pouer supply
for the cl"c" amplifiers and the panel for the motor-driven rotary switch"

Figure 2"2 is a block diagram which illustrates the functional
operation of the unit" A set of movable. probes supply d.cn current to tbe
cond.ucting sheet enil create a two-dimensional potential field. The d.c.
supply is a constant cunent device having six current outputs and six
current inputs. Thus n by using a half pLane an immittance function having
up to 12 poles and 12 z'Þvct may be simulated. Each probe is plugged into
the distribution unit which in turn is connected to the pole-zero supply.

a probe chassis consisting of 208 probes is rocated on the real
frequency axis of the anal-og plane. Íhe potentlal created by the electric
field is sampled by the probes anrl passed through the transpositicn frame
to either the manual selector switch or the rotary switch.'. The manual

selector switch perrnits an inrlividual selecticn of any one probe, tbe signal
of which may be fed directly or through the d,c. amplifier to a metering
system" A rotary switch scans the probes in sequence and. suppries a
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synehronized sweep signal to the d"e. amplifier" The probe chassi.s,

has two sets of probesn ca3.led A and Bo spaced I/4 indn between centers"

The rotary s.r,¡itch at any instant has tÌ,¡o outputs, one from the A probe

and one from the adjacent B probe, which are fed to the d.co amplifier unit
and subseQueni;ly to the monítor oscilloscope"

The d,c. amplifier unit may operãte on theee two signals in a number

of ways, The two signals may be taken separately dírectly to the deflection
amplif ier; the obsewerl signal being prcportional to the logarithm of

the moåulus of the immittpnce functien. The difference of the signals

may be cbtained to give a display cf the immittance phase slope or time

delay. This difference signal may also be integrated t¡ith respect to rl

(wh.ich is proportional to tiroe) and then displayed rorhich yields the

immittance phase responsec

The conducting plane and the amplifier are connected through a

biasing circuit ¡lhích adjusts the d'.c" ]evel of the plano and aflows

any equipctential on the plane to he mad,e a point of reference potential"

2"à Î11Ã ELECTROLYT]G TANK

The. electrolyti-c tank is a dry type utilizing a conducting paper

ealled Teledeltos type L*l¡B which is manufactured by the llestern Union

Telegraph Company. The sheet is a carbon-impregnated paper having a

s'pecified resistance of from 1J00 to l¡000 ohms per square and an ani-

sôtropÍc property of less than 10 percent of a mean valuen

It was decided to investigate thorcughly the properties of thie
conducting paper and to apply ccmpensating measure$ wherever possibl-e.

The condr¡ctivity in the direction of rolling was found to be 12 percent

greater than the ccnductivity across the paper. Appenrlix 4.1 gives the

test re.ults. This error r{es corrected fcr by a trensformaticn of the

horizontal and verticel co-ordinates and is outlined in Appendix A"2

Brieflyo the correction inr¡olves stretching the axis in the directicn of
rolling by 6 percent to keep the potential gradient along the sheet

the same as that across the sheet for the Earne current density"
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The conductivi'by ín the dÍrection of rolling uas found to be fairly
constant while across the sheet it varied by an average of 6 percent"

Appendix A,J gives the test data" It was deciôed that a correctíon for
non-linearity r,iculd not be practical since the region to which the

correetion must be applied is close to the infinity circle and subject

to rlistorticn due to that proximity,
ft v¡as antieípated that i;he current density in the conducting sheet

at the probe inputs r¡ould be high and prompted an investigaticn to
determine the effect of current density on conductivity" For normal

current probe inputs up to J milJ-iamperes the cond.uctivity increases

by nct more than 1¡ percent for any point at least I/B incin from the
prcbe center and not mcre th.an I percent for any point at least I/4 íncin

from the probe ce¡rter" The current density in the sheet as a whol-e is
very low and the effects thus introduced rnay be neglected" Appendix 4"4

gives the test resul-ts* The resistivity of the eilver paint, used for
drawing lines of oquipotential- ( such as the infinity circle ), was

found to be approximatel.y one obm per squaree This indicates a necessity

for painting the equipotential simul.ating infinity by a strip at least
L/2 indn wide and periodicai-1y paralj-elling sections with copper leads.

2"3 THE PROBE CHASSïS

The prr:be chassis is a frame assembly mounting two rows cf probes

spaced -L/4 inch apart with a total of 1Ol¡ probes in each roT^r spaced 1 cm.

between eeniers. The functicn cf this probe assembl-y is to make an elect-
ricei- contact with the conducting sheet at poínts along the. real frequency
axis, The frame is clamped tc the tabie and a pressure contact is made

v,¡ith the sheet by means of a set cf adjustable clampso To ensure elect-
ricaL contact between aII probes and the conducting paper a quarter

inch thick sponge rubber sheet is laid betueen the tabl-e and the papero

Figure 2.1 illustrates the frame assembly as it appears when mcunted, on

tha cond.ucting sheeto
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2.4 THE IRÁÀISPOSITION FRAIVIE, ROTARY SVùITCH AND MAI\UAL SELECTOR SVr'ITCH

The signal from each probe is fed through a cable first to the motor

drÍven switch and then to a set of wafer switches. Between the. probe

chassis and the switch assemblies there is. a transposition freme holding
10 terminal strips each having 2L contacts" lb.is unit permits the inter-
con¡ection of the switch contacts to the probee in any desired sequencec

Figure 2"J ís a schematie diagram showing the eonnection of the p:obe

chaesis to the transposition frane"
The rotary switch is a modifiod Siemens Brothers High Speed Motor

UnÍselector with 16 banks of contacts at jZ contactors per benk" Six
banks of contacts ane used, two for each probe set and two for the. süeep

circuit" Figure 2"8 is a photograph of the unit,
The rotary switch is driven by a single phase 110 volt induction

motor having a speed of 1BOO rpm o A gear train reduces the rotor speed

to 360 rpm" or 6 cps " The stator connections are made so that the rotor
scans the output of every slln probeo that is in the first l/5 of a

revolrrticn the rctor slreeps through 21 points anil scans the 0, 5o 10.. ".
lt1th probe out:uts while in the next, L/J cf a revolution another

21 points are scanned consisting cf probe outputs 1,6" 11,....101st,
etc" fhis system was devised to obtain a waveform presentaticn J0 times
per second for effective oscilloscope display" Figure 2,4 is a schenatic
diagram of the rotor circuito

This probe scanning method necessitated the eons.truetion of a

horizontal sweep generator which not only supplied J sweeps por rotor
revolution but shifted the origin by one unit for eaeh. consecutive sweepo

A method was devised where,by two ba¡ks of contactsr on the rotary switch
were use¿l as the contact points of a fixed potential- divider" Precision
resistors provide the high resolution required" A six volt battery
supplies the potential divider arid is sr,ritched on and interlocked with
the slrssp motor input, A schematic diagram of the sweep circuit is found

in figure 2.J"
A bank of manually operated svitches enables the pctential from any

one probe to be selected at a set of cutput jacks or fed io the amplifier"



12Ll

t- - - - - - - -li --;:\J 
I

/ôo _--/
- ì:._\r/ //

7\/
t\./.2/z/ < / r./ Y,/

/t
//

-7

/_1

7--

t
:-l_

/<

\r. I\v
/on þs 8t I 4 proÁ"-s t ,.t

a/- /ot// 6 praóes \\
\

57r

FtcurìE 2"4 TrlE ROTARY SWITCH

lonks /¿z ,4 eroéesar 3!4 8þ.oóes

/o -s"/"./o. J..l I

ta3 l+l o
--d, J -,/¡/

,/

W9///7ô se,/€c-to. Jec(

o



*l-tTTTTTiTTTT-ITTT

iffTTTT-I-TTTTTT-TIT-Tt-^""Ï*|z/-- 30- --4o 4/

á,BK 6.a.( _--6.sK

W-T TT-[TTT-TT-TT TTr T-T--\AA

:a*-r\AA "-TT 
T-T T-T T T-T T-T T-T-T i t-t-YA4- --?o /ao- --rcJ

é,aK 6,aK __á.Bt 5,44K

,olorq s/üe€/)
ør/nS'
l-anks /s I /¿

3<

6.8k 4.AAK

6.8K ?.72 (

ó.e( /36 K

3 le
I
I

I

TTfinE 2"5 THE SI¡JEEP CIRCUIf

-^/V\4,

lo snì/cÁ /-.,t

s/o/rrora..l /a.z(cë72lac/{t5 áank - þ-st )
té óaok _62_to9)

W7



L9

The unit consists of eleven, ten position, two section r¡¡afer switches

the electrícal interconnection of which is given in the schematic

diagram of figure 2o6 " A manual-sweep toggle switch, eonnected to the

cl"c" arnplifier unit, selects either the rotary switch or manual switch
output,

Figure 2"7 ís a schematic diagram of the ancillary equipment located
on the same deck as the rotary switch. This equipment includes a por^rer

input panel, a bank of batteries for the d"c" amplifiers and a terminal
s trip.

2.5 THE pOLE-ZERO SIIPPLY

The role-zero rrnit was designerì to supply six current sources and

six current sinks at any val-ue of current up to B mítliamperes and

maintain these currents at a constant value"
The current sources are fed through six regulator unite from a +l¡00

volt d"cc supply while the current sinks have six regulator units supplied

by a -1¡00 vol-t d.c" suppJ-y, Both poi¡rer supplies are standard LC filter
type units, a schematic diagram of uhich is shown in figure 2"II o The

regulator unit uses a series connected triode which is biased in such a

manner as to have an almost flat bias line, The tube maintains a' constant
current through the probe. The operation of this unit is unique and a

ful-I descripticn is given in appendíx B.l o Figure 2"L2 is a schematic

diagram of the regulator unit" The eurrent sink supply reeuires a special
isolated bias supply; see the schematic of figure 2"I3 "

The regulator units are connected by a cable to a distribution unit
which serves as the switching and terminating point for the travelling
probes, See figure 2.j for an illustration of the unit and fÍgure 2"1/¡

for the schematic diagram" Figure 2"9 also. illustrates the movable probes;

theír lras'ic eonstruction being a spring eontactor mounted on a circular
metal b¡se insulated with spcnge nubber.

/- mil liammeter for measrring the prcbe current may be inserted in
series with any probe by means of a twelve pcsition push-button switch.
The probe current may be adjusted to any value between l.J and B,O milli-
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amperes r^rith a $ percent accuracy. Current regulation is maintained to
within one pereent for a 10 kilchm impedance changfrom a short-circuit.
Performance anC test results are given in appendix 8"2. A calibration
chart fcr the milliammeier is supplied with the unit.

In practice the probes may be located to uitbin one mill-imeter of
their theoretical position. This caLlses negligible error in the case of
a probe l-ocation distant from the real frequency axis and a consÍderable

error for one near the axis" The amount of error eannot be estimated

in general since it is dependent upon the pole-aero configuratíon in
each case. Tho error due to any pole or zero ie dependent not only on

the pcsitioning error but also on the distanco to the point of meas-

urement and the proximity of other pcles and zeroso fn a1l cases the

function error introduced on'the reaL frequency aris in the vicinity
of a probe is at least as great as.the error in positioning the probe.

