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‘-uith experipcntal measurenents. which vere estimated to bc’accurate

ABSTRACT

. _ “\'-4#;: ’
_ ' The theoretical aspccts of coplanar waveruides were studied
e = : . . B

-

uithnspecinl emphasis on the attainment of'prccisc characteristic

-

'-1mpedances and low losées in the 1-2 GH:'frequcncv range. To this

/end a literature survev ‘was performed and characteristic 1mpedance ¢

ndesipn curves were renroduced exactlv by mcans of a dirital comnuter. _
& o
An exact tolerance analvsiq method was then perforned in order to /

- .
u‘

. determine peometrical tolprances which would enablc a characteriﬂtic

;impedance of 50 o z* 107 to be attained for a riven relative dielectric C

_ constana of 9.2 * 107. A loss theorv uhich ncvlected diclectric

1osscs and aqsuned thin films of conducting metal less than l,sPin
N R :
-depth thicP was also preqented. Two similar fabrication techniques

-
t

'wcre then studied and 43 coulanar uaveruide qannleq vere fabricatcd.‘

Of thcsc'&B aanples, 3c were tcsted by’ suept frcaucncy techniques

and tine domain reflectometer techninucc. < o

The theory -for characteristic lnncdance was found to be

F

) accnrate “tor within *2 1 nroviding a few aimple dcsirn cuidellneﬂ

vere folloved The transuiastnn lous theory corre!pqaded very uall

l

¥

;*to uithin 227 ‘Furthermore. fixtutes for mountine the aanoles cnicklv

ﬂ;;é§§4rﬂpetltive1? uere_designed and fabricated. B I

I
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N ,  CHAPTER I .
‘; s . - ) | o ' - - ' . .
i INTRODUCTION J o .
1.0 ' Backg;ound-Infntmation o e o
A grcat deal\sf research’ has gone on recentlv in the - R

microvave integrated circuits (“IC) area from vhich systens

‘cnrincers have extracted small liphtveight, katch nroceqqed modules -
for radar and communications systems, These modules have heen extre=

-

mely useful in space satellites, modern aircraft and other motile
units'wherc it 1s'c§sent1a1 that hulk acd veight te kept.to a .
ninimum. Thc mnjor camponcnt of such wodules iq the microwavo

integrnted circuit transuission 11nc. Rcscarcbcrq such as Pristal

Podcll and~Parkcr [1] have surveved the various tvnes of lines | Co .

'nvailablc, outlining the advantagcs and disadvantares of cnch , _' - e

a

" Of particular interest to this thesis, the coplannr wavepuide (eov)

- described w C Ppien [S] as beinp extrenclv important for nonrcciprocnl

oA LR I R S R Lt

L gvronarnetic devicc apnlications, 13 shoun by Criscal, Podell and

Parker. [1] to have anprox{nntclv the same dQQIrahle nrnnerttes for .

HIC applications as thc uell known veteran of 10- veara;'the nicro- .‘ ’
strip trnnsmission line. It appeara that the onlv possiblc dravhack
_one night encounter vith the CPV 13 a sliphtlv worse radiation nroklca._
This radiation ber%ns at ftcnuencics ulightlv leas in the CP¥ than

in nicrostrip I!nea. ' ’ ’

.
Thnugh thasc nierontrip 11ncl hlvc’bccn used extcnstvcly in
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the frequency range. from 1-10 GHz for the p&@t 1n vears,.and < )
though in 1] they ‘are rated as the hest available transmission lines
for a wide varietv of apolications, the CPW nnpears to hold a‘close—
secondarv'position in a list of nine nvailahle structures [1]. 1t '
is the: certainlv worthy of a detailed investigation. - One otvious

definite advantape of a PPP over a microntrin line is that a huilt-

in gircularlv polariied wngnetic field vector which is easilv

‘ BCCEBQible at’ the surface of the CPW qubstrate is not- provided hv

the mikrostrip line or strip’ line {5]. As a resu]t, the CPk lendq
1tse1f to—nonreciprocal nagnetic devices and the other tvo do not.

This fact alone makes ‘the tranqnisqion line nronerties of the CPR

worth explorin?.

1.1- Scope of thia Theqiq

.

The effectiveness of thin film CP¥'s aa quasi-TFﬁ S
modo transmission lines operatinr in the 1=2 GH: frequencv bnnd will .
be studied‘herein. Tho thesis uill survey ten s theorv (51 nnd clarifv
or correct it vherever it is deemed necessarv. A tolerance studv will
be undertaken and'a aimple_theorv for calculatinz nrooaﬂation loss

‘. 4n thin film coplanar structures uill be prescnted Fabrication

techniqucs ‘and the electtical contact prohlens obtained when nountlnp

" the coplanargstructures uill olso be - diacuaaed. Roth " stralght nnd

aaandeted lines will be !ahricated and connared. Pinallv. éxnerinental

moﬁaurcnenta uill be ‘used to verifv or even modifv the theorv uhero

.

thin is reouired in order to descrihe the Ferfornnngo of a CPW nore

accurately.

&

&
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~ As for theoretical aspects, VWen's- féorncteriatic impedance

R

ocurves will be reproduced with precision.' The concept of inductance
L '
rper unit 1ength,gill be- introduced and Wen's pictorial representation of

magnetic field lines in Cyﬂ's will be modified slightly. “Pinally. an
attempt will be uade to account for dispersion at higher freuuencies.
ithough the theais will not. verifv this dispersion phenonena experimenﬁally.
;The reason for this is that onl:’the 1-2 oz frequency band im of interest’
.:here. Dispersion is a problem at and ahove 4 GHz when a relntive dielectric"7
Cfconstant of 100 is used. For smaller relative dielectric constants disg-
| peraion only begins to oceur at higher frequenciea.
| In order to account for observed;nxperimental deviations in character;
iotic impedance, one must have a feeling for the tolerances involved vhen ,
; overall tolerances of *101 are specified for the characteriatic inpedance.

An exact. tolerance analysia developed by the author is used to analyae the

o

, CPH uith the result *hat exact tolerance specifications are pkée_d on the

pertinent geonetrical parsmeters. The idea is to note all neeoured deviatione

R e A IR T

from the theoretical characteristic inpedance curven that are larger thnn

e R

the predicted deviations one uould expect from geouetrical tolerances.

These devietiono indicate how to otilize the theotv io a proctical uay for

l
& Bmore exact delign.

3 . -t

The calculntion o! propagatiqn loso for a nntched line is oloo -

oinplified herein. Since thin conductor tilns are used to !obricate '

% the coplanar structures in this thelin..n.d.c. reoiotonce oporoxial-.'

o

tion becones valid for colculeting ohmic loonen>in t?;}structore-.-




. Lo ' ) . ' . v
L A o .
Good experinental ngreement uith this method uas obtained

£

The _ fsbrication and mounting of CPw's receives a 2rent deal of

.
e,
L r

nttention herein. Pcn [5] discusses permanent encapsulation of CPH'
for 1ndustrial use, but for expcrimental purposes a clean, .cheap, ‘and
‘;/ ‘eany method of mountlnp and unmoanting the(sample structures ‘without.

s destroying them is a nust' especially uheﬁ-ZO to 30—samp1es have to beqv o
. tested and retested on 3 or 6 different types of apparatus. In this !
' rcspcct, it 13 also desirable to have thin f1lms that adhere wvell to-a .

:substrate. Thc choice of materials that serve this functiod and at the-

»

“ W

‘same tine are easy to uork Hith 13 verv 1mportant. Pinallv, certain

geometrlcel tolerances must be met 1n order to ensure a satisfactory

B
e - -

pcrfornance, and to this end the choice of 2, suitable fabrication " ¢

=i

[ N P
- .

technique nust be nade. - . ‘mg‘
i N Electrical nessnrenenta reported 1n thia-thests over the

- .
. . \
a : s -

© 1=2 Gnz frequency ranpe: vere obtained ﬂith the aid of tvo network“
aanclvsers -a8 uell as tuo time donain reflectometers. The characteristic-' |
5 . inpedance as a funccion of coplnnar geoeetry. the propagati \\losu as
a function of- thin filn thickneos. and the phase velocify uere some: of

:, & ¥ “
“the inportant properties neascrcd. These neasurenenta led to a few -

. = o °

‘ practical design guidelines for nsing HEn s. coplansr vuveguide theory.
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- CHAPTER IT.

S . COPLANAR WAVEGUIDE DESIGN . -~

2.0 Incroducfion- - T

E

Thefgoal of this thesis was to design and fabricate with 962

l-. -

JCoora nlumina substraées as0qzs 102 thin film coplanar uaveguide :

(CPH). to be operated 1n the,l-z GHz frequency range, and mounted by

- neans’ of standard 3 T coaxial connectora.. A detailed atudv of C. P.

Wen's theory [5] was first accomplished and a few tkeoretical modifica-

"‘tions were 1ntroduced to account for distributed inductance and c¢ircular-~

ly‘pblarized magnetic fields acceasible at the surface of the CPV. C.P.

Wen's design curves were also reproduced exactly by means of an HP-9100A

- dipitral computeg. The charucteris:ic inmpedance, ﬁhude velocity, disper-

. sion and radiation wvere discussed from a design vieuno!nt. An exact

tolcrance anhlysis developed by the author vas also used to calculate
.{ ! : . ) . -

tolerances reéuircd-to achievc the above goal. Finally, e'einple losa

_theory vas presente& for predicting transniqeion loss in thin £iln CPW's

oii'a d.c. resistance basis. ~~ ©
[~3 ; t
f-'-‘ [ (;‘a
ol ! . "—%‘n
~h
- o .o
5 ' Lot
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2.1 Coplanar VWavegulde Analysis

In Figure 2.1-1, a thin film coplanar waveguide (CP¥) 1s shown

' vith its RF magne:ic field configuration. A center atrip of thin metallic‘
film vith two adjacent ground plangs on the Saﬁk surface ofJa dielectric
§1ab?‘fofys a surface étxip.transninsion line vwith a quasi-TEM mode of
propagation. There ;s no low frequenéy cutoff in the CPQ b;chuse af the:
éuasi-TEH mode of proﬁag#;ioni- Ekperimé;tal 1nvés£1gations-by Ven in-
dicate that the_CPH‘ﬁromises to be yéeful up to freauencies within the

» .

X band rggion.

) - « oo o, :
Notice that the RF mapnetic field H. of the CPW has tothstransverse
“and longitudinal components which are aymmetrically located abOut the
center strip at the snrface of the guide [5]. The transverse RF hapnetic

9

field cauponent 1: due to the longitudinal current in :he center strip and
vthe lonvitudinal RF magnetic field component ia due to nutransverse dis-
pllcemcné cutrent density betunen the center strip and ground planes.- If
the relative dielectric constant ‘r' of the nuba:rate is much larger. than
unity, this RF magneti; field at the air-dielectric 1ntertace»is neatly
_gifcu1§r1y~pblarized‘1n a piana of polarizaiion‘perpéhdiculat‘tb the
surface of tha suhatrata.‘fhia means that the. longitudinal and transverse
.conponentn of H are eau;l in magnitude lnd 90° out of phase. Since ' -
this built-in circulnrlv polarized magnetic vector ia easily accessible

at the surface of the lubltrlte. the CPV is cuitnble for non-reciprocal

gyromagnetic device applications. Wen has successfully fahriclted and

-
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~-tested§§uchldeviceo {s]. o . : o
I The CPw lends itself to monolithic microwave 1ntegrated
circuit fabrication techniques. The conncc;ipn of shunt elements ot
and the fabr;cotiqngof series and‘shunt'caoacicances is casy, uith ‘ : !
all three conducting planes on the same.side of the dieiectric. “

substrate, - Also, fer;imagnctic and YIG rods or slabs are casily,

.