Thus, f.or a probe located 1cm. frorn the frequency axis the pê€+++ês-irÂg
af least

error isllO percent,

2 "6 TETE D.C " AI4PTTFTEE UNTT

The rl"s. ampliflor unit was riesigned tq operate on the A and B

probe outputs and supply a signal to the monitor oscilloscope which

will dis:lay either the immittance megnitude, phase slope or phase

response. A block diagram of the amplifier unit is given in figure 2"IJ
illustrating the circuit operation"

The A and B probe outputs are each coupled to the amplifier unit
by a cathode follower stage which provides a high input and 1ow output
impedance. The B channel input has a potentiometer in the grid circuit
so that any fraction of the B signal may be selected" This control is
cal-led the inverter gaÍn" A schematic diagram of this section ís given

in figune 2.!6,
Easically the doc. amplifier unit has two sections, one an operat-

ional secticn and the other a vertieal and horizontal deflection system

for the oscilloscope. The operational unit is controlled by a ganged

four section, fíve position rotary wafer switch, This switch intercon-
nects three operaticnal- circuíts in a number of different mannerso
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The three circuits are as follows; an adder circuit, an inverter circuit
and a¡ integrator circuit"

Each circuit employs an elementary operational amplifier consisting
of a triode section drivÍng a cgthode follower" The arnplífier output nay

be zerced by adjusting a potentioneter in the cathode circuit of the
triode stage. This ccntrols the d"c" output level of the cathode follower
and ttbueksi cut a l¡j volt battery pctential. A schematic diagram of the
círcuit is shown bel-ow in figure 2.I7.

input

F---Ð-outPut

FïGURE 2"17

TIJE ELEMEI\ITARY OPERAT]ONAL AMPLTFTER

The arìrler cireuit employs the operational anípLif ier together with
a resistíve feedback lcop anrì an input mixfng circuit. Figure 2.18
below illustrates this circuit,

A inpu

output

FIGURE 2"I8
THE ADDER C]RGUIT

B inpu
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The inverter eircuit uses an operational amplifier to shift tho

B signol throrrgh 1$6 negrees.

Fcr the integrator eircult the cperaticnal amplifier is modified
by a regeneretive feerlback loop in the cathode circuit. This mcdified
amplifier is used as a Miller type integrator and is illustrated in
figure 2,19 below"

tput

FTGTAE 2 "19
THE ]ÀruEGRATOR CTRCUTT

The schematic diagram of the complete operaticnal section Ís given
in figure 2"2O" The wafer switch has five pcsitions and in each position
the operational units are interconnected to perform a different signal
operation. The first switch position connects th.e A and B cathode
follower outputs to give the sum of the two signals" The B input in this
connection is used only as a buffer stage for calibraticn purposeso

The second ewitch pcsitiao feeds the output of the B cathode fsllower
section to the inverter circuit and then to the adder circuit to give the
difference of the A and B eignals. This signa). is proportional to the
voltage gradi.ent across the real frequeney axis and thus also proportional
to the phase slope of the Ímmittance functíon as is described in section
1'{. The third switch position takes the dífference signaL from the adder
circuit and feeds it through the integrator circuit. The resulting
sígnal is proporticnal to the phase of the immittance function as is
shown in section 1.4. For the last two switch pcsiticns the cperational

positive
feedback
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units are not used, the probe signals being fed directly to the def-
lection secticn with position four yielding the -A signal and pcsition
five the B signal.

The resultant signal from each cf the five sv¡itch positions is
applied to the verticaL deflection amplifier. The response is available
at a set of output jacks or ís observable on the oscilloscope" The duc"

amplifier unit also has a horizontal deflection anplifier which receives
the synchronized signal from the sweep potentioneter circuit"

The horizontal and vertical deflection amplifiers are almost

identical in design differing onl¡z i¡ their operating range" Each unit
consists of a cathode follower input driving two triode sections in a

differential manner, In the one triode stage the signal is injected at
the grid while in the other stage the signal injection is,rnade at the
catho,le. The signal is taken off between the. plates of these two sections.
The c'rtr:ut is belaneeri and the levels are controlled by two potentiometer
bias eontrols" A schematic rriagram cf this unit is given in figure 2.2l-.
Figure 2.22 (a) ana (b) illustrate the d,c. amptifier unit.

The oscilloscope mcnitor has a 5UP1A long persistence cathode-ray
tube supplied by a 2"5 kÍldvdtt power suppry. severar potentiometers
in the pol¡Jer supply control the bean focus, intensity and astigmatism.
Figure 2"22 (.c) and (d) illustrate the unit while figure 2"2J ls a

schematic d.iagran.

The amplifier unit polrer suppry has a regulated. +L¡00 volt output
for the deflection amptifiers and a regulated. as well as balaneed plus
and minus 2J0 volt output for the operationaL units" The +/¡00 volt
suppliy is a standard regurated unit having a capacitor input filter
eection, a 6.4s7 eeries loss tube o a lZ.þxT controL tube and an oDJ

reference tube. The + 2Jo volt sup,ply is unique in that only one

reference tube is used for both sections. A change in reference potential
causes both sections to change equally and in *åe opposite direction6.
The two outputs may be balanced to within 0.1- volt of each other by
means of a pctential divider setup" The d.c. outputs change by less than
2 oercent and the ripple stays below 20 millivolts rmso for an a.c.
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input range of from 10J volts to !2J volts" Figure 2.21¡ ís a schematÍc

diagrarn of the filter section whi1e figure Za7j gíves the regulator
soctiono

The test data of appendix C"I shows that the operational and def-
l-ection units perform linearly over a wide range"

fhe neutral- of the d"c" amplifier unit may be made a reference point
on the plane by a potentiometer and battery setup illustrated below in
f igure 2 "26 "

d.c. amplifier
unit neutral

FTGURE 2.26

TTÍE REFEREIVCE POTENTTAL B]AS CIRCUTT

infinity equipotenti

analog plane



CHAPTER 3

CAL]BzuT]ON AND OPERATION OF THE NETII/ORK.FUI\CTION SIMULATOR

3"1 TrfE ELECTROLYTIC SEEEP

Each electrolytic sheet is pre"pared by marking a I0 cm. grid on a

strip of conducting paper andthen painting on the infinity circle" lhe
sheet is oriented so that the real fraquency axi-s falls across the full
rr*idth of the paperie fhe linearity correction discussed in appendíx À"2

Ís applied to the eo-ordinate system in laying out the infinity eireleo
The frequeney scale for each irmittance pole-zero eonfiguratíon

must be chosen so that eaeh pole and aero is located within a circle
having a radÍus of hal-f the clista¡Dce to the ÍnfÍnity circle" Also all
measurements'must be made on the flrst half of the frequency axis. These

two restrictions are due to the finite l-ocation of infinity on the plane"

This forced equipotential has the effect of producing an ímage zero for
eaeh pole and an image pole for each zero vhich contribuiåiiå ttr" value
of the actual immíttanee function.

Appendix D.1 ,illustrates that the, error for a single real pole with
the maximrrm above specÍficatíons ís less than 2 percÊnt" Each pole and

each zero causes an error, but with opposite sign, the net effect being

a partial error cancellation.
If a smaller error due to this infinity ring is desi-red o then the

region of probe location and rueasurement must be maile even smaller.
ft was also found that a unit current strength of approximately

/¡ miltianperes produced a sufficiently largr signal in the sheet and did
not cause the paper to burn with probe movemente

3"2 SCALE FACToR (rr) C.er,rBRATrON

A single zero i-s located at the origin and a

with half unit currsnt strength and the resulting
point-by-point along the real. frequeney axÍs"
Previously we had:

v('s)=Koo\mlrf*)l

pole at infinity both

potentíaI measured

L c¿J
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and for this particular case

F(s) = s 3.1
If ¡øe consider values along the real frequency axis then:

F(jcu)=¿ 3.2
where d is the distance along the real frequency axis.
We now haTeå

V"=K^+K"lnd 3.3clol-
The slope of the line obtained in plotting tho measured potential

versus the distance gives the. seale factor or plane óoefficient Kr"

3"3 CALïBRAr]ON METHOÐS FoR THE AUIQM'ATIC SïJEEP

(a) uleurruon
A síngle zero is placed at s = -1 and a pole at infinityu both of

half unit current strength. This represents the following immittance
funct i cn.

E(s)=s+l 3"4
Fcr real fre'uencies

P( jr) = ju + , 3.5
the magnitude of whichl*: __

lu(¡r)l =/,¿+r 3"6
Thug at r¡ = 0

[n(o)l = r 3.7
andatu=l

lnC¡r)l =ñ j.B
We see that the impedance nagnitude at cu = I is J db" above the

impedance magnitude at ut = 0" The infornation in tablie Jol was conpiLed

in a simil,ar manne¡n She db" scale chosen depends on the range of the
immittance magnítude"

the frequency point u) = a may be marked on the oscilloscope traee
by lifting the probe at u = a and con¡ecting a battery between this
probe and ground*
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rABLE

CALTBRATTON CIIâRT FOR

3'1
]MPEDANCE MAC.}IITI'DE

(B) PHASE sLoPE

the same irnmittance pole-aero configuration is used

It¡e had for neal freguencies:
F( jtu) = jur 4 I

The phase of this function.
Argument F( ju,)

and the phaee slope dQ =
d'rl L + w2

Table J"2 gives the computed phase slope at a number of
values 

"

T¡ì3LE 3,2
CÀLIBiìATIOÌ'J CIIART FOR PIIASE SLOPE

¿Ë.
-'lr=ê=tan-

1
!

as in part (A) 
"

3"5

3"9

3"10

real frequency

g
t

db* I ratLø a/b where:F(s)=s+b
db.= 20 1og"^lr(iall

'"lr(o)l
o "52
o "77
1"00

1,1+9

3.oo

I
2

'?

5

10

d0 seconds where: F(s) = s+l
dQ= r
dcr.¡ - 2I+ul

0 "00
1 "00

3 "00

4ú6

I "00

0.50

0,10

o "05
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(c ) pn¡-q¡

again the same immittance pole-zero ccnfiguration is used as in
part (a). The phase was found to be:

o=tan-l u, ?o
ï 

ro/

table J"J gives the coúputed phase for a number of frequency valueso

TaBLE 3"3
CALÏBRATTOÀI CifART FOR PHåSE

UJ

radiansl
0

degrees
wheres F(s)=s*1.

e = tan-l g
I

0.000

o "176
o .:,64
1.000

1"r92

0

10

20

45

5o

3"4 OPERATITNG PRæEDI]RE

A sunmary of the actuall proced.ure i¿ill be outlined u the exact
step-by-step routine appears in app.endix D.2.

A- fnequeney scale must be chosen so that the requirements outliued
in seetion 3.1. ane met" The probes are positioned at the pole and zero
loceticns; the non-linearity correction boing taken j-nto account. The
probe currents are turned on by means of the $¡itches on the distrj"butíoa
unit and then adjustect with the meter and approprfate potentiometer control.
Appendix D.2A outlines thls procedure in detail.

The sweep mctor is started, the d.c. ampl_ifier unit calibrated and

the oscilloscope trace adjusted" For cbservation of the impedanee magnitude
the operational sv¡iteh is turned to either the A or B input position
Bnrl the c"libration procedure of section 3.jA appried. The phase slcpe
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is obtained with the A-B switch position and the calibration method. of
section 3.38" The IòIIEGRATE sÏrif,sh position and the cai.ibration outlined
in section J"JC gives the irnnittance phase response" Applendices Ð.280 C

and D ane a step-by-step outline of the exact operating proceclure,

3"5 CALTBRATTONT 0F TTÍE LoGARrTr${rC TR.ANSFom4ED PIJNE (HU)

A sitrgle zero is placed at the origin and a pole at infinity of
the transformed sheet diseussed in section I.6. This noîr represents the
immittance function:

F(s) = s J"11
For reaL frequencles

lr(i,)l = o

where d is the distance along the imaginary axis of the complex frequency
plane 

"

In the transformed plane:

log [r(ju)l = lo€ d 3.Lz
In particular at d = I

roclF(ir)l=roel=o e-1?

andatd=10
fog lF'(jlo)l = los IO = t 3"L4

The inmittance magnitude changes by 20 db. in passing through a

frequency d.ecad.e. If the probe currents are adjusted so that the poten-

tia} measured by e meter between the points s = jlt and s = jl_O ( or
across any other decade ) is ZO divisions then the meter is calibrated
wíth one division being equai- to cne db, of change Ín immittance mag-

nitude.
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TEST APPLICAT]ONS

4"1 TEST OUTLTNE

The network simulator unit was applied to the solution of several
specific problems using only the manual selector system. The interlaced
seanning of the autcmatic sweep preventerl the phase measuring system
from cper.ting beeause of the lcng sampling interval. The impedance
magnitude response was observed on the oscillosccpe but data was not
obtained due to a lack of develcpment in recording facilities.

The specific problems attempted atl used. oneparticular poJ-e-zero

ccnfiguration ca1led the Mark II circui.t. Thís configuration rnras rep-
resentative cf an impedance function for which the magnitud.e, time
delay aad phase response were calculated. The anarog result in each

case llas then compared with the computed result.
The f irst probl,ern involved detemining the impedance magnitud,e 

o

phase shift and phase respcnse of the Mark rT circuit using the half
plane analog" In the next problem the magnitude response of the Mark If
circuit was determined with the logarithmically transforrned plane,
The third problem was a mapping of the Mark rr círcuít impedance mag-

nitude by means of potential cross-sections taken over the half plane
analog"

4"2 THE TEST CIFCUIT

The rcllotring impedance f.unction" called the Mark Tf circuit, was

useð tc illustrate the use of the analog unit,

4"1

This impedance function has a zero on the real- axis, a pair of conjuga.te
zeros, a pair of ccnjugate poles and a pole at infinity, Table E"t in

z(s) =Le + 29 ) ( s + to - .i[o ) ( s + 10 + iÀ01(s + lo - t2o ) ( s + I0 " ¡zo )
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anpendi¡ç E gives the solution cf this functicn for magnitude, phase

slope and phase fcr a range of real freouencies from ur = O to u = B0

radians, The calctilations were performed with the use of a Bendix G-$
General- Purpose Digital Computer.

4"3 CALTBRATTON 0F THE ptÁNE COEFFTGTENT (Kl)
A single pole with a hal-f unit current strength of I"8 mill-iatnperes

was placed at the origin and a zero with the same current strength at
infinity" The potential along the real frequency axis was taken point-
by-point using the manuaf selector switch and the infinity as reference.
This potentia} lâtas measured with a VIVM connected tc the probe output
jacks on the switch deck panel, The resulting test data is given in
table 8"2 of appendix E"

The pctential was plotted against the logarithm of the distance
frcm the origin. see figure l+.1, The slope of the resulting stralght
line was computed to bei 2"288 which is the plane coefficient K, for
a unit current strength of 3"60 milliamperes.

4,4 uarr ILANE ANALOG REsrrLTs EOR TTIE MARI( rr crRCUrr
(a) rTqpEÐ¡IrcE MAGNTTUDE ( ulconn¡crED PROBE posrrtoNs )

A set of zeros and poles were located at the following positions
on the half plane analog ( prepared according to section J"r ) with
a unit current strength of 3"60 milliamperes"

1) A zero at -2O cm. at half unit current strength.
2) A pole at -I0 + jZO cm" at unit current strength.
3) e aero at -10 + j40 cm. at unit current strength"
1¡) A pole on the infinity circle at half unit current strength"

The above pole-aero configuration is the analog representation of the
Mark ÏI circuit" No correction for conductivity non-isotropy wes mede

in the location of the pol_es and zeroso

The potential o using the origin as refersnce, i¡ras measured. point-
by-point with a VfiXM along the real frequency axis. Table 8.3 in appen-
dix E gives the test results and the computed. impedance values., The

resulting magnitude response is plotted along with the conputed res,ponse

in figure l¡"2.
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(B) nÎPEDANCE MAGITTTUDE ( COnruCrEÐ PBOBE rOsrtrols )

The zeros. and poles of part (e) were relocated to correct for the
conductÍvity non-isotropy of the sheet by increasing the real eomponent
of eaeh probe position by a factor of / L.L? o see appendix a"2" The

test proced.ure of part (l') was repeated. and the results are tabulated
in table E.l¡ of appendix Eo A curve of the resulting magnitude response
ís given in figure l¡"2"

(c) PFisE sl,opE (rrMs DELAY)

The'pole-zero configuration of part (n) was used but r,¡ith a unit
current strength of 3.)+5 milliampereso The experimental- setup which r¿as

used to measure the voltage gradient across the reat frequency axis
is shcwn in figure l¡"J" The potential across the helipot was adjusted
to 0"1 volts so that each division of the 1000 divis,ion dial T^ras rep-
resentative of 0.1 millivo1ts" The voltage across each set of probes
wes metererf by nrrlling the microammeter"

FIGIIRE l¡"3

PTIASE SLOPE ¡4ETMTNG SYSTEM

The test results and computeri varues are gíven in tabfe E"J of
appendix E " Figure /'.1¡ is a plot of the experimentally determined
phase slcpe along with the computed curveo

Nx
r xJ-
x xÁ-g

holipot
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The phase nesponse of the Mark ff
forming a graphical integraticn with a

curve. The resulting eomputed phase is
and plotted along with the actual phase

53

circuit was determined by per-
planimeter of the time delay

given in table 8,6 of appendix

response in figure 4"5 "

4.5 CALTBRATÏON OF THE LOGARTfHMTCALTY TRANSFORMED PLANE

A ecnducting sheet stas prepareri as is shown in f igure'l¡.6 uriing

the soecificaticns oLrtlinerl in section 1.6

infinity

FIGUR'E 4"6
fI{E LOGARTTHMTCALLY TRAÀTSFORMED PI,ANE

A zero was placed at the origin and a pcle at infinity using half unit
current strength ( unit current = 3"1+5 milliamperes ),o The potential
with respect tc infinity was reail every 5 cm. over the two decades.

Test Àata ís given in table 8.6 of appenrlix E " The potential was

plotteâ against distanee using a linear scale on two cycle semi-Iog
paper and the sfope of the rêsul-ting straight line ccmputed" See figure
4"7 " The scale coefficieot,Kl,of the transformed plane was thus deter-
mined to be 2.08 

"

t00

4"6 ANALOG MAHK IX CTRCUIT REPONSE FOR fIIE

PI-AAIE

The pole-zero loeatioas of the Mark II
in terms of the transformed plane units and

LOGAR TTHMTC ÂLLY''TRANSF OFMED

circuit were calculateel

found to be as foi.lows:

n rad.ia:rs
decad.es
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plane scale these are:

The unit current for the probes was 3_"45 milliamperes" Potential
readings were taken along the neal f,requency axis usÍng a VfVM and the
origin as referenc.e, The results along with the computed impedance mag-

nitudee is given in appendix En table EoB o A eurve of the analog response
along with the computed response is showa ín figure 4.8 .

4"7 MAPPING 0F THE I\4Am( II IMPEUANCE FUNCTIOII

the pole-zero eonfiguration of the Mark II circuit was set up on

a half plane analog using a unit eurrent of 3"1+5 milliamperes." The

potential Ìúas meas,ured in the ju-r direction for various fixed values of
attenuation, Cross-secticns of the pctential distribution in the whole

plane were in this manner deterrnineil. The impedance alcng the cross-
sections was ecmputed anrl a scale model of the cross-seetions constructed.
Table E"9 in appenrlia E gives the test data anrj calculations.

Locating these cross-secticns ín the prcper se.ruence fcrmed a

three-dimensionar model of the Mark rr circuit impedance magnitude
response over the comprete plane. Figure 4.9 is a phctograph of the
resultant model" Figures l¡"10 to l¡.12 are a plot of the- variors cross-
sections and irlustrate the cha::ge of inpedance across the prane.
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DTSCUSS ION Áf{D CO}ÐLUSIONS

5.1 TEST RESU-LTS

The experiments performed on the,half plane verified that the
potential analog may be used for determining the response characteristics
of an immittance. funeti-on to within an error of no more than IO percent.
The non-isotropic, non-linear properties of the conducting sheet along
with the finite properties of the plane are the main source of erroro
The accuracy of probe locaticn and the error in unit c.urrent strengths
are ccntributing factorg" AIso, due to the. snaltr vatr.ue of tha potentials
being measured, the error in t)le metering system for time delay and

phase is not negligible.
Figure l¡"2 illustrates the analog magnitude respcnse as eompared

to the eomputed response and it is interesting to note the error reduc-
tion effect of the probe positioning correction, The uncorrected analog
resiponse has a maximum error of l0 percent while the corrected response
error is J percent, that'is,, a J percent error reduction. The phase slope
curve in figure l¡.1¡ also closely follows the computed eurve as does: the
phase curve in figure l¡"J, the maximum error for both curves being 10

pereent 
"

The trensformerì olene results agreed well within lO percent of the
computed data,the maximum errcr being lt percent. The infinity effect
i.¡as made negligible by locating the infinity equipotential 11/2 decades
past tha end of the second decade. This is equivalent tc locating the-

infinity cirele of the harf plane at a point Jo timos greater than the
maximum point of frequency measurement" The transformed pLane

creates an origin error but thi.s was also made negligibte by rocating
the equÍpotential representing the origin L I/Z d.ecades. from the start
of the first deeade. the resulting equipotentiaT^ when transformed into
the half plane represents a circle having a diameter of I rnm", that is
an area which is normally eovered by the first probe"
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The plct of the, immittance function over the complete half plane

( figures L"9, h.10" 4.11 an,{ lt,I2 ) is an example of the fèasability
of aprlyirg the ,lry electrolytic tarkto mapring prcblems" Three dimen-

sicnal conditions cannot be simulated; however the quick determination
cf pctential cross-sections is pcssible with the automatic scanning

( tracking) system"

Lack of tirne did not permit an investigation into the performance

of the tracking systemo

5 "2 SUGG&STID MODTFTCATTONS,

For the netuiork functicn simulator to become a eompletely operat-

ional unit it is necessary to change the interlaced sh,eep system to

a point-by-point sca:a of the real frequency eïis. This will rend,er the

integraticn system operationaL, fhe srreep speed of the rotary switeh

shoul.d also be reduced to a rate whieh will perrnit the use of a pen

reeorder" The oscilloscope will stil-1 be capable of presenting the

responÊe as a traeeo

The integratcr circuit adjus;tments were found to. be very critical
and it is anticipate<i that vrith a slower sueep speed a higher gain

operaticnal amplifier will be required to perform a satisfactory integ-
reticn. A suggesticn is to rerlesign the d.c. amplifíer unit usíng

commercial plug-ín operational- amplifiers such as the type used in the

Heathkit Ane 1-og C omputer .