" nounted, ¥ o - | ‘ N a

P

A relatively simple theory based on a conformal napping
approach makes LPW design easy to achi'eve.' 'Pigure 2.1=2
'111ustrates the confornal mapping approach. An: cnd vicew of thc (3.4 X

'18 showvn centralized in the conplex plane Zl with the dielectric

erion shaded and assuued 1nfinitc. The width of tho pround
planca is. aloo oqsumcd to be infinite. fhe right and left edres

" of the center strip afe-labolled +nl and =a; respectively, and the"
corrcapondiny inside edgcs of the ground planes are labellcd +by

and 'bi'- Each of these edzes rcpresent na:erial diacoﬂtinu1t1035

\

at a netallic-nir interfncc. and correspondinalv. thc clectric ‘

field lines, which must cnter and end on the metallic scrips in

o

a perpendicular fashiou are also discontinuous at- the octnllicnair

‘interface, -Each of thesec. ‘our diacontinuitieq also lie alont

¢

the tcal axis of tpe 2, plnne. and whcn trannforrcd by conforral
R

' napping into another complex plane. z they each contrihute a 90
bend to tho nap. Four right angle bcnds form u rectnngle uith the

boundariea tcprcsent!ng atrcan function Values. *a and”-a, and a tc:al
'

potential difference b These boundarics also contatn the dielcctrtc.

+



9
.
Y1 W Z; PLANE -
LA I}
. 22 2 2 ~ ‘
- - 0 | vy - - o
—fl -bl'h’.ll 01 i‘ll bl R el ‘x;
y (POTENTIAL) Z PLANE
a+ib
: . {
J x (STREAM T
7 mueriony
Figure 2. 1-2. Conformal lfapping "‘rnnsfomation of the Upper lalf "Lnne ’
: T of a CPW into thc Interior of a Rcctangle.
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. For simplicity, the subscripted lett:afs in the leplane correspond
to the aame'uﬁsubscripted_lettcrs in the 2 plane. For example +a,;
in the Z) >plane corresponds f{zhi in the /z plane,
The albove zeroth order, quasi stétié'appfoximation [5) nay
be cbtained mathematically by the SchwarzChristoffel transformation _
. dz A _
. — - : ' ' (2.1~1)
' o (g2 23% ", 2 2y | o
: _dzl Gz - )‘ (2,°-1v,%)

F_)

where A is a constant. Integration of (2,1-1) along the real axis of

- v

the conplex 4 rlane froo q through a to 1’1 ylelds L

1 Adz
‘ Adz

_ ! -
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vhere _
k= 7 ‘b.‘
Ckra
K (k) = complete elliptical integral of the first kind
RGO = K (kY S |
', 12 3y o T
I we( 1-k2 ), |
AB a result
L @, o
b . " KD ’ - 2l1-3)

vhere 2a fepteSenta a stream'fuqction,inc;cmpnt,and b ‘represents a

potential diffcrence. Since elliptic integrals can be easily cals

culated by means of a digital ébnputer; 2a/b is alio casily calculated,
| The rectanple in Pigure 2.1=2 rcp:esenfa-a dielectric filleﬁ caﬁacitor,
ﬁith a reiative dieleétr;c'coua:ant of‘cr. ;Iﬁ paryllai with thia
éapacitor is another similar alflfiiled capacitor an shown 1n F{gure
2,1-3. ﬁqéh capacitances are assumed to be id;al.. That ia, a uniform
glactric field 1a aiaunéd in each capacitor’vith known qﬁrean function

increments andrkﬁpuh~potential difference befveen the plates of the
capadftors, 3 -

By definition, thé ;ap;citince per unit léngth in a 2-dimensional

,,;plectpic field 1s given by

e e o Y Ctarpa S w), @)

K
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v’ .
vhich can Le shown to be equitglent to
. e (Uy =1Uy) o .
h l vZ .- vl | ' ~
* where Q is the total charge onrthe cabacltor per unit length,
| Vz —le | 1s‘the potential differeuce‘appiiéd across the
plqtes. ahd ( U2 - U1 ) 15 the difference in the streanm function
values definxng tvo -boundarics in ths ficld for the repion of o
| intérest ilO],_ The total flux per.unit length is also riven
by . , ' R ,\ . “ - ' ' ' R
' Q= ¢ U2 - Ul ) B (coulonbs / m ).  (2.1-6) "
For an jdeal parallel plate capécitor it 18 known that
C o EW (farads / n) (2.1-7)
d .
/, . e
where U is the plate width and’'d the plate #eparation.”
Cohbining equations (2.1-7) and (2.1-5) then gives
R . (B_-u. )
. v 2 1
3
v =v |
2 1l
L : (2.1-8)
b .




P

effective éhpacitaucc per unit length for,é CPU 1is given by

account. jéingc the above capacitors have been assumed to have

14
This eqﬁation then states the basic relation relétiﬁg the -
geometry of an.ideal ﬁarallel plate capacitor to its flux
and potential d%f#fﬁbution. From Flguré 2,1-3, the total © L ‘-

&

C = (ex+l)eeo-2a ~ (favads /m)  (2.1%)
: : v . |

1

The inductance per unit length should also be taken into

L]
uniforn electric'ficlds,-the rlates act 1ike infinité plates,

o

This nmeans .that the ﬁagnetig field strength inside each capacitor

% : .
uust ‘be uniform and non zero whercas it wnust Le zero outside each

capacitor. Tigure 2.1-3 'glsd shovs this situation. Anperc'sb
¢ircuital lav may nov bte applied by integration around the closed,

rectangular, "dashed lines to yicld

. K } - (webers / m? )

— (2.1-10)
W _ )

for Loth capacitors, where i is the total curreat flovins into

" “the capacitor and u; is the nagnetic perneability for Loth the

dielectric and afr. The resulting inductance per unit. lenpth

for tso'identtcn;,inductors {n patallcl is then
[ ’//' - . . .
ﬂ"\/’{/f l . ) . L "’ ’ ‘ ’ L

TR e A
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~
1| B4 .
L =3 -1 ,
1§ Mod .
-2 W
L bt Ot fm ) (2.1-11) -
2 2a . Lo ’
This result aibng with the capqcitange equation, (2.179),.1cads to
the folloving simple result for a lossless coplanar transnission
line, R
. & \
" vph —
Nic ‘
- 2 i .
o P ¢ . (m/ sec. ) 2,1-12)
- ; 1+,

, 1 .
" where Vph is the plhase velocity of the quasi=-TE! Vave propagatinﬂ

| .Jdun.the linc,'nnd ¢ 1s the velocity of lipht. The cquation inplics vph )
18 constant for a. given sniforn substrate, and any frequency ranpe.
/‘That is, no functicnal dcpcndence of thc phase velocity on frcqucncy.
or geonetry 1s inplied by equation (2 1-12), un1¢sa : is 1tself a
function of ftequenqy and space, - o ) , | ‘;
Figure -.1-& -digplars the functional dcpcndcncc of the phase

velocity on <.

[}
+
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For CPH substrate materials with rclative dielectric constants larrer

o
il

than 100, a free Bpace wave can. be slowed down to a value less than

0 1407 times tle free space velocity of light,c, Rutile has a valte

of cr equal to 100 and so a- CPN with a rutile SubstraCe will

propagate a quasi-mEH vave at 0.1407 « c. Alumina (962, € ™ 9 2)

on the other hand will slow the frce space wave to augflue of 0. 6528 s c.

~“The "diapersion characteristic for—the CPW can now be_plotted.

Since 1t is known that ‘

o

v oo SR (241-13)

,.-.

~
—
[
om

ey dw | L (2e1-14)
.. Yfroup .~ af : - . :

& coustant value .of Vph‘dver d_specified frequency iange yields

.® ‘
'-Yﬁﬁij'% "group o
. | e -aconstamt, - - . . (2115
. and- thus ’ | |
¥ gz . (2.2-16)
) w -;' Vou ) '

2 4
- . £ .

is a lincar funqélon-of'ficquency'f..

a a.
~ . >
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) Thc conductot thicknesn contribution to theoreticnl deviations is

v

A |
+ 3 o
T u -~ . N Lol 9
e - J

Since; for'n fixed length of Trannninsion line L; (m} a plot

' of f va. BL' (radians) constitutes n‘"disperaion chatacteristic .

one would expect this chnr&cteristic for a CPW to ‘be a atraight
}1nct -Figure 2.1-5 11lustrated this 1deal dispersion charactcristic R
for'aluqinn and rutile cubotratcs in dashed lines. C.P, an [5] Lo

hao made experimental measurements for eingle-cryatal rutile | '""‘;

A 1

R substtntes and these nre compared uith the 1deat;51epersion o ¥
S

harnctctiutic fot rutile 1n the snﬁe figure. ight experimcntnl TL‘

ﬂcviation from the ideal attaight Ilne occnrs aboVe a frequency of

.-

3 GHz. It 13 clenr that at frequencien ahovc 3 Fﬂz, larget 3
velues and consequcntlv.louet phase vclocities are obtained

than uould be ptedicte%)by the fotegoing the&tv. This could ” ; )

EN

be due to a ftequency dependent € value. as vell ‘as npptoxinations .

nlde 1n the theory The tcadet should be reﬂinded that conductor ‘

thickneso vas ignoted "and. infinitely uidc ground planes along

- with an Infinitcly thick dieloctric eubnttate wvere nasuned

. -

v t: 1s expected. thnt‘thc finite 'diclectric would .umly

teduce the effective rclattve diclecttic constant of the subotrate

2

end not inttoduce a ftequency dependent term other than ‘t 1toe1!. :

ecsu-od to be olight for, thin filns nlnce this s the case for

) -icroattip lines. ?igute 2. 1-6 111cstratel that for ulgtosttip lines

vith filns less than 27,000 Angstroms (27 tﬂ) thick . ése necessary

por cent vidth correction in the centet sttip is leos than -l!.

;@
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. ’ @ f
10
ot "

L t

j~———TAl,04 (962) ’

[

/ ' €= 9.2

l .

8 !

FREQUENCY (Gliz)

C-P. Hen's

lExperimentq}.
Curve °
2 2 .
0 |
-0 . 2y éx . 6w, Yoge
’ 8L (Redtans) = -

firure 2.1-5: Dispersion Charactcristic of a .8 Inch lone CPY
-for a Rutile Substrate (C.P. WYen), and a 962
Alunina Substrate,
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This data was calculated ty Dt. Alan Davis at McHnacer University

and vas based 'on the uork of S.B. Cohn [sl.

Time domain reflectometry measurements in Chapter v will

show that even ‘the width of, the_ground nlanes.- donq not- -seem -as

inportnrt as the diclectric eurqtr1te thicbneqs. It then scers

.

‘feasonalle to Aassupe that a frequency denendcnt £ and nerLanq an
.Y
ani%otronic diclcttrin substrate arc najor Fnctprq nFFectinr-the

'.deviatlon ,of tie measured ‘dispersion characgfristic fron the ideal.

* L

" The quasi»xh. zeroth order aoproxination 4n the theory might also

- 1y

te :clevant. ‘Koﬂcvar} YWen states tha:*”it—isanot_knnrn vhat portion °

i

. of the dispersion characteristic is caqud hv the crystal anisotrony

a -

of the suLstrato and vhat porcion 19 attrihutcd to thc inherent

- characteristics of the .CPW nodc of propagatidn on a dielectric half=-

-

space". - B - .