It is also suggested that all future measurements be carried out

on a quarter plane analog" An additional- tracking system should be

de.vised for phase slope and phase measurements, which ¡¡ill monitor the

c:urr€rrt crossing the real frequency axis directly rather than by the
present potential gradient method" This l'¡ould enable phase measurements

to be canried out on the logarithmically transformed plano.

5.3 FURTIIER APPLICATIoNS

fhe test procedures used in this investigation were of the analysis

type since it was desired to evaluate the performance of the unit as arL

analog. Digital c'omputers' solve analysil,s pnobJ-ems precisely and easlly
rendering the analog unpractical Ín this field" The essential value of
the pctential analog will be in applicaticns to network and control
system synthesis"
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5 "L C ONOLIJSTONS

Tt is hoped thet the meteriel presented in this thesis will serve_

as the initial study in a program investigating the potentiat analog
and its applications. The fundamental theory of the potentiar analog,
the properties of the conducting sheet, the performance characteristics.
of the analog and a system for automatic scenning we-re pres.ented. The
future development of the tracking syste.m and aa evaruation of its
eharacteristics, ehould turn the study from the anarog itself to its
applications,
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APPEI{DtrX A.I

NON-NSOTROPIC PROPERTTES CI¡' $TE CONDUCTING SEEET

.4, secticn of Teledeltoe paper ?Jas eut into stnips as ehown in
fígure 4.1.1 and the edge of each sùrip painted with silver paint to
provide a good contact surface.

direction of rolling

.A typical strip is,

FIGURE A"I*I
TEIÆDELTOS' SECTIONING D]AGRAM

illustnated, below in figune 4.L.2

l-tr
eilver
paint

l<_1
2

F]GURE A.L"2

TYP]CAL TEIADELTG SECTION

The resistance of eaeh section
bridge and the dimensicns outlined

Ïias me,asured uith a

in figure 4"1o2 taken

Vrlheatetone

and averaged"
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Ë
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Ïtwas found that the. maximum error in the length of each strip was less
tnan L/3 percent and was thus negligible. The results* are tabulated in
table A.l-,1 anrl inrlicato that the eonrJuctivity in the horizontal direct-
ion (riireetion of rclling) ls 12 percent less than the eonrluctivity
in the vertical direction (across the width of the paper),

TABLE A"1.1
TEST DATA FOR lr{E TELEDELTOS- SECTTONS

,Sectioa Resistance

ohms

rdidth ( in. )
w

¿

rdidth

average

3"77r
3.706

3.7it4

3"757

3"V6ø

3 "74!+

3"752

3"71+5

3"78I

c tAo)ê tv/

3 "747

3"732

3"769

3.766

3.767

3"753

3"727

3"72V

"r

IV

2V

3v

4v

5v
6v

w
8r
gv

1H

2H

3H

t$
$L
6x

7n'

8H

9TT.

j.6o2t+ 3"VTxi 3"V68
t6o9o 3"689 3"'lL6
r6oTT 3"Tt+o 3"735,
L6r47 3"755 3"V58
16050 3"7h2. 3 "7,6j
t6296 3"735 3"745
16168 3"766 3"TLg
L5935 3"753', 3"7118

15Bt+5 3"798 3.TT2
V=X Rxuruo 

"= 
| "!t2J o2'ZT

rh952 3 .755 3.766
t5295 3.751 3 "745
t5r85 3"73g 3.732
L5007 3.768 3"766
L1+345 3"TBL 3"767
L4043 3"775 3"763

BBg3 3"757 3"V50
t33t+9 3.730 3"72X+

12740 3"v35 3,726
H=f, RXuuo 

^= 
larSJL,jJ6

E/v = 0"89CI6 v/E = r"ram

3

3"771

3"7r2
3"757

3"757

3"77i5

3"75X

3 "74A
J"(JJ
3 "773

o ,A-2).lvl

3.71+5

3.725

3"772

3.75a

3."764

3"753

3"V26

3"72A

then;
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A second experiment was performed whis,h ínvolved crltting the
Peledeltos sheet into It ineh squares as is shorsn in figure 4"1"3 "
Alte,rnate squares were painte,l t¡ith silver paint on their vertical.
e¡ges, the remaíning squares were painted cn thedr horizontal edges.

The resistance of each sÈuare was measured wtth a llheatstone bridge
the results of which are indicated in figure A.I.3. The ratio of the
mean vertical to mean horizontal resistance \"ras found to be 1,11¡ + 0"036
which cjonfirms the results of the first test"

--__________>

f{J{, ohms

Ál

L65o A

ohms 
I

Br

1404 ohns

Ar

1584 Å

oh.ms I

B'l

1773 t
ohms 

I

__j-

1547 ohns

L753

ohms

__-_j-

ll¡ll ohns

t6o3 orrms

lì

l.w3 I
ohms I

Bl
1!81¡ ohms

A

T758

ohms

B

FïGURE A*JL"J

TELÐEN"TOS S{IJARE SÐTIONS AND RESI,STJ,NCES

Figu:re 4"1.3 was etud.ied and it was aoted that tbe eonduotivity
remained fairly constant along the }ength of the. sheet but changed across
the width" Thus fron figure 4.L..? it may be noted that -A=À and B=B

(approxinately) but AÉ¡r and BfBt " This o.bservation prompted cr¡ Ínvest-
igation into the Lineærity of the sheet eonductivity. The resuLts are
recorded in appendix AoJ"



APPENDU A.2

NON-ISOTROPÏC SHmt COmECTION (SM)

where 5 t*

fherefone:

that is

the condueting sheet r'le have that:

I- =[ E

the conductance dyatlic.

I =C Exxxx
I =<l- Ey yy y

Ä"2"1

4"202

A.2"3

A.Z"L

4."2"5

a.2,6

eq¡ration !i"2.6

4"2,7

4.2'"8

since the: non-diagonal terus of C are aero due to the non-intenac;tion
of the two field eomponents in cu-rrent prroduction.

Now everywhere. in the sheet except at the çrobe positionsr

V. f = 0

so V.(TE)=O

or V.( gVØ ) =o

îharis¡ À(a*_l_ø)+ ò (a-_._.òø)=o
òx ,* òx òy rr òy

Now assuming that C** *d ar' "*u independant of position

becomes¡

a*_ ò2ø + c*_ _è3[ = o*":- w .. 2dx oy

+ ò2à =Q
òy'2

_èfu
.Zôx

òvo =/o* 
^"

where

cyy
4.2,9
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This states that Laplacers equation is satisfied in the x, yr co-ordinate
system" We may also set up an xf, Í co-ordinate system to satisfy ther.

specified c;onditÍons where:

xt =tl o-yy x
cx'(

The infinity poii:at ie simuLated in this system b,y a cirele
x-+y¡--R-

But ir, the co-ordinates of the eonducting sheet (x,y) this circLe
b:ecomeg:

+ v2 =]
o-oo R2
c**

which is an ellipse w'ith s€,mí-axês R and /9-"" R in the x and y
c**

d irecticns respectively"
Now from the test results of appendix 4.1 we have that:

[**=I.12+5.g2'
ayv

Hence the semi-axes of the ellipse are- R and 0"941+ R and

xr =/L.ã x

a"2"r0

L"2"I!

a"?.!22
å_

D
R-



APPENDD( -¿r.3

L]NEARITY OE' TLIE SfTEi'T CO}IDUC"TI.VTFY

Three strips of TeLedeltos paper J inches in width lEere cut cut of
the ro11 and the edge of eeeh strip painted w.ith silver paint" A current
of 6 milliamperes r,Íasr passed thrcugh the eheet and the potential along
the strip meas,ured usíng one end, as the refqeence" Figure 4"3,1 shows

the experimental setup and sheet dimensions"

FIGURE A-"3"1

EltPr,Rr]{EIVlar- SE'IUP FOR DET::,HMrN]NG THE OONDUOTIVTTY LINEABTTY

The test resulits are givon in table.A"3"l atrong with the computed

deviation cf the sheet conductivity"
The resurts of this test were plotted ( figure a"3.2 ) and shon

that the conduetivity changes &ercss the s.heet by 10 percent, No

c'orreeticn for non-linearity was applied since it was felt that a

compensting transformation of co-ordinates wouLd have been too involved
anrl further that over therrworking'r region of the plane (regicn of probe
loeeticn an,î notential messurement) ttre conductivity ehanges by less than

J pereent en,i the error thus intrcrìucetì could be accepted"

TLre deviation at any point is the percentage change af v/a at that
-ooi.nt as. read frora the curre v,rith respect to the curve value at d=O.

Current
Supply
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d

( inches)

t-

2

.)

ri

5

6

7
oU

9

10

t_1

L2

L3

I4
T5

ß
L7

l-8

L9

2A

2i,
2)¿

23

2k

DÉ.

26

ø21l

28

)a
o^

3L

TABLE A.3"f
TEST DATA FOR SHEET CONDUCTTUTTY LTNEARITY

Potential (r¡otts) Average V/d

sheet1r sheet2 eheetJ (votts,/in.)
L"45 r"5O L"5o r.483

3"Oo 2"92 3"Or 1"488

t+,55 A"43 4.45 L"492

6.00 6.00 6,00 r."5oo

7"55 7"50 7"55 t,506

9.10 9 "0O 9 "I0 I.5I3
Lo "65 10.60 10 "60 r"5t9
I2"2 !2:"L 12.2 I"52I
l¿+ "0 I3.9 13 "9 1"548

15.4 75 "l+ I5.\ I "530
16 .9 rT .o t6.9 r "539
18 "5 18.4 18"4 r.fi6
2O"O 20"L 2o"o t"541
21"8 2r"B zL"V r"555
23"2 23.2 23.I L"545

25"0 24"9 24"9 L"558

ú "S ú "5 z6 "t4 L "557
28.? 28.1 2B,O r"56L
2g.9 2g "5 2g ""î 1"56&

3\"5 3L"3 3]-"2 7"56"î

33"4 33"L 33"L 1"581

35"1 3tr+"8 34.9 t "588

3T"A 36 "5 36 "2 T..5go

38 "8 38.1 38 "2 1"598

l+o "3 39 "B 40 ,o 1 .601

l+2"0 4L"5 4I"7 L"6os

43 "B 4j"L I+3"3 r "60T
l+5 "5 )+l+ "7 Ì+5 "I 1 ,611

ls.7 ,o l+6 .2' Ì+6 .7 t "6o9
tr8.B 4B.o 5o.o 1"6rI
50"6 49"6 5o,o L.6rs

Deviaùion

( percent)

2"00

3,95

5"64

7 "2a

B"4o

9 "50
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APPEAJDÐ( A,¿t

Ti{E EFFECT OF CURREIUT DEIISITT O}T SHEEÍ- COÀJDUCTTVTTY

A strip of TeXedeltos paper, painted uith silver paint on its tr'ro

edges,, was pnepared for tes,t asr sho¡rn in figure 4.4"1n

FIGURE A"4"I
tEST SETUP FOB DETEHi\4liNfNG COI{DUCTIV TY CIIANGE WITIÍ CURRET\IT DIhISITY

The potential. aeross the sheet r¿as deùermined for various values of
current input. Data is given in table 4"4.1" The sheet resietance !ìras

plotted against the current density" fhe resulting curve in figure A.4o2
the¡n illustrates the ehange of sheet conduetivity with eurrent density,

The normal unit current strength of a probe is appnoxirnatery I
milliamperes" fhus at e distance of 1rl8 inch from the probe center the
current density is approximately J ma,fin" and the conductivity 4 percent
greate,r than that in a, region of lor,* current density. At l,/l+ inch from
the probe center the conductivity is greater by onry 1 percent"

The error introduced by conductivity change due to curent density
is in generel- sma11 and negligible.

milliar¡neter
Current
Source
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fhe preceding data Ì¿as computed in the following mannero At
a dis:tance cf L/B ínch from the probe center the curront passes through
a surface }ength of 2t X T/8, or 0.785 inches r,¡hich correspcnds to

'l 
1r

æ current 
"rf or'g5 X 4 =J6.o ma (5"09 ma/inch) for an 11 inch wid.th"

Now from figure A"l+"2 the resistance change (and thus also the
conductivity) was computed to be apprcximately l¡ percento The

procedure for the I/4 íncn distance ís similar*
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TAELE A,4"1

CONDUCPTVINT CH3NGE þ¿IITI CURRSIT D&{STTT

Current

(ma")

¿

l+

6

8

10

12

14

L6

}B

20

22

2.h

26

zfr

30

Potontial
(volts)

l-l- inches

3.1+8

6 "9s
LO "55'
13.95

t7 "5
2I.O

24"3

27 "8
3l "1
34"7

38,0
)+L"3

44"8

4v"9

52"0

v/t
(i<ito¡ns)

r"740

I"737
I "760
I.7l+2
r"750

r.750
r"737

L.ßB
x,728
L"7,31+

L"727

1"72A

L"V23

1,-"vro.

L.732

Current

(na" )

^lrJ4

36

IB

20

22

24

26

28

30

32

34

36

Potential V/I
( voLts) ( tcitonms)

55 "o

58 "5
6t.5

1 "718
I"T2O

r "707

a=5I/Tincines
6t "S L.TIT
68"0 r.Zoo

74"5 L"6g3

BL"o 1"688

8T "5 L"682

93"5 t.669
roo "o L.666

L06"5 1"614

111."5 1.640

\Yî"5 t"632
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APPÐVDffi 8"1

ANALYSÏS OF THE POLE-ZERO REGUIÁTOR

A fundamental schematic diagram of the regulator unit is shorda

below in figure ts"1.1-.

L/z
6suZ

E
c+

FIGURE 8"1.1
FI]IVDAMENT},L SCHHVI,ATIC OF A SINGLE REGULATOR UNIT

A high positive bias imposed on the tube forces operabion on

flat bias line which may be computed from:

"*=nnRn-lo5

x
( Ímpedanee

looking ínto
the conductfng

sheet ).

an al-most.

B"l"l

l¡,rhen the regulator unit is short-eircuited. (R* = 0) the tube operates
at some Qt¡iescent pointr s.{s $. For a load of R* the operation wilr be

at some other point Q,, the load tines being eomputed from:

E"= lroo- Io (Rn + R*)

Figure B"I"2,shows the graphic,all solution"

8,1"2
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1
i

b

êb ----------->

FTGÛRE EUL"2

A GRAPHTCAL SOLUTTON FOR fHE REGULATCIR UNTT OPERATION

The current regulation as determined from figure 8o1,2 Ís simply;

' Ipl- Ipz x 1oo (percent) n.1"3
rpt

-An analysis of the regrrlator operation at a typicaT. current value
f o1 .l-ows " VIe hed :

E = ï_R. - 10qc bK

arrd. Eo= 400 - \("n * R*)

NowforR=0 ix
EO= 400 -

substituting for JiORn

Eo= l¡oo -

or appror(imately EA= 295

\Rr

fron eq¡:atíon B"I.l we have;

Eg
c

B,l_"t

B "I"2

8"1"4E-

for

10j = 295 -

R=0
x
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!'or an operating value of say J nilliarnperes the foad líne may now

be drar,¡n for R_-= 0 on the plate eharacterístic curves of figure B"f "j,x
At thê oporaù-j.ng point the bias is read as -I2 voLts and using equation
B'"I"1 we have:

L2 - 5xLO-3 R,- - ro5'I(

sollving R.. = 105 {' 12 = 4"1#
-c5x1o'

The bias: equation is then;
E"= rb* 23 '4oo - 105

which a1lows the bias line to be drawn on the characteristic curr'êse-

PIate

lllâ.

3o

20

F_ E:-? .3o

-4

R.-'\ K

-t2

/-- -æ

7{", lin // -2
-21

,, \<
0 100 200 3oo 400 5oo 6oo

Plate Volts

FïGURE B-.1.3

AVERAGE PI,ATE CHARACTMTSTTCS' FOR THE 6SN7

ït should be ncted that:

10

Eo= 401 - I¡Ro - tba* 8.I"2'
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and in particular for R"=0

E"= 4oo - \r*r'

At some other point of operabion

Eor= 4,oo - \z"o - Io2**

Hor¿ever IO, approximately equals IO, and so:
Eor= 4oo - r¡t"n - ro1"*

Thus AEb= rot - "orl 
uor"*

that is R_= AE, 8.I.5xb
Ç

From the eurves.of figure 8.1,.3 we see that:
at EO= þO volts I¡= 5 .7 ma.

and at Eb= 0 volts IO= 4,3 na"
That is u the plate vottage changes by Joo' volts for' eaeh nilriampere
of eurrent change. For a desired regulation of 2 perceat at the ! ma.

operating curront the rnaximun current drop that ean be tolerated is
0.1 ma. Thus¡

AEb= O"I X 500 =J0_ volts

and R* 50 =10ülx
5 x to-¿

The impedanee looking into the plaue nust Ð.ot ehange by more than }CIrl(

fnom its iaitiai" setting" The marcimwn sheet reststances are always well
below this vaLue" Appendix 8"2 verifíes experimentarty the resuLts
presented here,



ÁPPÐ\]DÐf 8"2

TEST DATA FON REGULATOR UNÏT OPER.ê{TTO}I

The regulation of the pole-zero current unit was cheeked hy plaeing

a series, eonbination of a.n'lilliamneter and 10 kilohn resistæree batween

each pole and zero output and the neutral po:int in the power supply"
The current was adjusted with the resisfance shorted and the change.

observed when the short was removed. The regulation 'was ealeulated and is
tabulated along with the test data in table BoZ,.L^

Unit I (na,)
R=O

x.

PI ?

5

I
P??

5

I
832

5
I

Plf 2

5

B

P52
5
B

P62
6

Õ

TABI,E 8"2"I
REGULATION DATA FOR THE REGULATOR UNITS
I (na") Regulation- Unib tr (ma") I (na.) Regulabion

R =lOK (percent) R =O R_,=IOK (percent)It'xx
T"99 0,5 L), 2. t "g8 1"0,

4,93 1"4 5 /+.gI 1"8

v "80 ?"5 I 7"80 2,5

L"99 Q "5 7,:? 2 1"98 1"O

I+.9I 1"8 5 4"94 1.?

7"80' 2"5 I 7,78 2"75

I,g9 0.5 ry 2 1"9t8 Loo

4"91 1"8 5 1+,9,.t+ r,2
7.80, 2"5 B 7"80 2.5
L"99 0.5', Z4 2 1.98 1,0

l+,92 I "6 5 l+,90 ?-.a

7 "75 3.L B 7.Bo 2',5

t,g9 0 "5 z5 2 1"98 r.0
1+,9I I,8 5 4"9I I.0
7.80 7"5 B T,"TT 2"9,,

I"gg 0"5 z6 z. L"gB 1"0

4.9,O, 2"0. 5 4"93 L./+

"î"Bo ?"5 I 'î "78 2""i45_



.êPPÐ{DDT C:

TI{E D.C" AFTPLTFTER UNT"F TEST DATA

The fcllowing tests were rììn cn the. fl ,3 " amplifier unit and mcnitor
oscilloscope to check linearity and sensitivity,

rEsT (A) ADDER CTRCUTT

The- A aad B inputs l{ere- both. grounded and the ope.rational suiteh
placed in the Á+B pos:ition" The adderr zero-aôjust- was set to give.

zero ad.d.er output" A d.e, signa] was plaeed at the A input and the o.utput

of the edder monito,red. wjth a VÎVM" The reEulte are given in table G"L

and a p}ot of the output versus the input (figure C.I) shows, that the
adder has a }ineæ operating rsn,ge of frrcn -6 volts ta +6 voltso

ÎABLE T"}
rFST DATA FOR ADEffi CTRCUIT

A1 input Adder Output A ir,rrput .Adder Output

volts volts
-1.0r +{ 86
-2:"A +0 

""1Ì+

-jl,o +I "I5
-,+.0 +r.55

-5.0 +1. BB

-6.0 a "25
-8,0 +2"To

volts volts
+1. "0 -o "l+2
+2"0 -0"90
+3.A -I"l+2
+l¡ 

" 
0 -T.90

+5.0 -2.35
+6 "o -z.Bo
+7 "O -2"80

TES,T (B) DIFFERq{CE CmCUIn

The A and B inputs r¿ere both groundìed andi the opera;biona} switch
placed in the- A.+B position" lhe adder output was adjusted to aerou

The operational switch was. next plac.ed in tha A*B position anð the
adder output set to zero with the invert.er zero eontrolo A d*c" signaÏr

of several volts r+ae plaeed on the a. and B inputs and the adder outpat



B3

Adder

trnput

(volits)

-10 -B -6 -4 -z o +z +l¡ +6

FIGURE C "1 ADDM CIROUIT OPERATING CIIARACT¡;RTSTNCS
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again sret to z.ero Ìrith the inverter gain controL, The output frora the
ad&er'cireuit r+as' taken fo:e a ran=-.ge of inputs to the .di and B sections"
Table C.2 gives thç test results and shovç' that ühe system rernains linear
üo withinb0 hilllvolts for a rsnge of inputs from +7 volts to -7 volts.

A and E llnput
(votts)

o oo'

-I "0
-2.o
-3,4
-4"0
-5"0

-6.0
'7.0
-9. o

TABLE C"2

TEST DATA FOR THE ÐIFFERENCE C]RCUIT

Adder Output A and B Input Addar Outpuù

(voì.ts) (volts.) (volts)
+o"o2 0"o +0"CI3.