A check of the vavelencths for the nuési-TEH nodé of

. _ . _ PO ) -
proparation arove 1.5 Gllz might five a clue as to uhat contritution
. various higLér order modes vould hive to the non=linearity in the

dispersion characteristic for rutile: Tatle 2.1-1 illustrates

L]

the th corccical ‘renucﬂcv dcncndcnce of the ruidv half-vuvelenrth

' for tnc quas;\TEﬂ sode of ﬁropaoation in a PV Eor aluniha nnd

rutile sulstratc".ﬂﬁThc valuecs shown are Iach on the phase vclocit"

equation (2 .1-12) and on the,uull knovn fact‘that /
V. o = fe x, - . (2.1-17)
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- . rt .
Frequency . Values of 1/2
(GHz{ ‘ v  (inches)
\ S Alumina (967) Rutile
;r =9,2 £,=100
1.5 1.7433 0.5540

. - 3.0 . . '0.8717 . -0.2770

N . 6.0 0.4358 - 0.1385
. T 9,0 . 0.2906. 0.0726 -

12,0 0.2179 o 0.0545

Tdble '2.1<1: Values of /2 in a CPY for Auymina and Rutile ..
Qubstratcs as a Tunction of Treauency’ above 1.56Fz,

It seena#reaaonable to expect tha: if the ouide half—wnvclenoth for
the qunsi-wa node of propuration approaches the rround plane qcnaratinn.
. 2b1. nodes otfier thgn thg‘cuasi—TEﬂ-mode ?i;lrbgsin to proparatc. The
table shows that alumina substrates of 26X purity pfoduce haif— )
anelennt#s that are 3.15 tiﬁeé-%arger :hn% the half-vafelengths

C e

: associated with rutile substrates at the same freouency., Also, at

3 GHz the half vavelength for rutile is slipghtly largér'than a aquarter
of an 1hch. And ac_6 Gllz 1fris'alight1y larger than an eigﬁth?of dn
inch,‘aﬁd so on. 1If a center strip width of .050" is used in a
particular CPW desisn alone with a iﬁﬁf’aﬁpfox;nntelr 1!3,Kthe dknﬁnd
planc’acﬁaration is foughlyr.lso“..yhich lies between 1/4" and 1/3".
llence it mishe te rcasonﬁble to cxpect qodirin problcrus to berin %o
app;af betvcentJ‘anJ 6 GHz Eor rutile autntrnécs. as shown /in

figure 2,1-5, Oﬁ—the ntherJhnnd. alunina'a;hsyraics used ;1th‘5hé samc_‘l;

coplahnr gcqnct}y would not produce such noding. nrotlems until

frcquenéics'3.15 tines higher were used, becaudse. of the larser )

vavelenpths obtained vith a smaller relntive_diclgétric constant.



. ! ! 1 ’ : v . .
2,2 Charncteristic Inpedance as a Function of Conlanar GeoneLrv

!

The characteristic Inpedance of the CP¥ follows diroctlv '
from section 2.1 where the 1nductance and capacitance per unit
length of the coplanac line was derchd as well as a correspondinr‘

phase. velocity cxpression. Since the characteristic impedance %o

of'a losslesq transnission- line is riven hy

. s " . ‘, : . , [
S | Yy
CE z, = \—

# - , . ‘ o ] o c ..
o o B |

‘» ) . R

- ¥ (2.2-1)
vph f‘c :
the characteristic impedance for a losaless CPW may be vritten as . !
. . 1 ) » ' !
z -) . ’ ] o (2.2"'2)
o - .
~Y2(e +1')'i: « 2a ¢ N
V r . £a o
. b . X, %

r . ' RS

o

_ vhcré € is the relative dielcetric conatant of the dieleetric
substrate. €, i3 the petuittivity of vacuum, ¢ is the velocitv
of light ‘in frec space, nnd alv 13 the ratio of tvo conplcte

t elliptic integrals () and R(:') as dcfined by (2.1=3). It is
clear that the value of I, dcpends on tuo d;stinctjvariablcs-
Vtr and’ thc ratio afb.. An 1nctcaae in koth these variables
dcérc:tseu b , but a/b in not a true physicnl variable as $s L

Thc ratio a/b increases with the physical gcomc;rlcnl variablc

°1 Ibl' Lut only throuph tlc rather .conplicated elliptical
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-

integral ‘transformation described in section 2. 1. A éraphical
represcntation of the 1npedgnce 25-3s a function of copl;ﬁar
geometry with €, as paramcter 1s then of great pract‘cal interest.
ﬁ ; Tigure _.2~1 dcpicts the functional dcpendence of the.
characturistic 1mpcdance Z5 OR gcomctr; and the relative diélectric - : -
togstqﬂt'er. An increase in e, ﬁe;reaécs 20 as expeééé&, §dt |
“i; is now clear that aé-:h§ ceﬁter stflp width.,Zal, 1ﬁcrcases,
the 1mpcdance'2 .dcdreaseé. 'ﬁ increasé in the nround nlanc Co- -
separation, Zbl. has the reverse effcct on 7 . causinp z to increase.
The haracteristic curves were. plottod on a Hewlett Packard
9105A calculator plotter intcrfac;d with a 91004 W.“. calculator :
and 9101A H.P. extended ncnory unit. Hitu tuis equipncnt it vas

an casy mqtter to magnify certain rcgions of 1ntcrcst for tolernnce

studies nnd accurate sechtion of desirn pointq. At this stagc

of the wor)k the foregoing theory wvas assuned to be precise,

-
a

2,3 Tolerance Studies

?n exact method of,tolcrdu&c analysis; vhich bypasses -

first and seéonﬁ.ordet npproxinationé to Tavlor scries expansions,
4 . .

was developed by the author, and therﬁetnils of this wvork appear

in Appendix A. In general an upper-and lover bound 1s placed

upon a given nor;.inal desigq performance curve vhich {8 a function
of n parancters., ﬁihe applicatiﬁn of such bounds’then creates an-
lcceptablé.tcgion of design ﬁp in an nfdlncanonn1>nqltipsraneter

~ .Pac.e .

ey
13
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Within this desipn region RA' all points are acceptable nominal
'de91gns in the sense that they theoreticallv give an acceptablc
' desipn petformance. However, this does not take tolernnces

into aécb&nt.

It is reasonable to expect khat the central noint

of h uould be the best nominal design point toleranc?-wisel.
'sikce thcn a11 deviationq from nominal conponent values wvhich

create performance.violntions would be equalized, The chance of T
‘ obtaiﬁing a reject on a produc;ioa line basis would then be -

ninimized. Tﬂis hcw_numerical‘éroccQS'autonhtically centralizes

the ;10m;l.nai de.si,nn in Rp. ' L _ .

An n-dinensional box called a "tolerance box"

15 gtownlihaide the teainnwnA by. a new"numefical ccchniqnc; The

sides of the box are cach parallel to tvo parnncter axcs._ O

Initially these sides are veighted: such that one‘pa:ﬂmetcr 15

Y

favoured 100:1 with respect :o all other paramotcrs. The
.box 1is then-long nnd narrow such that it looks like a mcté: stick.
It is then used to measure the naxinum length of Rp in the °

.dircction of the favoured paramcter. Tach paramcter is then.favoured
~ .

) iﬁ turn, épd.finally the ratios of the naxiéun-léngtha of these

Beters to each dther‘are taken to compriue"an "opt{rum tolerance

set”, In-this way the size of the rcnion Ry is accurntcly ncasurcd. |

The above optinun tolerance set is used once nore to ﬁeirht v
thc tolerance box sidés for one final tolerance bor prow:h.

, . -

then the.box has reached 1:a:pnxinun size, the tndividual ' -

tolerances rclited-co'thc riven overall perfornance specification

!
i



are known.preciselv. These are then rounded off to the next lowest
realistic obtainable tolerances such as is the case for 2% resistors,

i
fqr example, or 10%: capacitors. The center of the tolerance

box GCresents the best noninal design values dbtainable. Of course
in a practical situation, they too must be rounded off to realistic.

obtainable values. Houever the degree of rounding used on a

 '5pec1fic parameter must be much less than 1:3 specific tolerance

‘.by at ‘least a factor of 10 1f accuracy 1s to be naintained

Tunable components allow for mcchanical rounding, thus ensuring

' accuracy.

. In :he case of the CPR, -the peometric quantitiesIZal and 2b1

sre the relevant parameters. The quantity e, is known to have a fixed
' . : |

k]

value as specified by the manufacturer of the substrate u#ed;

The tolerance on }t nay also be siven, but 1f‘th15 information is

not known, statistical treatnent of lahoratory measurenents of

€, over a specificed frequency range will lead to the neccgs&ry'

Fa

tolerance infornition.

Herein'ihc‘tblcrnh;c on ¢_ was not known beforehand and
was simply assuned to be :10%.  This uasuﬁscd in a tfial
ahalysis of. the CPU in order te éive arfceLing.fof ;hé ﬁéccﬁsar?
tolcrances on-:2a1 5h3~2b1 uhen.hﬂ:IO: de#iation on Z_ vas specificd
iloﬂg vith acﬁoﬁinal value of 50 Q.

Figure 2.3-1 shows this unpcr and louor Hound apeciticntion

@

for a CP¥ in an cxpanded rcgion/of the characteristic inpedancc

.
o
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TN I

o

Figure 2.3=1: RBanne of k for a 10

-
e

Tolerance on ¢y and a

on the Characteristic Inpedance Zgt

Specification
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vs k plot, with ti as parameter, The quantity Ef takes on values

5

: 3] . .
ranging fron'S.ZB through 9.20 to 10.12, and the value of zo'is

alloved to lie between 45, 00 1 and 55. 00 .. This dcscrites a reeion
approximntcly shancd lille a rhonbus vhosc vcrtical sideq desienate

the miqimum qnd maximum values of k alloved for the aliove designcé
‘ . Y

specifications. The B values on the nraph denote éhe‘vnrinns derrces

‘ I - _
ty vhiceh these specifications can bte tichtened. B=( renns that

50,0 +-5.0-Q-15- speciii ﬁas_a-desircd_lnlcxancﬁ_934£ Rewac}

means that the specififcation has been tirhtened to 50.0 & 4.0 q;
and so on. ” o ¢

The minimun andtmaiimun values of k oltained .from Pioure

)

2.3=1 aLove are then translated to Fipure 2, 3--. a 2-dincnsional

paramcter space wich an and Zhi as parnnctcrs. Rerenter tHat

k is simnly the ratio of 251

maximun values of & ohtained from Fipure 2.3-1 reoresent the minirum
g - e

to Ztl, and so the riainun and

.