+0 "o2 +1,,0 +0 "o2
+0 "03 +2"9 +0 

"00
+0"03 +)na -a"ø2
+O"O4" +4"0 -O"O¿f

+0,o3 +5"ø -0 "o&
+0.04 +6,0 -0"05
.fio "02 +T"o -0 "o7
+0,02 +8.0 -0"L3

The. integration circuit was not tested since the sweep system of
the present unit would perrnit only the immittanee magnitude and phase

slope to be observeeF,

TEST (C) HOnTZONTAL AND VERTICAL DEFLECTTON AMPLIFIERS

A d.c, signal was supplÍed to the horizontal and çertical deflection
amplifie.rs and the output potential and oscilloscope deflection measured"

Table C"!-,gives the test results," Figure C,2 is a, plot of the response

characteristies of the vertieal- anplifier while figure C.3 shows the
characteristie of the horizontal unit" Ehe errye.s. shot¡ that tbe amplifiers
are linear over a range of inputs fnom + 1 volt to - I vott (sufficient
to eause full scale spot defl.eetion)"
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L.2

ïnput
(voÌ-ts )

o"&

Deflection
( inches)

r "6.

1.4

1"0

0.8

0"6

D-2

ô

FtrGURE C"2

20 40 6o Bo

Output (volts)

VERTTCAL DEFLÐ,T]OT\ ¿¡{PLTFIER RESPONSE

sitivity = ,JZ in"/vol

/
//

7

/

/

,/
o - Def.

ø - Def"

ection (negr

ec'tion ( pos:

tive input)
tive input)

MF -&-

{--
Nege

Pos i
tive input
tive- input
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ro2

Input
(volts.)

0,4
Deflection
( inc'hes)

O"?

0 20 4C} 6o 80

Output (volts)

FTGURE C "3 HORI'ãONTÁL DEFLmTTON Át4pLTFIm" RESPONSE

in"lvolt

tive ínput

tive input
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TABLE C.3

TEST DATA FOR THE DEFLECTTON AMPLTFÏERS

Input
(volts)
+0.144

+{ "283
+,0.1+L5

+0"550

+o "67ø
+o,820

+o.955

+L"085

-o "I3lh
-0 "288
-o "k3k
-o "589
-0.720

-o , BJo

-o,ggo

- 1, 120

Input;
(voIts)

+A "Ø9
ñ.119

+CI"30

+0"l[2

+o'"5j

+0.64

+o "ifs
+o "87
+L "00
-0.08
-0 "20
-0 "91
-o "43
-0.53

-o "6t+

-0.71+

-0 "85
-o "96,

VERTICAL

Output Deflection
(volts) ( inetres,)

lo "0 o "I-60
æ,"a o û5t
30"CI O "528)
lt0.O t""îAO

5O"O O.E6O

60"0 r. "o 60

7CI.O X"230

8o.o I"42o

10"0, 0"170

2o"o 0"37o

30 "CI, 0.560

4o,o o "75o
5o,0 0 "g&o
6o,o r..110

70 "o 1.300

80 "o 1.460

TfORIZONTAL

0utput
(vo1ts)
I0.0
20 

"0)

30 "ø

40;"CI

5CI'0

60"o

70 "O
80 "o

90 "o
l0 "o
20 "0

30.0

40.0

50,0
6o.o

70.0
Bo"o

90 "o

Def l.ection
( inches)

o 
"1164

0 "30/t
o "446
a"SVI+.

o.?16

0.856

o "992
I, t¡+0

L"272

0"140

0.280

o 
"41_0

o "550
o.68o

0,830

0,970

1"100

L"Z4O



T at

where sI
half the

as3

F(s') = t
s+E

2

The effect of the, finite ûinfínityn' circle is to cause an image uero
appear at s = - 2R which we: sþ¿1I call sl, Figure D"l,I illustrates the
pole-zero eonfiguration ín the, ¡:ini¡e n'infinityn plane-

'L'2,= RZ

FIGI¡RE Ð"3Of

POIJE-æRO CONFTGURATTON CREÀTED By F(s)

]N TTE FTNTTE f, ]NF]ÀTTTY'I' PT.ANE

This configuraticn is re:presentative of a new immittance functicn
F'(s) =3 + 8. D"1"3

APPEVDIX Ð"7

EXAPPLE OF AN ]NF]NTTY ERROR CAI.CIII.ATTON

us assume an immittance function having the forrn

F(s) = L D.L"l
"-"1

is a pore on the negative reaL axig snd having a magnitude of
distanc'e to the infinity cirele. We may write equation D.I.l

Doll"2

s+R
z



In terms of tho loganithm of the magnitude of F( s) we have:

log \r(s)[ - - los l*-*rl
and for F!( s):

rog \ r'(s) [ = ].os ls-siÌ - los l s-st 
l

At any particular reference point the difference between these two

functions may be compensatedfor by a d'.co bias potential"
l{:at is:

roc lF'(s)l -lroe r(s)l = los l"-"il
anrl at so f oe \ "o-"i t = "o*" constant , say M

At any cther freçuency -ooint, s, the errcr is then:

{Lr"gt¡'(")l *Ml=tos l" - "il - to* tt.- "1¡

then the. error is:

rog (n/z)z o (2R)2 - ros I = tog / g/À

= 0"01284

Also at s =J ts
?
roc \F(s)l+ ¡r

Bg

D" I,/t

D "L"5

D"Ì"ó

D "T"7

D"I.B

s = j R
z.

lln

=l-

=-

particular if so= O and

=IogZ /z

s

J

= o,l+51ll8

= 2,86 percent

- "rl + los l"r- "il
R +Rl + loe 2R
22'

log

lcg

The percentage error is, thus:
o"al?94_ x ro0
0.45148



lPPEtrIÐU D"2

OPERÀTTÀIG PROCEDI}RE

(4,) POrE-ZERO aDJUSIMÐ\IT

1) Locate the probes in the pole-ze,ro pcsitions"

2) Turn on the pcwer to the poJ-e-zel'o unit after checking to make sure
that the switehes on the,listributicn unit are in the OEE position"

l) After a minute warmup turn the bias units on.

4) By means of the distribution unit switch on ona pole and one z-e.ro

of the same current strengþh"

J) Sr'ritch the POLE-ZERO switph to PQLE and push the appropriate button
of the push button switch to inesrt the milliammmeter.

6,) na¡ust the pole current to the desinei! unit v'alue by means of the
corres,pcndÍng potentiometer controf "

7) Retease the push button switch eld then switch the POLE-ZERO switch
to Z.ERO"

B) Aajust the zero current Ín the same mannerc

Ç) Repeat for eaeh pcle-zero se:to

13) After ell the poles and zercs have been inserted the eurrents should
be checked and a final adjustment made,

(B) MAGN]TUDE OPEaATTON

1) Turn the d.c. power supply and, d.c. amplifier unit filaments on and

after a one minute uaflnup turn on tho l¡00 vort and 2J0 vort plus. and

minus supplies,



9I
2)

3j

¿i)

5)

Place the CALIBRAtE-USE

switch to GROUND"

Place the d"c" anplifior
A or B position"

switch to CALIBRATE and the GROUND- +

unit operational swítch to either the

Turn the oscilloscope poh/er on and after a minute Ì/armup adjust
the soct with the fI\mn{SfTY, FCIUS and ASTIG{ATTSM controls.

Start the sweep motcr and atl just
centered using the HORIZONTAL and

The trace width is adjusted r¿ith

the spct trace so that it Ís
I¡ERTICAL CENTERING controls .

the HORIZONTAL G.¿IIN control-"

7)

B)

6) Turn the GALIBRATE-USE suitch to USE and increase the VERTICAL

GAfN control. Then bring the start of the s,pot trace to the same

horizontal level aeilüas. used in part (5) with the external battery
reference level control"

Place a single pole at s = -1 a¡d a d"c. marker voltage on the
probe Located at tu = ].

Adjust the VERTICAL GÄfN so that the signal sag at the marker pip
is J units below the trace referonce level" The vertícal deflection
is ncw ealibrated for one deeibel per dívisicn of deflectiono Note

here that any other calibrating scale listed in table J"l may þs used"

Place any riesired pol-e-zero configuration on the conducting sheet
anÂ agein eðJust tho plene bias so that the start of the spot traco
i.. at tho reference Ievel. The cbserved waveform is the magnitude

response of the immittance function represented by the pole-zero
configuration in decibels with respect to the impedance magnitude

at zøto freq¿ensy,

e)
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(c) Pr{AsE sLCIPE oPERarroN

t) Foll,ow instructions (1) through to (5) from section (B)"

2) Ptace the amplifier cperational- switeh in the A + B positicn and

adjust the ADDER ZERO eontrol so that the oseilloscope trace returns
to its eenter position"

3) Turn the amplifier ogeraticnal- switch to the A -B positicn and

adJust the oscilloscope trace to its center pcsition with the
INVERTER ZERO.

l¡) Turn the GBOIJIVD - + switch to + and again adjust the oscilloscope
traee to its center position uith the INVERTIR GALN"

J) etace a single aero at s = -I and a doeo rnarker pip at the reglired
prob,e l-ocation given in table J"2 for the desired calibration level"

6) Turn the USE-C.ALfBR¿,TE switch to USE and adjust the VERTICAL GAIN

control so that the signal deflection at the marker pip is scaled

to the computed time delay in table JoZu

7) Place the required pcle-zero configuraticn on the conducting sheet

and observe the oscilloscope respcnse. The observed waveforn is: the
time delay response of the immittance funetion"

(c ) pH¡.sE Rrs.?oNSE

Note: The rrccetìure outlíned in thís secticn is not eppticalle
to the present unit due tc the interlaced scanning system"

l) Follow instructions (1) to (4) of sectÍon (0).