© and maximun alope‘valués rcnﬁcctivelylfor straiqnt~lincs throurh

-

the origin in Pigure 2.3-2. These straight lines are the two boundarfes

of an open ended regtén Ry, wvith B constant. 'rha figure shows that as

b 1s reduccd fron 0.0 in incremcnts of -1.5, the rerlon R, i3

A
correspondinqu reduced in size, as \uuld Lc oxpected. Tor ench

value of E larper that -2.50, there exists a n;nqlg finite reeion EA

containing an {nfinite number Bf accentable decign pointa

inciudtng the cxact ﬁolu:lon‘for a 50Q ilne. - Since R' is open

‘ended, an upper 1odhd tunt te placed on both 2a1 and‘ihl ro that the

4

CPW w11l not becone scunbersonely large. R, Tust le a closcd reeion,
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Also, a good'geonetrical match with 3 mn coaxial connectors havine’

-

50 niil center pins is reduiréd.n Thntiis, the center strip of the

CPV should ﬁe approximstely 50 mils.
. N " o R i S
Lowér“hphnds on 2al and--'Zb1 are'also inmportant. IE should

be rcmembered that the new method of tolcrancc box rrnwt
allous the noginal design to ccntral{ze‘itself‘in RA;;‘If the -
lowcﬁ_bounds plaéed ﬁn ZAi‘and 2by arc piven lnfgcy andﬂlﬁrger'
viluééj“ﬁZf;hrinks in sizeiand;its,centrél_ﬁéint ﬁo#ns upuardﬁ;
The bcntralqnoﬁinal,desiénAéan then be shiﬁte& qbyards b; f§i;iﬁz.
the values of the lower bo&nds,‘

- Thia.éffect vas g;sted numcricnilv $§ the rroﬁth of‘:;n‘: ‘

optimum tolcrancc deks about a sta'tina poin: S, denotinr a

'-ccnter strip '50 mils wide plus the correspondiﬂg exact aolution for

'Zbiu vIn both'caseg the upper bounds had values 102 preater than the

exact sdlution valucs of point 5. Howéver the lower hoﬁnds wore

'différcnt in ench casé. In thc first case 2a : and Lb

\ 1 1 linl.,'

werc hoth 2 mils, I t! econd, case, 2 nnd Zb ' ‘were
c 1s n e gecon . 11 E\ 2 1 nin 2
bo;h —10 of the patnmctcr valucs at poin: S. In Sumnarv. the firﬂt

/.
casc’ hdd unbnlnnccd uppcr and lowcr boundarv conntrainta of *10%

. nbout So . :

.

The oﬁtimun.tolotancc aé:s pramm from S for hoth cases vith
=0 are shown. in Figure 2.3—2‘. Cue 2 p_toved to be aore dasir_ablg

sinde the balanced upper and lover boundary ébnntraiptu,llloued;

. the center strip width to remain at 50 mila, The ontiram

a

7(591erance sot of case 2 was then used to grow tolqgngc¢ ho:ct

s

&

o



: * " - - o .. - . ’
inside R, for different consecutive values of F 'from =2.0 to +0.5

. ’ o U.
. in incremepnts of +0.5. : - .o
S . ¢ R T ‘ 7 . - ¥.
‘These “numerically grovm boxes are shown in Figure 2.3-3 . . '

in an'expandhd vicﬁ EtJRA for the balanced upper“aﬁd lover

K

bbundary constthinté of case (2). "The tolerance meters are also

shown. The hoxes, like the meters, were grown from starting

point 5. Toints ci' , 'S

and horizontal meters respec

and C arc'the centers of the vertiéal _

13

-

tively. A slight drift of the box

centers.of less than 20.1 nils in 50 nils vas noticed from box to
. "o, . '¢ f . s . .
box. . A | , co e

M

For B equal to zerq, a tolerance des*gq of s

-

j] - ) -~

2a) = 0.05009" = 4,223%7 ¢

-

+

+

e - 2bi‘¥'0;08941" ¢+ %.2387 . (2.3-1)

!

}esultéd fron the above aﬁnlﬁs;h. This should be cqg§ated vith

. the eiact analysis 6f,point S bging

} o . 2a; = 0,05000" = 0.90% L
L ) | 2b) = 0.0899" 2 0,002 . (2.3-2)

s a

Sznée.;n-rlfﬁte 2.3-3 the.diqqrepanc}:ndtueen the variogs box

centers is 9. ~, the tolerances used on 2&1 and 2b£'should he
- o : ,

reduced to 4,07 in order 't__'o ensure that ‘all aﬁccifca:iénﬁ are ret, .
' It should also be noted that the discrepancy betvren noint S and*
the new nonihgl values of 2.3-1 1a no‘noye tﬁan\@.S& rils {n 89,9

mils, vhich is 0.645%. ﬁgpcég;he'exactr;blutton of-ﬁo!ngls'aly be: i |

i bl
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‘used with tole;anéés of 3.357 instead of 4 -00%. That is, ' d
»,2a1‘shou1d bémmanuf;cture& téiuikhin *1.67 mils and 2b; should "
1ie within * 3,01 mils if the characteristic inpedance of a11

: m;nufaqturcd CPU's is>to lie between 45 @ and S0 0,

As a final cormment, it shoul& be femembered that the CPﬁ
thbory of ﬁectionAZ'l was as;umed to'Be exaét.” The approximations
in the theory surgest that significant experimental discrepencies
from the theory may arise in surplus oE the random {ahrication

ors and the random performapce measurement errors. This vas ta
fact the caae; as‘will be secn'in Chapier‘v.' Hoqever; a neﬁnq of )
compensation for this problem will also berdincus;éd in theriane.

A

chapter, » <

2.4  Losses in Thin Film Covlanar Structures

e

The theoretical cnlculntion of lossen at high frequencteu is
umlly complicated [9], but'for thin films of one skin depth or Ly
less, a sinplifying npproxination can be nade, .The theory prelented‘
ﬁere groyiées'nn easy method fof'cllculhting'losnes, er wvhich .
expeginent&} aeasureuenta';i;e good corrglat!én, — L {

| Only ndnnagnitic dielectric nnteriils vill be considered.
Thnrefote. only" tuo'typea o! loases la the dQ;t;;nt quasi=TEM -ode
necd to bte 1uvest£gated. Thc:c are the oh-ic lonses {n the thin
netall!e f!ll of the CPW, lnd the dielectric losses in the lubltrn:e.
“Both of these losses are asfocisted vith the attenuation factor ag

- assuming soall loases..
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2.4,1 Geéneral Transmission Loss Considerations
Palihds . -

\

For a general transmission line with distributed parameters y{///(
R, L, ¢, and G, the p?ppsﬁhtioﬁ constant, vy, is kiven by

Y'-_u-"-j'ﬂf-" | ' ' © e
L ®R+gul) - €+ 100 1% @Y. . e
' ‘ |
)

© The dielectric loss is assoclated with G and metallic loss with R.

_ . _ . -
When the real and imapinary parts are separated, the attdnuation

vl

- : . . "
constant and phase constant are found to be

' e O Q@ue2)
l L 1 ) . '. o - !‘ ‘ ' ' | 5 -
o= = {{ (RZ+e22)(G2+02c2) ] +RE=-wlC )| (Np/m)
. 2 ) . L .
. -
. ! ) o ‘ ‘ 2.4-3)
Bl = {l(R24+022)(62 +u?C2 )]  =RC+wlC) | (rad/m)
h ~
respectivgl;. vhere @ represents ftequency in radians per ﬁecond._ e

P

The normal or natched=]4ne attenuation ln'decibela of & lenath of-iiné

‘x ﬁetreallong is givep by

J\o = 8.686 o x (dB) 2.4-4)

N\,



. I a3

2.4.2  Skin Depth’
The theoretical losses in thin film CPR's are found by an

approgimhfign baned,dnakhQNQedge“of the skin depth within the ffequency_

.'rénge of interest. The skin depéh is'giveﬂ by

8ea A 2 - e

vhere w representn frequency in radians per”aeconé Mg 18 the - .
free space permeability { 4n x 10 -7 henry[matre ), and ¢ represants
‘conductivity in the metallic medium, ¢ Figure 2.4~1 shous a lot of the
skin depth for aluminum, fold and copper fron 1nn HH: to 100 PH:. For ™ _E

aluminum at 100 MHz the skin depth is 81 15 kx and at 10 GHz 1t 19'

8.115 kx uhere 1 kA represents a thousind angstroms,
At d.c. thc skin depth is 1nfinite1v thick aﬁd at high frequencies

it 1= usually smaller than the thicknens of the conduc:inp uetal. Fov@ver..

uhen thin netallic films of 100 R to 18 0onn R thickness are used at nicro-

[y

wave frequcncies, the sEln depth can be larger than the thicknecas of

‘ﬂ:’v

_the conducting pctal. S I “

2.4.3 Pract{cal Loss Calculitions for Thin Pilm Transn{ssion Lines

Operating in the 1=2 e Prequency Ranee

In this theais alunin&n conductorsi will he used in :ﬁe 1nVeitigﬁ-
tion of CPW purforuapcq-!n-the 1-2'GHz ranit\pf frequencies, :!hh cor- e .
renpoﬁding range of skin depthAfor aluainun for th1§ frequency ranze
1s 25.8 kg :o'zs.z k. In the ntddle'of‘tﬁls range the skin depth 1is

-«
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-21.0 kA ‘Herein, thin films of 1 " 'kA or lesa will be used due to 1imi- ;
tations in evaporation techniqueé.,and'gherefore the-thicknégé @f*thg ’
' CPH's metallic'cgnductors will alwﬁyslbe less than the skin depth.; As
a fesult it is reasonable to assume that the d.c. rcsiat;;ce per
unit 1gpgtﬁ'of‘trnnsmission line is a valid simplifying approximation
to‘R for use in the calcul#tidn of losaes in thin £film CPW's at-;re-‘
' quenciés lésq than Z-CHz.‘ R is calculated from knouledpe of the uidth
- and thickncss of netallic\ﬁiln used, |

"For the ahove given conditioau R is greater_tha; the sEin'&epéh
res}sfance per-unit 1éngtﬂ, de;, For tﬁiﬁ film thicknesses lagger than

one skin depth the value of Rnd should be used 1nntead of the d.c. ré—

“sistance per unit length ﬂor calculating :ransmission line loss. A »lot

 of de 1n ohms pcr metre vs frcquency. from 100 Mz to 100 GHz, ts ahovn
in Pigure 2. 6-2 for aluminum, goid and copper stripa with widtha of 50
nils aﬁd IQO oils, This information is redravn in Figure 2. 6-3 with more
general units of.bhma per sqnare.iuhich renovea‘anv dependence on strip _
‘ﬁ14£h. These latter two gtaphs were intended for use in designing er'
,'Uith thicker netallic conductors, but vith regarda to thisrthcnls they
have.becn used to deternincha louer bound for‘qeasured losses thn film
thickness apptoachca and exceeds 1 sﬁin‘dcptﬁ. o

The attenuation constant @ vas calculated from (2.i-2) as a
function of R at 1.5 GHz, and then cqnver:ed to A, d!_hy (2.‘-&). The
conductance G vas assumed to _te zefp hnte/nince alunina substrates with
restativity greater than 1014 were used, making € ncglizibly snall. The

Tesulting values of A, wers than normalized to the CPW wavelensth A, at
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L
- 1.5 GHz and biotted against R as showd in Figure 2.4, This data vas
’then used to plot the loss‘/Ao in decibels per uavelength at 1.5 GHz against
film thickness as in Figure 2. 4-5. This vas to serve as a simple‘check
of'experdmental 1oss, measured as a function of thin film'tﬁiekness.
The curves: labelled "INFINITE G&OUND PLANES" for aluminum, gold
and copper in Fipure 2,4=5, represent the case vhere the loss in the
ground planes is nerligible compared to the loss it the center strip.
The curves labelled “FINITE GROUND PLANEQ“, and applied to aluminum <
only. are for real desipns uhich uill be presented in Chapter III. Series'
A and A= have 100 nil center strip widths, and series C and FCD- have
center strips that-are 50 mils uide. The firure then 1llustraten the
jeffect of finite ground planes on the losses in a CPW. Thejtotal 1ossee
in the real designz vere calculated by adding the ground plane distributed

resistance to the center atrip distributed resintance’and then calculatina

a and AD,- Note that for both designs,'the losses are approximately the

P

-~

sanc.
" 2,6,4 Copeclusions . et L

[+ )

- In‘nuhnnry,-:uainple loss theory dae appiied‘to thin ¥1ln coplanar
e atrueturen vith assumed d.c. resistance in the’ netallic filn nnd with die—
lectric loaael‘nexlected for alumina lnbatrates. All relcvant curves
wvere ainple straight line fuuctiont plotted on a “lot-log' basia ehich’
_alloued.a.vide range of inforuatibu to be dinplayed on each graph. The
effect of the losses in the RTOund planes vas also predicted by adding

the ground plane rcesistance per metre to the center strip resiatanee per

~
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*

metre, As will be seen in Chapter.v; “goqd,expegimental qgfeemqnt“

with this'theory'uné obtained within: a 227 E&ﬁ&é'of uncertainty.
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FHAPTFR IIT -

“ FAPRICATIOV AND MOUNTING OF THIN FTIW

o

] o COPLANAR TPANSMISSION LINES

3.0 Introdﬁction

The studv of the fahricatioﬁ of microwavé interrated curcuits

) %WIC) is an 1nvolved subject. Initinllv, this chapterlhrieflv survevs
this field to 1ndicate where the fabrication of thin filn conlanar wave-.
?uidcs and thc relnted ma:erialq fit in with respect to other widelv ncceoted

techniques and matprialu used in MIC fabrication. As- it turns omt, tHo

L

chosen techniques for chis’thesﬂh.form~a suhébt of a.ﬁore peneral tech-

nique in current use,.

Photogranhic techniaques are discqsseﬂ next;iﬁ'sectton 3.2

&

vhere the merits of a "maskinn",;ecﬁgiqqg'an;lied fn a vacuun evaporation
unit are cogparég ﬁ%Fh‘”di;eci'photogr#phig'eéching“; vhich 1a"beftet_£or "_
thiékﬁfilm Eechniﬁues;"HethoésQua;d for ;afhumievaporatidn are discussed |
in qection 3 3, and the variou; qesigns for vetifvinp and exnandinr thr

theory of chaptcr II are preqentcd in seetion 3.4, Laqt. but not lenqt,

By

the techniques for achieving cffeetive elec:;}cal contacta in the rountins

of coplanar wavepuides are riven in section'3,5, hoth for mermanent
industrial use and reépeated exnerinental amplications. This includes

q

a new and cffect;ve experirental mount desipned bv the author,

45
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‘ii,{ | . a ".56

3.1 Choice of Conductor 'Materials and Suhsf}nten

ol

The' éhoice of materials for micrnui;e integrated circuits is

an cxtremely important area of studv, Some nertinent informat on

-~

on these raterifals 1s_prescnted in purvevs on mtcrownve interrated

circuits conductcd by W CAulton apd H, quol re‘orencos [ ] and

[3}. Anothcr cxcollent evnluation 13 found 1ip roferonce [bl, vhere

¥

-Fo Z. Keister concentrntcs mn{nlv oq availnhlp mntrrials. Keister

cevaluates subqtrate matcrinls of varvinp puriticq and qurf1co

».

finishes, inclqding nluminaﬂ} beryllins, qunrtz, nnd‘glass. “fe also-
. appraises conductor materials which include silver, éonncr,,rold,

and aluminum, Lerein important aspects such as nover loas, adherence

"

~ - .
ofjge 11ic filrs to substrates, attaincent of desirn apccificntions,

durnﬂll tv, and .ease of fnbrication uill Fe discuﬁqod in relation to

~ the aforcnentioncd references.

&

J.1.1 Sukstrate Materials

o

, -»According to Keister, substrates for ricrowave intc{rnted

]
¢

tzircuits should have the followiny i{deal propertics:

. 1) high relative .diclectric constant,

[

2) low dissipation factor or loss tangent and a ' LE
corresnonding high resistivice,.
3) - the diclectric cénstqnt ghould rerafn conatant

over the frequency ranre of interesr as well .
i ] - .

. 1 :
as over the ternerature ranpe of interest,

- +

4) hirh ouritv : '1; oo L
: B
::—q,g,—..n

5)  high surfact ‘srioothness and constant thic*nrqn,




6) high’dielectric dtrenpth,

7 High thermal conductivitv. a - "

The least’ 1mpoftant of theae items are 1) and &) First of 611, too

high a “dielectric ponstant will produce a vervy slow wave and a very

small wavelength. This can excite higher order aurface vaves causin§

diapersion to appear at lower frequencieah’ps discusaed in section 2. 1

of Chapter 11. large relative dielectric constants are also more

temperature qenni;ive. One might thercfore have to select a moderately
snall relativé dielectric consé#ﬁt not only as a compromisé betwﬁen

gﬁ acceptable diépefsion chéracterietic and a lov phase veloc;ty, hut
also for temperature stabilitv [3]. Alsb a subitréte of‘extremelv high

f‘\\

purity is often not as essential as a homogeneous substrate. . For example,

. 96% alumina'is just\gg usefgl an 99.5% Aalumina providinz bath aée
'homggéﬁ;oﬁs and\héye'gp?;th surfacea, n Eﬁg éther haad,Akwlqw iosa
-taqgént and a ﬁtable relative dielectric conatant are obvious neces-
sities. .Obtaining a uniforﬁ.chicknehs in ;oméinq:ibnswith*ﬁ higﬁ
;urfhce'sﬁdothnesn helps to en?ufe preéise device éeonetrv;' This ste .
Aplanar amoothness nimultaneously contributes to the adherence of -
Vnetallic films onto the substrate and reduces RFP conductor loss [3].
Finally. a high thermal Fenductivity leads to teqperature ntability
1iﬁ'h1gh_pover devlééa‘b;\p;eventinﬁ the nicrouﬁ%e intezrlteﬁ circuitry~
from heating up to high teﬂperaturus at which circuit performance no
longer lies vithin design sptctfica:ionn. "

Table 3, 1-1 shovs a lisc of the fivc cubotra:e materials

.;sseasgd by Keister ttking 1n:o account a uide selection of vendors,

pdritie;. and surface finishes. A quick study reveals that

£



Substrate . Puritv |Suhstrate ' Surface
Material ) Jb!skﬂqﬁﬁﬁ.j ______ Finishes
. ' (o) Kntlsy | Q™ T £9XT T
| '

24[2

Alumina (Aloﬂ
7.88, 9.84],

| ~
) 96.0 .|0.064 25 G162
3 \ R

Alunina (A1,0) | 99.5 [0.964 25 | ©.20 0.25
=3 I A : -
(frnm\g\?endors) , 7 | T0.4n o.s0ti1s,75, 19.69

Alumina (AL,0) -| 99.6 [0.064' 25 | 0,05 0.25(-1,07, 9.04

Alumina (AL,0,) | 99.7 [0.9641 25 | a.40 15,75
2 _ 1 .
Alunina (Alqﬂz) 19,9  [0.064 25| a5 2,87, .1,97, 113. .

Glazed Alurina | 96,0 n.076, 32|~ n.925

J . .99
Sapphire . | 100.0. [0.051 20| a.00s .20
(fron 2 vendors) : ! ;

i - ' 1
.| Pervllia (Ben), 99.5. |0.064 25| 0,45 17.72
(from-2 venlors) '
: 4 . '
Glazed Pervliin 99.5 '|0:024 20| 0.n25 0,90
- . I ' -
Quartz (510,) 99.9 [92.102 49 | <0006 <0.24
! . . o
Borosilicafe alkali- 0.97q 31 | <N.006 <0, 24

e e e - e e e e e e o Tm e e e e e e m ot wm . o — ———

Glass free Wl

. K ’ B . i ‘ \, .
Table 3.1-1l: Heister's Listing of Suhstrate “ateMals Includine a Mide
Sclection of Vendors, Purities, and Surface Finishes,

~

thr.top:fiv;-ontrics in the tablce\give unplazed alumina tvith five
diffe;c;t purities rnérinf frori 967 te 90,97, All of these fiQr
Exaqp:'s a;c 25 =ils thiek but:thnir‘sgffacn fiﬁgshch.diffrr fror

" norinal values as low as 2 microinches to ;s high ;s 113 microinches.

Lowever' the next entry, 962'n1azéd blumina. has a one ricroinch finish.

This s a tvpical examnle of how a Tinh resistivitv glaze can he used

7

i
i
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to iwprove the surface fini#h'of a substrqtc; Ylotice that ﬁhe high
purity qluniﬁa'substratcs gencrally have a good surface finish 1in
compd;ison to the 96z'a1uh1na*suhstrates. Caulton states that
"the less purc alqpinas arc‘roﬁgher due to the impurities" [3].
Yet, the application of a élaze*tolthe 96% alum{na substrates
imprbves the surface finish by a ratio of approximatelv 25 ﬂllk

The other entries in the table include:sapphire. rlazed and
unglazed beryllia, quartz and Borqsilicate-glass, “All are of extre-
mely hiﬁh pdfity.and all have a surfaéc;finish as low as 0.2 micro-
inches, exccpc‘for.ber§111n wﬁich conpares closely to aluﬁina as far
as surface scoothness is concerned. A éurf&ce finish of.17.72
nicroincheé‘is.shown for u;glazed.beryllia and'éll nicrdinch_

finish is shown. for plazed bcrvllfh. Agnin, the plaza rakes .a

significant inmprovement; this tine by a ratio of 18 d. ‘It 18 quite

Epparent thén that the surfaces of aluuina and bervllia suhétrates
£u

can be Ladc alnost as snooch as the surfaces of Janphire. quart.,

v

and borosilicate glass 1f a glaze 1s used.
- Since the surface snoothness does not necessarilv

determine the chofce of the best of the above substraxe mntcrials,f‘ .

~—

- how thé& do these-uaferials conphre in terms of the relative - -
éfélcctrié constant of"the material, ané lossecs in’yi? Table

- 3.1-2 illustrates limited data for these two propert}es for
naterials,surveyed‘by Keis:sggiﬁl. The values of relative dielectric. | +

constant shown in parcnthcses were not taken fron d1ta qheecs, hut

vere pcasured at Lugﬁes Afreraft at 9, S th by the resonant
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; 5 f
S;gstrnte- © - Relative Dielegtric Dissipation Factor i
. Material Constant at 25 C Tan § at 25°¢ - f
: ‘ . 10 cuz 25 Giiz 10 GHz 25 OHz ;
# ' W ) Tt ' i
96%  Alunina 8.9 (9.2) 8.7  0,0006  0,0007 A :
99%  Alumina © 9.0 (9.7) 8.9  0,0001  0.9093
99.5% Alurdna 9.5 2.0 0,002  9.0001 :
99,9% Alurina 9.9 - 0.000925 _
997 Beryllia ©6ad 6.0 0.0001  0.004
99.5% Hervllia 6.1 (6.3) 6.0  0.5001 0,004 . |
Quartz : 3.78 3.8 0.0015
Borosilicate Glass 5.74 . 0,936 )
. Sapphire 1.0 0.0002

Tab¥e 3.1-2 : Lefsrer's Tabulatfon of the High Frequenav Fronerties
T _ of Substrate 'laterials Taken from Vendor's NData Sheets
or the Technical Literature. : -

B

cavity dielectremeter technique. fhcy proved to be sliphtlv higher

‘than the ébrreschding vilucs‘taken frod-datq shects, Tahle 3;1-2

" also illustrates a decrease in the value of relative dielectrip,
constant with an increcase in ffequgncv fron 10 %ﬂ5~£gJ25 fliz for
alumina, bervllia and ‘quartz. DNata was not aynl}&hic for horosilicate

flass and éapphirc at 25 Gkz, The table indicated that n:dccrcase in

»

the relative diclectric constant ¢, of at least 5& could occur with

increasing frequency over a 15 Gliz bandvidti.  Ev linear’

intexpolation, one would expect an increrent ih,tr of =1/3% or less
i e ) . .

‘Aggéz_a one Gliz bandwidth in the frcqucﬁcy ranfe fror 1n = to 25 fs=.