2) Ptace the operational sr+itch in the INTEGRÀTE position and adjust
the spct of the oscil-l-oscope traee to the center pcsition with the
TNTEGRATOR ZERO.
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3) Place a zero at s = -1 and a d.c" marker voltage at the req¡:ired
probe location listed in table j"J lor the desired catibration
level 

"

!) Turn the CALIBRATE-üSE switch to USE and adjust the, VERTICAL GATN

so that the signal deflecticn at the marker point is related to the
computed phase in table J"J"

J) Place the required pole-zero configuration on the plane and observe

the cal-ibrated phase respcnsÊ of the ínmittance function"



.SPPÐüDE E

TAts'TÆS OF T3ST DÂTA

IABLE E.],

cOMPurED TMPEDANCE MAGNITUDE o TIME DELAIr AND PHÁ.SE RESPoNSE CI,F TIÍE MARK rT

CÏHCUÏT

ur Magnitude Tlme Delay Phase o Magniturie Time Delay Phase

radians ohms msec, degrees radians ohms msec c degrees

o 68 "oo +2L"TT o "oo Lz zS.Bz +BT .zÐ +LZ.4T

2 68"52 +20.6l+ + 2"43 4U ú"t5 +T,B"g9 +ZZ..aB

4 70,09 +L7.?'rt + 4"64 46 zT "24 +6V"68 +30 
"t+6

6 lueA +rt.68 + J.z) 48 29.86, +56"22 +jT.sT
8 T6.ui + 3"86 + T"?3 50 3o.e& +46"12 +l43"br

10 8O.62. - 6.15 + 7"ICI 52. 33"05 +37,8L +49.25

L2 85"53 -l..8"4 + J.l2 5l+ 35"3g +31.18 +5L,83

14 go "37 -3t"73 + 2.82 56 37 "8t +2,5"g5 +55"t+3

n6 g4"14 -45"00 - 1"54 58 4a"zv ç21"94 +58"L6

t8 95"50 -55"0o - V"33 6a Uz"T6 +uB"SV +60,t¡g

20 93"30 -58"i.8 -Ij"88 6z LS"zL +]-J"96 +62,L3

22 BT "y -Sz"T? -zo "ry 6t+ LT"TZ +13,95 +64"10

zl+ TB,5T -40,15 *25"68 66 50 "tg +L2.I3 +65,6o

26 68 "62 -23 "U3 -zg ,3ir 68 52 "61+ +to 
" 7r +66 

"9L
zB 5B"8t! -5"U+ -j0"9B To 55"oT +9,"5j. +68"o8

30 50 "00 +L3.9j -30 ")\9 72 5T .49 + B "5t+ +69 .09

32 I+?"LT +32 ¿6 -zT .BT Th 59 "BB + T "69 +fo "oJ
3l+ 3t,Î'6 +51"08 -4"06 16 62.26 + 6"98 +7o"86

36 3L .68 +68 .J2 -16 .22 TB 64.62 + 6 46 +TL "62
38 28"t+2 +82"L5 - 7.56

40 26"5L +BB.B/¡ + 2.3t+
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Distanee

clll "

1

2

HAEF

Potential
volts
\ "26
3.6r
3 "20
)oa

2 '2)

2 "53
2"39

2"25

2"LL

2"02

L"92

1"83

L"7l+

t"69
r.62
t'52
1.50'

r"1i3.

r.39
1.33

L.2g

r.225
1.180

L"r45
I. Io5

TABI,E 8,2

PLANE CALIBRÁTTON DATA

Distance Potential
cm. volts

z6 r.o65
27 I,025
28 o "985
29 0.955

30 o "920
3I o"B8o

32 0.850

33 0"820

14 o "795
35 0 "770

36 0 "735
3T 0"2trO

38 0"68o

39 0"655

40 0"630

41 o "605
l+2 0.585

l+9 o "560
44 0.540

I+5 0 "5l.5
lt6 o "tt95
t+7 0.475

48 o.l+55

49

5a 0"415

Distance

cm"

5r
52

53

54

55

Jb

57

5B

59

6a

6I
6z

oJ

d¿r

o)

66

6T

6B

69

70

7T

72

(J

74

v5

Potential
volts
o "391+

o "35?
o "345
o "32r
o "305
o,287

o "zT3

:"":'
o "22L
o "Lgg
o "I92
0,t7g

o .161

o,L46

o .131

0"120

0"107

0"091

0.078

o.o6z
0.054

o.053

o "04

3

I+

5
6

7

I
9

10

Ll
L?

t3
t/r

r5

T6

L7

1B

L9

20

2T

22

4
24

2É,

Unit current strength = !.6O na"

Infinity usad as the potential reference
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HAI,F PT.ÆNE MARK ]T CIRCUTT MAGNTTUDE RESPONSE

96

(pnoen PosrrroNs u{coaRECTED)

(.lJ

rarì í ans

0

¿-

4

6

aU

10

L?

14

t6
l8i

æ
22

24

ú
2B

39
ãc

3l+

aA

3B

4o

Potential
volts
1"010

+c.008

+û "036
+û,"a79

ae 
"It)12

+O 
"2AO

+O 
"2fi,11

+o "333
+0"40o

+o.l+æ

+o 
"l[00

+o "337
+Ð.226

+o "086
-o "096
-o "260
-o "l+37

-o.595
_q.T3o

-1 .840

-0 .900

Unit current
0rigin us,ed

V = rog l¡'(*) I

Kt I r(so)l

Magnitude

ohms

68. o

68 "T
70 "6
73,"8

lO"O'

84"1

90 "4
95.2

L0t "9
LA3.9

101"9

95"6
85"5

74.1+

6t"g

52"4

tß "8
37.1+

32.6
2a)
t.7 ICI.)

strength =

as reference

Potential
voLts

-0,9r5
-o "Bg0
-o,B4o

-o "7"1A

-_:'u"

-0 "540
-o "480
-0 "405

-o "z16
-o "215
-o "160
-o "105
-o "052
-0.002
+o "o3T
+0 

" 101

+0"uÌ

Magnitude

ohms

27 "2
27 "B
29.2

3L"tr+

33"8

39 "6
42,L

45"1r

5t"6

54.8

58.0
6t.3
6u.6

66 "g
70 "7
75 "t+

79.5

UJ

rad ians

42,

4t+

l+6

4B

50
É.2

54

Jo

5E

6a

6z

6+

66

68

7a'

(¿

74

76

78

3,60 ma" KL= 2.288
potential

note ¡

"o= 
o lrCo)l= 68"o oi,ts

I n(r) I = 68"0 urtttour"äU



TABI"E E 
" 4

HALF PLANE MARK rr crRcurT MAGNrruDn RESPONSE (pnog¡ posrrroNs

u)

radians
U

2

4

6

a

10

12

1l+

ú
18

?0

22

2ll

¿ô

2B

3o

32

34

36

38

¿p

Potential"
volts

+0 "000
+0 

"009
+O "033
+o "avz
+o.L4
+0.I84

+0.21i.8

+o "293
+o "35o
+o "36L
+o "339
+o,n2
+o,ITh,

+1,O39

-o.L32
-o "292
-o "457
-o.60o

-o "735
-o "835
-0 "gg5

Magnitude

oh.ms

68 "o
6.9,v

'|t"5

V3"2

77 "æ

82"0
g7 

"4
gL"6

96 "9
o.7 0

95.7
Bq ,6

81.1

71"8

5e -6

50 "B

43 "t
J( "4-

32"5
Z9"XI

27 "6

ttL

radians

42

M
46

4e

5a

52

5t+

56

5B

6o

o¿

64

66

6B

7o

72
," 1,t+
(o

78

Potential
vo1ts,

-0.g.lo
-o "Bg0

-ø.855

-o "78o
^a "vzo
-o " 

6¿fo

-o "57o
-0 "510

::'*o
-o "3r5
-o "256
-0.2Ð0

-0 .149

-0.o97

-0.049

-o.o3l
+0 

"OJB
+O.099

97

cORRECTÐ)

Magnitude

ohrns

27 "2
--O4- fi ør)

28,9

3L"Ì.

32"9

35"8

38 "4.

40,B

43,,9

4e "6

52 "6

55.7

58 "6
6r "e
64"8

66 "o

7?r"2
Þr'^{).J

Unit current strength = 3,60 ma,o

Origin used as the reference pctential
KI = ?"2.88
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radiarxs mvolts msec" racli¡n;s mvolts mseco

HA].F PI.A}IE

v dØ,/aw v dØ/asL

urolts rtrsec,o

+2:6,2 +laZ"B

+22:"\ +36.6

dzz.S +36"8

+16"J +ú..6.

+j-|["B +2) "L
+IB.B +JO "I
+\5"? +Z)L"g

+LJ"J +22,@

+6.7a +1r"0

+L0,O +L6'"J

+3,6o +5"89

+9.L5 +15"0

+6"9L +11.J

+L"25 +2,0ii+

+6*n2 +10"0

+I¡"60, +7"52

+h"72. +7 "7?
+0 "92 +1,j0
+2:,fB +fi^55

_:'" ::'u'
+o "Bo +1.JL

+o "95 +J_"55

+o"65 +1.06

+1.08 +I"TT

TABi-E 8"5

MARK IT CTRCUTT T]ME DE].AT R¡SPONSE

u.r V dØ/a* ur

nad.ians

48

l+9

50
qÌ,

52

53

54

55

Jo

57

58

59

6a

6t"

6z

63

6tl

65

oo

6t
6B

69

7a

7n

72

KL = 2.22 u¡= l Cm,

A tu = a*3ffi__ 
^VAo( o "63i KL

0 +13.h

I +11"5

Z +,LL.6

3 +10"4

4 +9 
"t+S

5 +7"4o

6 +5"65

T +3"7a

B o"oo

9 -3.22
t0 -v""î5
11 -1,0 "0
l? -L3.5
L3 -t7"5
xli -2t"5
g -26 "6
16 -3r.1
17 -Jh "2
18 46.0
L9 i6 "5
2Ð -37 "5
2lL -35,5
22 -32"5
23 -26"1+

-21+"7 -40.1+

-22.1+ -36.6
-r5"7 -?5.7,

-7"7,2 -l.2"6

-0"5o -0.82
-o"?fr -o"33
+6 "oo +! .8IL

+10.J +Ì6"8
+18"3 +4"9
+25"9 +4?"ì+

+28") +.4V"2

+32"ø +$2"j
+37"8 +6L"8

+1a2"4 +69 
"l+

+45"9 !75"A
+l+9 "3 +Bo'"6

+[8" 1 +78 
"6

+l+7 "3 +77 "4
+rth.5 +T¿.7

+ll+"9 +73 
"l+

+I¡6 "8 +76.5

+l¡o "o +65 
"l+

+33,7, +53"5

+30 "0 +)1j "o

+2L,9

+18;B

+lB "9
+17.0

+L5"5

+I-2.1

+9 "4
+6"a5

0 "00

-5"ú
-L2.7

-t6,3
-22 0

-28,6
-35"2
-lt 2 É.

-50 "8
-(( o

-58.9
_É.a .7

-6t.3
-58"0

-53"X

-4J"L

2l+

25

26

vl
I
2g

30

3L

32

33

34

35

36

JI

38

39

l+o

lrl

,,)

43

t+4

45

46

47

Unit c,urrent

êø.
d'tu

= J./l 5 ma"

= 2"?03 [V
*,.

a= 0.685 cm"
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HAI.¡' PI.ANE MARK

fABLE 8"6

IT CIRCUTT PII.A.SE FESPONSE

uj

radiãns

0

2

¿[

6

I
L0

12

Llr

L6

18

2ol

22

2l\--
26

2B

3o

"2
34

.Area

sg" in*
0 "00

+ L"g6

+ 3"60
+ /il"82

+ 5"29'
+ I+,77

+ 3.lv
+ 0"35

- 3"8"r

- 9,zg
-r ( 'tx,

-n,7r
-25 "3r'
-28,53

-30 " 1_1

-29 "97
-28 "Lg
-24"55

Phase

degrees

0 000

+ Z"JZ
+ 4"25
+ J"lA
+ 6.?5

+ 5,6l+
+ J"TS
+ 0"42

- 1i"45

-10.9

-r7.9
-24.5
-2Þ O

-))" t

ú5 "6
'35 -t+

-33 "3

-4 "o

UJ

radiar:rs

36

3B

40

l+2

4t+

4b

4E

5a
<+

(¡,)+
56

58

6o

Õ¿

6t+

oô

6B

Area

s.ç in"
-rg ".35

-L2"67

- )+"9;4

+ Z"9T

+lt"ó2
+16"98

+21.68

,þ25"TA

+æ"79

+3'1"30

ü3'34
+3a"9k

+36.L8

+37'.1,l+

+37.82

üB'a+
yB"ta6

Phase

d.egrees

-?2"8

-r5 "0
- 4.IB
+ 3"5L
+L2"6

+20"1"

+25"6

+30 
"¿t

+34"A

+37 "o
+39 "lt
+l¡L"2

+\p"8

4,)+3.8

+l+L "7
+L5.2

+l+5.4

sheet using the

* L 2/.3 radia¡-s.