-
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In this thesis, experimental measurements, were made within
the 1-2 GHz range. Though data for €, was not available for tﬁis

frequency rangeﬂit was expected that a decrease in Er over thia
bandwidth of lesa than 2/32 would- be reasonable for these lower
frequen;ies. .This 1dea was supported with‘data for alumina sub-
sttateﬁ from Coors Porcelain Co;. wﬁich 1ndicited that from 1 Kiz to
0.1 GHz the value of £, vag conatantl. Since er decreased apnroximately
by 1/37 per 1 Pﬂz increase in banduidth above 10 GHz, some frequency
dependence of cr might be expected hetveep .1 GHz to IO.GHz, bat ££
ptnﬁably would bé less tﬁan.the variation found ahovéilo tnz,

’ Hhat 13 considered a good value for ér?, Caulton [3)

states that “the dielectric consatant Er should be in the 8«16 -

range tor;no;mal 1ntegrated.circuit pi;e reduction™ for the same

'-:freasons_dgﬁcusued_at the beginning of thia section. All values -
e in Table 3.1-2 fall vithip this category. In this table,
sapphire givE; a slightly better ci;cuit aize reduction than
alunina, - “ -
Loises,are’hlsolinportnnt in ihe.selection of a aubstrate. - =

According to Caulton {3] "glass is the moat lossv and has the

pooreut thermal conductivity. vhile beryllia, with one of the highen:

thermal conductivities, is difficult to hnndle. Elblq J.l-2 shqu: -
glass to b;"the mnoat losay tooy. ﬂu#rt: ia aboﬁt half as losay, and
alumina, sapphire dnd beryllia are even less lossy by a factor

of 10, !_'



It then appears from the foregoing discussion that
sapphire and aleina ark séme of the hest choiécs in substrate -
matcrials for nicrowavc intcgrﬁfbd circuitQ. Rutiio, used hyv
\en, is pot shown in Table 3.1-2, but is listed 1in [2] and [3}
as havingla tan 6 of 0. 0004 and a rclativc dielectric conqtant_'
of 100 at‘ld Gliz, These rcfercn&es alqo show it to have a qurface
5 times rourher than 967 unrlazed alumina. lLiowever, in some
avplications such as len's nopréciprocal gvromagnegic deviges,
the high e, value i3 an asset, IH any case, a glaze could
perhaps innrovc th; surface of rutile as well.

herein glazed 96"rn1urina substrates fron Coors 7 orcelﬁin

Co. were selected for the fabrication of conlanar vaveruides

- begause of the aforementiqned attributes. - The substrate dirensions

werellv x 1" x 025", Tables 3.1-3 and 3.1-5.cnntain the rechanical,
- therral, and_c;ectricﬁi nroperties oé ungzlazed Coors alunina in
deﬁail. Thq‘brnperties of ;5e nlé?e‘which furnishes nql uin

finish arec riven ;h Table 3.1=5. The glagplh&g‘a ﬁinh electrical
écsi;tivlty vhich is cqmpérahle:co‘cﬁnt ﬁf alunina, and a hish -
soffening point of'77sb“éf The m&iiﬁum terperature quoted for
alunmina is 1700° c. 'Iq“;urplué,;éluninn suhstrates have the
advantage of heiag corpatahle with alurinum films. - One nusf tﬁen-

ask 1f any other conductor materials are better than aluninun for
s , _ J _

use with alumina substrates,
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- PROPERTY . & . IITS : ADS=96F
NOMINALLY
TF¥or Use in
Thick-Fi\A
Circuits.
Surface
k25%in CLA.
(Aa=Firced)
[SPECIFIC GRAVLIY. 3.75
VAT ALSOrorIny Yone
PECTIATILTIY j Cas=Ticht
FLEAURAL STReSGTH Tvpical, /UYQ . nsgi ) 4 51,090
COq I pai ' >300, 000
HAQDIiSS Typical T Rockwell 45! ] 79
0(3) K18 White
SLLFALI FINISH : As-Fired . Microinches <25
: E r('.T.z‘.) . i &
RO L b\;u\z tor :o=load YC(YF) ] 17nn0310m)
200°¢C . e 0.063
THER AL CONSUCTIVITY 100°¢C ‘ g-cal/em2/em/8/°C 0.048
, . 400°C 1 0,029 -
25=200%C : - 5.9%11)70 -
THER!AL . COEFFICIENT 25-500%C % - , PER‘OC . 7.1x10°6
- OF EXPANSION 25- o°g . 7.8x1076
25-H00YC qQ 1+10"6€
Z . >1o’é '
VOLIRE "RESISTIVITY 300 -t afenfem? 2. t)xm12 -
. , 700°C o _ 1,6x107
) - Temp. when S s
TE VALUE Resistivity - % | 925
. i w ] M~cn -
DILLCCINIC STt 0.250" Ihick Voltg/!il 1225
. o - 0,025" Thick J(0D ¢/s ac, ave rms) | snn
, 1 kilz,25°C 1 9.2
ADIELECTRIC COLISTALT 1 ‘ﬂlz,25°(‘ . o 9,2
(Relative Permitedivicy) 100 Milz,25°C - 2.2
L 1 kiz 1 . -0.0010
LOSS TALGERT . 1 MHz | {0,000
(vissipation Factor)’ 100 Mz - ' N, nnnyg, -
‘ o I kiz -1 0,009
LOSS FACTOR . 1 MHz- . . o 0,004 -
' 100 Mz ' : n, NN

9u., Unglazed Alumiga. Substrates,

~ -

Table 3.1~ 3 ﬂcchanical Thcrnal,{;nd Flectrical “ropcr:ics of CONRS
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PROPERTY UNITS ADS=~995
mﬁ ! : N .
NOMINALLY
For Use in
Thighk-¥ilm
. Circuits,
Surface
T k25uin CLA.
e - (As=T'ired)
SPECIVIC AT Y
UATLER ARSORIITOn
PEVIEATILITY . :
FLLXUVAL S0 0TH Tynical, 7900 n5i G, 00N
COMPRISSIVI. CrPnieTH “Tenical, 7907 wai >4 00 TS
. EAIUYIESS Tvpical, fockiell 4570 i R
- TCoron - - THite
SULRFACE FINISE As<T'ired ' ‘licroinches .. <10
L (PI ") .
R TS TR RIS lor .o=-hoad (“n VERIETI
_ - - 20Y¢ 0.07 5
THLR AL COUDUCTIVITY 11009 r-cal/cwzlcm/ /°c 9.065
‘ ; L4gooc 0.028 .
- 25=2000C - G.Ox10-F .
THERWAL CORYTICTEIT 25=500°C PEP ©C 7.3x10"6 _
“OF EXPANSION 25-509°C. ' 7.0xi0™6 g
2% -
‘ 25Y0 > i
VOLISE RESISTIVITY 300°c ' n/en/cn? GLE
3 76é C - ' 1.0c1n?
Tenp. vien
TE VALUE Reaistivity’ i} -
= 1 MD-cn °¢c 1100
ODIELECTRIC STttt 0,250" Thiclk Volts/Mil 225
: - 0.025" Thick |.(GO0 efs ac, ave rnsd | 550
T I 1=z, 25°C 9.8
DIFLECTRIC CONSTANT 1 'Hz,25°C 9,8
(Relative Permittiviey) 100 iz, 25°C 9.8 -
- T khHz - B NANLP
LOSS TANMLY olaMatz 0.0701
(Uizsipation Tactor) 100 4z .00
—- T iz vy
LOSS FACTOR 1 Mz 0.0
) 100 51 9,271 .
.M‘

rahle'q.i-a

!LCian1Cﬂl Thermal, and !lectrical “rowcrtlcq nf Cenneg

99,54, Unrlazed Alunina Substratces,
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L] _ L.
PROPERTY UNITS C-232
CLAZE
CG::U’OSITIOL'I: Lead Aluminum Silicate A .
(Alkali Content = 32) S
SOFTEIILN. POINT. ‘ T - OC(OF) 775(1427)
SURFACE FIL:ISH ~ As Fired. Hicroinches 1
‘ . CLA
THERIIAL COEFFICIENT 25-500°C . PER ©¢ 6.3x107°
OF EXPANSION o ‘
- i .., 25°C - >1071°
SURFACE RESISTIVITY . 200°C Q/Square -1,3x1013
L < 300 ’ : 2.0x101!
- - 400°¢ 4, 0%103

¥

Table 3.1-5: Properties of CCORS G-232 Glaze.
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3.1.2 . Conductor Materials

According to Keister—IAI. the ccpductoc matefinla used for-
microwave interpated Circuit (MI1C) cpplications.ahchld have the’ .
follouinp properties: _ | - |

‘;) high conductivity, : o B

Zi nsmall temperature coefficient of resistance, |

;) - good adheaion to the:sﬁbstfate,

:.)l good etchability arid scldembllicy,

5) easily deposited or electroplated.

Caulton [3] adds that a small linear'therﬁgl cxpancibn cdefficicnt

is necessary¢foruﬂic's in order to maintain pattern“definition during

temperature fluctuations that occur in the fabrication of such devices,

Ile also states that,cnly‘scveral skin depths of conductor material
are required:'ﬁhercas-xcister'claima that at‘ieast Ackin'depcha are B
necessa;y to include 98 of the current that yould be obtained for
an infinitelv thick conductor; in this theaia. film chfcknesnen
of ‘one skin depth or leas will be used to 1nvgat{§ate the effect of
-film thickness on losaea and charag}eristic 1mpedance of a coplanar
‘umveguide. _

Table 3 1«6 is a coupilation of information on conductor Ve
materials for MIC applicationn {21, 031, [36]. The table is divided

into four gtoapa of metals. Oroup 1 contains excellent conductors

vhich can be deposited by a number of metheds as well as photoetched.

A

s o e
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All but aluninum have ﬁoor adhestion fq dielectric. Group II shows
three ﬁobrer conductor rietals that are conronly used as a type
of "glue" which binds the good conductors of group I to a

dielectric. The "glue- petal" filns are reallv reducing apents waich’

El

1 are oiidized in a vacuunm deposition unit- at the rnetal-dielectric

fnterface when the substrate is hot., The tou;ﬁufdcé of the "glue-

metal" does not oxidize, providing the vacuum’is not broken,  and C;ﬁ‘\?.
. k) - ) A » T
forw a good chemical hond with the metals of group I, Chemical bonds

are necessary in this type of work [31 since mcchnnicai honds require k_-
a rough surface and this dcféats the purpose of creating metallic, -
planes with precisions as high as 1 pin, Groun IP'metals all have

rood adhesion fo dielectrics., The group I1YI metals in the sare table

are sinply refactive metals which are fair conductors. Thev also

have fair adhesfon to dielectrics. .Vindllv, thin fllns of the tarrler
netals of proup IV.are used inbetween the prohp I and 11 rmetals
to prevent them from diffusinp into cach other to form allovs.

All of these natcrials_éan hevdcﬁositcd byﬂsputtcrinr,'ihough

" ———
"
i

,m“fgbsﬁis tecﬁnlqué ls.cspeqinily.iuportant'for group 1I1 netals.
| .~C?oun§ I, II[ and 111 ;etals can also he vacunm evanorated fron
a source hnat;d by an electron heam, Vacuum evanoration fror a
- resisfiv« ﬁoﬁt Sourqc‘abplics to prours I aﬁd ilionlv; B -
. In peneral, the lavers of matetfal involvgaain—the_
tnb;ic§tion of .a nicrouavclintcgr;ted circuit arc statified-

{n the folloving order : o R

1) subhstrate, - .
. . ) A



2

“

2)
3)
4)

5)

6)

grnup.II oxide bond winh:substrate,
ren;ining'nbn-q;idized rroup II metal,
thin liyer of barrfer metal,

a thin vacuun denééifeq layég'of hfoupfl ngénl,
uéédnhe;e to scéh an éleéﬁro;iatinn process,

an clecfroplatcd'lafgr of the sare proun I metdl
‘of desired.thiékncss, applied'ﬁefore or after -photo

resist 1is used, o -

t = -

N 0f course, variations on this pattern can he used. Cne wav wish to

k| Y

eliminate the electroplating process altogathgr.;nd simpiv deposii“

the conductor to the desired thickness without breakinp the vacuum

~ barrier metal can be left out as well. Also, aluninun adheres auite

.. well

o alumina substrates. The glue metal can then be eliminsdted

1

~ further.

3.1.3

.

was by no means ¢xhﬁu§t£vc and was onlv introduced brieflv to show

Conclusion

The forcpdlnp disdcussion on substrato and conductor rhterinls?

. 4. .

for tlfege tvo materials,wiiich sicplifies the fahrication process
- g « “ 5 - '

k3 ) -

the relationship of the materials used in this-thesis to wome other

4

.uldclv-ncbonfed raterials and tecnfoues, Alurninue wvas selected in

conjunction vith nlup!na\subs:ra:cé bocause of the counmatahility

e

of these two cxécllcnr :@tcr!als. «This lcd to a fairly sinple

I3

“(

_procedure for fahricating CPMi's a« will he discuamed in section 3.2, .

s PR -

4
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’

3.2 Maskinr and iltching Photorranhic Techniques

L

The tcchﬁiqucs for fabricating “IC's arc nurmcrous and
conplicated and so0o onlv the tvo techniques nttcmptéd‘for this
thesis will bé_dis;usscd herein. These will he laﬂefibd "Masking”
and "Dircct Photopraphic Etching”. A comnariéon-tdllrhn rade o v

between them to show that direct hhofdgraphic etching ia not onlv

c{cnncr and sirpler to use, but gives the best results as well,

F‘\} 3.2.1 Proliripnrinq

~ Before eithor tccxnique vas crnloved four urc@f}inarv

-

steps were considered:

-

-

1) deaign phase,
2) cutting the desipn pattern’ accurately out of a
3hcci of rubilith naterial on’a scale of . 20x,

3) photoreduction of this rubflith nattern bv a

L]

¥ _“_ ratio of 202:1, :~5

© . >

~ 4) deve%oping.the piéturé and making:a positive

‘i‘ ‘ from the hegﬁtivc if neccssafy.

.
o

Thc desipn phnsexkiil be treated in section 3.4, so let us look

»

‘at the ruhilith problcr. . ' - , - . :

[

A sﬁce: of ruhilith iq-r1de up-of .2 lavers of material nressed

.f_ -

'tdgether. One of these laygrs is a thin red filb of sticky elaqtic ._ -
f'naterial ;;ich 1nq!!§que:;o vellou light and’ which adhcres to a

sccond lavar of transparen: plnstic. “The plastic rives bodv to

the rubilil:h and aum nght to be transnittfd through ic vhere the

rcd eluth: coat.ing..‘hu bnn-.peolpd off.' In sl:ep two l:he denired - ,_.' . T -




denipn pattern was cut on the side of this thin red coating with
a fine blade, ‘In tﬁis'case, use of a 1200 x 1200 mm Haag Street

e Coordinatogfnph cﬁabléd diﬁcnsional accﬁracicq of 0.05 mil to he obtaiﬁéd.
The red coat was then pcelcg off the plastic .sheet in feaioﬁs where'iiphf v
trénsﬁission to a camera was deaifed.“Yellou light_uns used to 111uminatc:

the rubilich phttcrn so that its red areas»acﬁually appeared hlack to the
. . v ’

caﬁqra.

The camera shat w;s ﬁaed'tg make negativea of th;rrubilith
péttern was an HLC Mikrdkon 1700 csmera. n‘calibration ﬁ%dzedure
enabled it to befpositiéped acc;fately for a 20:1 picture reductign;'

' Er;m'the accﬁracy 6f the plgFt1n§ tab1é it was égtimated tﬁat the re-
sulting photograph of thé\désipn paftern had diﬁcnaiﬁns,containing only ;

0.1 nils of error, Theﬂe errors “were checked experimentally and will

be discusqed in’ qection 3 4 S f,.
'Kodakghigh :esdlucion 2"2 3m photogranhic piatca (tloy XP .58~

751. A) with A develnyment,time of S-min. were used to make the. above R

A

negatives. The expoqure time wag set on the Wikrokon 1700 at 10

.seconds. Positives"uere made frod::hefnggativen vith Kodak high~

oo ¢

resolutlon &" x s film {No. 5 0-365). vhen réqgireJ._:

LS

Hith theae preliminarieu conple:ed. ve could proceed to one A i
of twu relatively aimple fabrication techniques' mnskiny and direct - i o7
photﬁgraphic etching. Qur aim vas to fabricat7 1” " X, 025“ CcPY

""'T——’"’— <

sanples vith high precinion. ease, and teproducabilith. In thia

o oo

tespect, ditect photographic etching uas definitaly the beat method -

> .t uae.;;-. ;_'.Z N
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3.2.2 Masking '
“This technique simply involves placing a negative metallic
replica of a givcn desipgn pattern 1n close contact udth a ptven
substrate and evaporating a.desired material through-this mask
uénaidg a vacuum chnﬁb@g, The magks are easily etched out of thin -

metallic copper sheets 5 mils thick but undercutting-an& pérf;rential

. etching, in aharp corners of the mask are quite .apparent prohlems.

L]

Geome:rical devintionq of 7orB8 mils 1n such corners are not

C |

.. UNCOMMON .+ Rouph edgcs with deviations of 3 or 4 mils can also be a

¢
o

problem if the etchant 13 not strong enough to eat throuph the copper
within 5 minutes or lgss. The dircction and degree of agitation
i . - . .

also affects gpeometrical preciaioﬁ, and s0 the-creationfpf“én
acdeptablé mask tolerance wise is dependent upon trial and error

;-

procadurea. -

N

Another significant problen that 0ccurs wvith nasking
}techniques is a phenomena called“specular Higration + A hot nmetal
VVIbor Qource in a vicuum éoating-uuit'directa ene?getic patéidleq of

metal in a f&irlyrnteady Qtreammtowards the mask and suhstrate target,

.The mask is positioned as close to the surface of the substrate as

-

po#sible in order to reduée specular ntgration tut ‘it cannot. be " B

E

eliminated complntely vhen Very ot vapor sourcel are used. The

¢

reason for this is that the Iolgculea of metal for auch a source

contgin a gtcat,deil ot:energy vhenithey-a;riks the substrate




L

surface or any other surface in fﬂe vacuun-chambef, and eitﬁer‘
nigrate ahout on these surfaces in order to expend their surplus
éncrgv or 5re vaporized once more. The very fine separati;nfbetQEen
the subgcrnte and mask allous sowre of these hof ;olcculcs of metal

to find thelir way under the mask.in a randpn fashion. hlso;win such-

an active honbardment of metal moleculcs, secondarv sources offvanor,

including the substratc surface, which-are not as directional ns the

+

primary vapor source, actually compound the . problem. Exact delinea-
_tioﬂ of mask patterns bv.vacyunm deposition is then only possible with
noderatelv hot vapor sources. This-in turn limits the thickness of

naterial which 1s depoéited on the substrate since then the nrirary

strean of varor is less directional and sees a wider tarpet area.

A great deal ofdﬁﬁg'hctal vapor froﬁ the source is then wastéd on the
. v n. " . . )
internal surfaces of tﬁe vacunﬁ‘cﬁﬁmher at low evaporation rates,
Li was found that accurate iilms of 1 k: to 2 kR coﬁld easily
bg obtained hv using o .aqkinr :echninuce. At 1.5 Gliz this was at Heqt
= - 1/10 of a skin depth .of netal, and so it was fino as a secd material
for electronlating, tut for a finished sample with low losses it vas
not acceptahlc. Uich nuch exﬁerinentation and soré luck 1in placinr'
thP mask in closer contact uith tne suhstrate, thicPcr filns with
' a‘

little spccular mizration vere dchQited, hut ahiq short techqiquc'

should not be reconzcndud for anv 1ndusttia1 nutpoae o:ﬁer than =

' \v” ‘-.‘,’ . . £ E
- producing a sced 1ayc; for'clcct:oplatihs,- S
- 'The naskina procedhre Is as follows: ]
‘1)5' prcpare a clean drv cooper sheea 5 rii;Athick, . - _ Cne




()

1ty

-
i
-

. .L_‘,gu

2)

3)

4)

5)

6

7)

'-vattcrn, . ' - ,ﬁm

. B)

9)

10)
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~apply Shiplev's AZ-1350 positive photo resist in a

puddle covering the copper sheet,

. \-.“_

spin the copper ‘shect slowlv at first to ohtatn
J

a unifo;m,laynr of photo resist,:

ﬁpin-quickly.to help drv the photo resise,

Jpre-hake this c0ppér sheet at 80° ¢ for 15 winutes

to cowplete the drving process,.
apply the positive or, “negative photograph discussed

in therprelininaries in close'cqntact with the drv

‘photo resist,

expose df a distance'of one foot fron an uleraviolet

light source for 5 minutes and develop the pﬁoqo resist

post—bnke at 100 c for at 1cast one hour.

to protht'thc hack:of t#e*copper shcet coat it

with a carbon tetrachloride-Apeizon wax solution and a

let dry 172 hour, ' -

etch away unvanted copper with a warm saturated.

-qblutién of"FeCl3 (1f the solution has a temperature

P 85 C the wax will r'o.lt) : '“.

renove ununnted phoco rcsist with acntonc,

aﬁplv the maSk to th&raluminn suhstrate with a -_-&

E nask holdgr and place in h-vacuun-coating unic, .

¢

\ R o
evaporate- aluninum metal through the nask,




T

180° c.

Coating unit (Wodel 1°L3) containing four rgsistance Hoat vapor

sources, As for the wax used in step 9), Apiozon lax Sticks (No. 14-

638-25¢) which dissolve_easilv In carhon tntrachloridc vere used,

65

s ' 0 . . .
The softening point of the drv wax was 385 € and its vapor peint was

¢

quicklv.

The Shipley AZ-1350 positive~working photo resist ment {oned

Vith carhon tetraculoride as a solvent,

the

solution dried

‘ . ‘ : 'Y
in sten 2) is scnsitive to ultraviolet light in the 3.9 to 4.5

&
o]

kA ranpe and must bo uscd under vellow 11pnt.

capnbility of 6 kA or ,02362 nils.‘ This is letter than the

photo;raphic error of 1 ril 1p thc‘preliﬂtnnries.

It has a resolution

Thourh the surface

to which the photo resist is ngplied'muxt be verv clean to aveid pin

holes, soue ofhits advantares are as follous:

a) dﬁﬁt particles on the photosranh do not result in nin

Y7 holes on the photo resist pattern,

b) developing is cieqn with no remaining rgsldgeq,

[

d) during the developnent nrocess the nhoto resist
. . . N : Q

.