= JCO.=-- degrees/sec"
0,.603 n

The phase slope respons€ was plotted on a large graph

foJ-Iouing seafes¡

vertieal IrÌ = LO X fO-3' seconds horiz-,ontat lÉ
o "80/i

the area under tÌle- curve r'¡asj cÌetesnined with a planimeter and the phasa

computed"

Thus Ø= f.8 _Xarea:(sq." ín,) (aegrees)
0"804 x 0,6o3 n
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TA-BÏE 8,7

CÄT,IBRATTON DAT.A, FOR TIÍE LOGARTfiilVTTCALLY TRÁNSFOFN4ED PI.ÅNE

Distance

CIIì O

0

5

10

x5

2þ

2\

30

35

4o

I+5

5o

55

Potential
volts

6¿ø
6"t5

5"9a
I Ftl
)o îJ

5"6o

5"1+5

5"ñ
ll,gg

l+"95

L.63

l+.5L

t+"33

Distance

clll 
"

6r

6S

7t
t)
On
U\JI

85

90

e5

100

105

110

rt5
120

PotentÍaL

volts

4"L7,

3.99

3"78

3"63

3"1+7

e cfì

3"01+

æ"95
õ-O¿'" lo

2.60

2,1+2

2.25

2.oB

Unit eurrent = JJ\S nlao infinity referenee
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TABLE 8"8

.ANALOG RF*S.ULTS FOA fI{E M.ARK TT CTROUIT IMPEDANCE ¡4AGIVTTTTDE RBPONSE

FROM TTE LCI,GARTTHMTCÂffiY TI].åNSFOMÍED PT.ANE

u!, Distance Fotential Magnitude ur' Distanee Potential Ma.gnÍtu.de

radians cno vol-ts ohms, radians crtr" vol-ts ohms

1"00 0

L"I+T 1.0

2"15 ¿t

3"L6 3û,

4"L5 lro

6 "8L So

1o.o 6o

rz'"r A5

u+.7 70

I5"2 7t
15"8 7.2

t6.5 "13

t7"1 74,

r7"B 75

lB,5 76

L9"L 7V

Lg "g 78

æ"8 'îj
2t"5 8CI

2?.1+ 8l

ry8 82

24"1 83

4"I BIf

26 "L 85

T7,O 86

2tr.) Az
v¡

zg.2 88

30.3 8g

3L,6 90

3?.7 gt

31+.A 92

93 -O'"6Ð

9l+ -o.7tr0

95 -o "76a
96 -0.83CI

97 -0"830
gB -0.835'
gg -0"810

100 -o "775
101 -0,735

LoZ -0"680
Lo3 -0.6æ
ro4 -0,565
to5 -0"500

106 -0.1+45

I07 -o úBg
108 -0 "32'î
log -a"ú7
j.,Io -o "zLs
ut" -0"156
1I2. -0 " i"02

113 -0"057

11ll. -o"oo2
7L5 +O "057
116 +O"IO&

lIT +0"158

118 4ì0 "208
119 +0.252

L2Ð +0 
"Z9l+

+o"to4

+0"008

40.o1_5

40 "028
+o "o54
+0.100

+o.187

+o.ZI+3

+{ ô06
+o "3L3
ñ "32r
+{ "3ú
+o "333
+aû33
+o "328
+0,319

'o'0.3CI4

+0 "289
+0"e6CI

ñ"222
+o"182

+o "I3l
+0 "080
+o "0L7
-o.o52

-ñ 1r2

-0.208

-o "283
-0.368

-o "457
-0 "540

69,æ

68"5

69 
"a,

70 "a,

72,2

75"8
83.6

Bg "0
e5.5

96 "2
97.2
gB.o

gB 
".5

98"5

98"o

96"g

95"3

93"7
ga"6

86 "9
83"3

78"5

74"2
69 "r
6t+"o

58.9
(oô

1+9.6

1+5.2

4n"0

-1,( "4

35"5

36,V

38" t

39,"8

l+Y "3
I+2"8

ltì+.7

l+6 "2
48 .0

50,0

5L"g

54"0

56"e

58"2.

6a"S

63"L

65"t+

68"CI

7,O"8

I5o-J

76"?

79 "5
Bz"3

85"5
O^ IejcL

92 "5
96.0

100.0

3l+"2

3I"3
4"3
Zl "7
v7 "L
¿6.9

zr"7
28.8

30.L

32.O

34.2

36 û,
eol

4\"5
44"?-

1,.? D

50.5

53"5
É7XJ6 EL

6o.T

63"8

6T "B
(4c1

76 "z'
8l_ .0

85 "5
90.0

94"r

Unit curre¡t = J")15 mæ"

K- e 2"08I
Origin used as reference
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T¡tslE E"9

DATA FOR MAPPTNG .OF TIÍE MAH{ TT TUPEÐÁNCE MAü\ITTÛDE TN lHE HAI.S' PLANE

Unit eurrent = 3.)+5 nla" Origin used as reference
u, Potential IfagniturÏe o PctentÍal Magnitude dJ Potential- Magnitude

rad " volts ohms rad " volf,s ohms rad " voltÉ chms

s=+f0 nepels s=-J nepers

O +0.121 76 "B l+5 -o "398 f+5.8 o -o .I72 5T ,5
20 +0.128 77 "o 50 -c.356 1+7 "7 5 -0,068 64:0

40 +0"148 78"L 55 -o "Z'78 5L"" 10 +o "233 85"0

a=+50 neperrs 6o -0"ÌBI 56"5 12 +o.jBB 9g.5
o ro,o88 7l+"\ 6S -o "oB3 62.2 r5 +o "653. ijo "0

N, +o "oT9 7.3"5 Ta +0"orl¡ 68"5 x8 +o "8rj t6o
/+0 +,o "øTg V3"5 TS +oi.Llt 75"8 æ +0.898 L65

6A +0"143 7?.9¡ o= O nepers 22. +û"763 I44
a*3o nepers O 0.OOO 68."0 

"5 
ñ"3gA I0]"

o +0,061! 72"t 5 4ho"o5l" vL"S zrî +o"L11 75"5

10 +Q;"052 ',1J."2 10 +0.19CI 82,0 30 -0.330 I+g "3
æ ñ;"0& 69 "æ 15 +0,335 g[i"û 35 -1"04? 2)+"2

3s, -0.016 67"a' I? +o ð6? gT"5 40, -1,53? t&.8

40 -o "a46 65,o 20 +0.34,9 95"5 ¡+5 -I.pz 18 "¿r

50 -o "030' 66,a â5 +o,12o 76 "5 50 -o ,942 ú "g
6o +0 "o4o To .6 30 ^o "266 5z"o 55 -o "6116 35.9,

To +0.128 TT.o 3,5 -0 "6lt0 36 "o 6o -0 "4a0 t+l+,T

o=+l.O . nepers' 40 -0,860 4 ,0 To -O,0Zo 63'"s

0 +0 .078 73 ^5 l+5 -o .835 30 " 
0 BO +O , 150 78 "5

5 +o . oB5 7lt "o 50 -o "675 35 .o c=- 10 nepers

t0 +o . 104 75 "o 55 -0 ,500 41 " 
B 0 -0 ,4gB t+L .5

15 +0"105 75,L 60 -0.330 4g"o 5 -o"3zg 4g"a
20 +0.068 Tz.a 65 -o ,LT9 5Z "o IO +o.1IB T6 "a
25 -o "o2g 66 "a TO -0 "045 65.o L? +o .3.65 9T "e
30 -o "161 58"0 75 +0,CI78 73"5 j.5 +0,,8?5 L6z

35 -O "297 50,"8 E0 +o ,t U2 77 "5 1B +,1"80 404

l+P -a"379 46"5 æ +Z.gg l"jl"o
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TABI-E E"9 (CONTTNUED)

{rr Potentia}. Magnitudo u! Potential Megnitude u.} Potential Magnitude

rad" volts: obns; rado voltgr oh-ms raclo volte ol:ns

22 +1,68 360 40 -r.79 LL,6 5 -L"rys 18"9

25 +o.660 BL t+" -L.73 t""3 to -o "To5 33,8
27 +o "229 90 "5 45 -1.40 LT "o L5 -o "333 49 "0

30 -O"g+B 48."1 50 -0"g50 26"6 æ -O"L62 5B,O

32 -O "7m 33"3 55 -A"635 36,5 "5 -O,2OO 55,8

35 -[.33o lB ,2 60 -o "393 46 "a, 30 -CI,38]- X+6 "5
37 -r"g7 9"65 65 -o"l-g8 56,s 35 -O"5gA 3B"O

¿i+o ú"69 L"76, V5 +0,116 V6,s 4CI -0"æ.0 33"?

4? -2"53 5"55 wN rlLepers I+5 -0"700 34"0

45 -r"69. 12.8 o -3"CI3 3"38 5CI -o.58CI 3E;.2

50 -1.030 d+"6 5 -tr"350 LV,9 55 -0"414 t+5"2

55 -o "68o 3l+"5 rCI, -0,560 39 "a 6S -CI"roL 6t"¡l
6o -o "qæ 45,o 15 -0 "o5a 64.0 VS +o.LSj 78"7

¡

70 -O.O5O 6l+"5 18 +O.!32 77.5 cr=-4-0 nepers

B0 +0"t6I 79"z zo +0.t8j 8n,5 o -o"58o j?.z
a=-L5 nepers 22 +o.L58 79.5' 10, -0.&63 43"3

o -L .165 2i-"5 4 +0.017 69 ,o X -o ðn ljg "z
5 -0 . Blo 30 ,5 30 -o .382 l+6 "5 30 -o ,z7o 52"0

10 -1"L92 56 "L 35 -0.800 30 "7 40 -o.ry3 5?"g
tS +o . 462 92 "o 3T -o .935 zT "o 50 -o .165 5T .9

18 +0"845 L5Z 40 -r,o5o 24,0 6O -O,oOg 67"A

æ +o "960 LT6 42. -r.o7o z3 "S T,o +o.t53. TB;8

22 +0"820; 1,53 45 -L"ooo 25.3 s=-6a nepers

25 +0 "40r 10r 50 -o .770. 3x,B o -0 " 
t¡!8 58 "5

27 +Ð.0g3 71+"5 55 -A"5Ì+5 39"6 tCI -0.130 5g.6,

30) -O .37A' I+V,A 65 *0"16O 58"0 2S -O "OB9 6a'e

32 -o "680 34.5 ?S ñ"rjs ?6.o 30 -a.e3æ 65"&

35 -l"tr4CI 2.ø æo2j &epers 40 +CI"028 69"5

3? -L"t+55 16,1 o -1,88 ro "6 50 +o.tog i5.æ

sa-80 neBers

o 4û"IL7 76"t 5 +0.L18 76,a

to +o"t22i 76'"8 x5 +0"]..72 77,0.
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