.unaffected by huﬁlditvuadd.tcnneraturb,

‘e) it has aqucous develoneg’and renover solutions,

oA

'_4

b

s

c) "cxposure and developnent tirme lirits are not criticai.

is

£} durlng the deveIOpnent p?ocoas tho photo resist“

ia reroved within sccoads,

h) 7'the_undqvelppqd pho:o'teais;;ia insensitive :o‘

P

,ggqld‘flnb:eﬁgg&tiligh:'fot Qogrq,

"£)  the photo rcsist has a hirh solidq contcnt.
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1) the photo rc#ist %maéé does not swell or softén
dufing devgiOpmenﬁ,

i) it canrﬁc applied to virfuallv all mctals,'nlﬁgs{
ceranics, etc.’,

k) . multiple eprSures are pracfical hechhse of {its
positive working characteristics and so multinle
Hépth‘gfching can be peff&rned without the applicat;on
_of ﬁultiplg photo resist coafé,

1) the ﬁhéto resist is resistant to most common etchantsa
used for semiconducto; manufacture, and this reqistnnce
is incrcased by post=haking,

m)  though exposure to white lipht causes problers,
coated substrates cﬁn be stored in the dhrk for

indefinite periods of time.

The coplanar waveguides fabricated via mnqkinr techniques npre

. not satisfactorv with rcqpcét to square corners and strniyxt linpq,

n I

. Spcculgg ir ation bchind the masl, and the thickness of filns vhich

éould hccuratelv be deposited, It was also_found Ehat dust on the

N - \ . [ < . o
copper sheet or in the photo ‘resist before or_dufing the anplication

of the photo resist led to occasional pin holes in the resultine rask.,

lience a dust fréé en%ironment vaAs an assct for the fahrication of the

masks. Alqo, qpotlesq subs:ratus were requircd since noiqture or dust

.

could destrov the adhcsion capahili:y of aluminum to aluninn. :




3.2.3

Direct Photographic Ftching Co-

The direct photographic etching process is clean, easv to

]
\

1y

2)

3)

7)

9.

use, and gives excellent results, The basic steps are as follows:.
) R E

photo resist,

-posc;ﬁakc aq,lﬁﬂo C for at least 1 hour,

2

“

evaporate the desired aluninunm film thickness

onto drv alumina suhstrates 1"x1"x.025" inside a

] !

vacuun coating unit, . ﬂ?
appiy Shihlex's Ai:i350ﬁppsit1vc photo resist in n

puddle vhich covers the aluminun film, . . I
sp@n the sample Bln;lm at first to ohtnln‘; uniiarm

la;c; of photo rcﬁiﬂt, . i

spin qﬁf%klv torhelp dev the hhktO'rEsist,‘

_prc-haﬁe the sample aﬁ ané ﬁ for 15 minutes

to complete the drging pro:c%é, . Hfﬂ,f~—ff”’w

apply the positive or ncnn;ivc'phntograph discussed |

fﬁ thé prelininaries i{n close contact with the dty

r

expose at a distance of one foot from an ultraviolet

light source for 5 rinutes and develop the photo resist

. I =z
pattern,

—

’

ctch away the unwanted aluminum with a varm

solution of pkosphoric, acetic, aﬁd'hitricraciﬂs 7'

mixed voluretrically in the ratio 25:5:1,

0

L .. 2\ . .
rerove  the unwanted nhoto resiut with acetone.
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The resulting coplanar wavepuides had a sherply defined

1
' . . .

geometry and the aluminum films adhered well to the alumina substrates*

Y

providing absolutely drv suhstrates.Were used in step 1). A‘type'
12F3 Edwards‘vacuum coating unit was more useful with this teehhique
than with the naskinp techniquo gince specelar niprntion was no
Klonscr 1mpqrtant. ligh cvaporation rateq "could then be used with the
reeult‘that 4 resistive boats yielded film thicknesses as large as‘
26 KR (2 ricrons). This was close te one skin depth at 1,5 Gliz

. : ' ' . 0
which for alumipum is actually 21 kA. (2.1 microns). . With masking the
9 » ‘ : .

previous section showed that useful films were usuall# 2 R or less,
“because of the prcﬁomina;ion of speculaf'ninrntion-in the evaporation

of thicker films., As in the nasking cachnique, dust wuas a nrohlem.

In repions where the aluminum films were not ahsolutelv eclean and

o

rnoisture free, the ‘phota resist did not protect the undérlving

\ -
X

aluﬁinum fron the;etching-soiution;'and pin holesngesuifee.,
3.2.4 | Conclusions N o

In this work, the direet phetographie etching brocees‘ﬁas
found to be quperior to nasking. Also, leqs stepq vere 1nvn1ved as

1

shown in Figuro 3.2=1 uhere a quicL sutmary and compnrtqon of the .

" processes is given. The ditect.photographic ecchinﬁ method was not

3
) - -

-onlv cleaner. but was ruch tore precise thnn maninr. _Thic

“

aluminum fllns could als a ned bv ‘the forncr. houever,‘

-

both procedures reauircd a dust free environnent to elininate

v

pin holes,
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*Design Phase
\

*Cut Rubilith
_ Pattern (20x)
- +
\ " #photoreduction (20:1)
: +

" *Make a Positive from
uepnttVL if Required

(a) MASKING . (b) DIPLCT PhOTOCRAPIIC ETCLING

¥ . ' : ‘
#Preparc Clean, Irv, Copper - ‘ *Evaporate Desired Aluminum

Sheet 3 ilils Thick ’ B Film Thickness onto Alumina
: : Substrate (Edwards Type
Vacuun Coating Unit)

- ‘ - ' ’ + . .
*Apply AZ~1350 Positive Photo . *Apply AZ-1350 Positive Photo *
esist kvenly on Clean Side ' Resist Evenly on Metal Film
(Spin to liake Uaiforn) - {Spin to Male Uniform)
' + _ _ B
- _ “®Pre-bake 15 lMinutes @ 80°C R
] , N )
LI *Apply +ve or -ve Photograph ..
“ . . * ) -

*Expoée to Ultraviolet Lipht
for 5 Minutes and Develop -

i
*Post-bake @ 100°C, 1 Hour
-4 P + _ ; +
*Coat Back Of Copper Sheet with ' : - v
Apeizon Wax Solution (Let Dry) . . T
’ * s . " . - :
*Etch Akaijnwantcd'Copper with ) *Etch Avay Unwvanted Alumninun
Warn ‘<85°C) Saturated TeCl, - . (Phoqphotic-Acotic =Htric
_____Solution (¥Yax elts if Hot) ' ' Acid tixed Volumetrically. .
— *and Rermove Photo Resist . : .. 25:5:21) and Rerove “‘oto
' ' B ' Resist .
. + ' _ 3 :
_ *Lvapofatc with Mask o 7, L
(Edwards Typc Vacuun Coating Unit) ’ o, .os
*Coplanar Uaveauide ’- . - . ' #Coplanar VWaveruide . A
1 Inaccurate corners:and lines. .1 Accurate corners and lines, --
Specdlar migration. X ‘2 Sharp definition,
3 Dusty copper causes pin holcs.' ' , . 3 Dusty aluninun film ‘causes
J 3 pin holes. - . ‘
- - - . \ ) ' .
Fisura 3.2-1: Conparison of Hasking and Direc: Photographic Ftchihzo R

N ku_ﬁm.chhniqqeséuﬁf~—f—” ST

S
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3.3 Evanoration Svsterms and Techniques

Hgrein a écscription of the model 12E3 Edwards High.Vacuuﬁ
coating gnit and its operation-wi11 be piven. Sone of—the prbblcm;
encountered in using this apparatus for the fabrication of aluminun—:
alunina CPW's wiil be discussed, including the ﬁoﬁﬁting of samples,

masks, and resistive lboats with their charpes.

3.3.1 Ldwvards Hirh Vacuun Coating ﬁnit Model 12E3 “

~ The Edwards Uigh Vacuum Coating Unit 1253 is a small but v .

'quitc versatile coafiﬂp:unit wvhich can he used for both resistive

\ . - :

boat evaportation or sputterine. It 1is the resiative bhoat techniaque

- -

that concerns us here, hut on}y a slipht modification to the annnnhtus
wvill nllou‘Sputéering to—ﬁe perforred. as well, Four boatn'caﬁvhe:
'loadéd for each vacuum run, sihcg é rotatah}e turret allows each .
boat to be positioned under a f;xed'tarset. The protlens of charnine

-~ the boats efficientlv and the problerms of reculating the evaoatat {on

rate are solvéz\pqrtiully bv trial and error. Substrates. and rasks

nust be rmounted sccurely with the fask in close contact with the

sulbstrate., The apparatus and all mateérials must bhe kent clean for -

best relults, ‘lost important of all, the subatrate rust be molsture

frec.~ - ST S o . - . '
' . : : ‘ : - ’ o

Figure 3.3=1 shows a scﬁgnntic“diarram of the apparatus

with najor pnr;s,ldhelcd from (1) to (342, A IISf of theae oarts is °

o

.given in Table 3:3«l. The unit has:a'gﬂ%ﬁs enclosed vacgun{chanbcr (1)

mouﬁtcd over a VSpengac"'high-Vacuuﬁ hafflg_valwe,(ﬂ). The vacuun .




30

r

——-—--—--3l

P
e et
—~—— 32

~  coatng uniT MODEL 12€3 o

Figure 3.3-1: Schenatic 'I.)'iar.rnm‘of Coating Unit 12E3 s\-rit!"x' Important - . . e
‘ " Parts Labled from 1 to 34, - o : e




9,
10,

11.

2.

13,
4.

15.

Water Qutlet

Ivhter Inlet

Non-Return Valve
403A Vapour Diffusion Pump
Door Safety Switch

VSK1l Switch *

Chamber Air Adnittance Valve

Gas Inlet Yozzle

Rotarv land Vheel
5L2 Baffle Valve
Glass Vork. Chamber

Vork Charber “etal Cover

Pirrani Gaued and Swicches

. . _r v
Penninp Gaupge (1x10 u torr)
Peﬁning Saupe Svitch
¥aT. Meter, 2 Arp. F.5.D.

Circult Fuses

L.T. “eter Sviteh, £D Arm, *.5.0.

!
. /
'

24,
25 a

26.

33,

34.

72
E.T.‘Qnd H.T, Contfplh
Etcccrica{fﬁer§1ce_swicch
Punﬁ'Seldctor~Sv1tﬁh
Filament Sclector S:déch '

Bad)ling Valve

Roughiﬂn_Valvn

Penning licad SMF

Totarv Purmn Adr. Adrmittance
Valve
Gas Inle; Valve

A

Pirani lead WGA
Ylexible Con;ect{Qn -
Exﬁnusﬁ Connoctibni
LaTe ?fansformer
H.f.'Tfansforno;
Anti-V{hracion Wqﬁﬁtinré

£S159 Retarv Pump

otor
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1

chamber is evacuated By a "Speedivac" oil vapour diffusion pump (4),

backed by a "Specdivac' Model ESISN, single stage, ras hallasted
" rotarv pump (33). The operation of the punping avstem is ‘controlled,

by a rotarv switch (20) on the instrument panel.

The pumping, svsten 1s provided Qiqh the Folléwinr vnlyesf '

(a) a l'Spealivag” hich vacuum baffle valve for isolatine the

R

- vacuun charnber, -«
. - . r\‘ N .
- . R ’ e

(b) a 1/2" “Sncedivalve" (22) fdf“ﬁﬁgkinr nurnoses,

N . ! . . f - s ‘ ‘ B 9
‘uni; ;(c)‘ ;“1/2f "Speedivalve" (23) to pnrm{t the vacuum charher e
"+ to be rough pumped to a pressurc helow 0.2 torr tmm L)
ﬁgfdte punpine with the diffusion purp, Lo .

P

v (4} a "“Sreedivac" tyho‘RSIA air pdﬁf%tnncnuvnlvn (7) to

admit air to the vacuum charber at ‘théwend of ecach

coating cvele, | ) -

(¢) a "Sncedivac" tvpe RS1A air admittance valve (25) to
| : :

admi: air.to the rotary purp when,ic is suitdﬁed bff

(f) a."Speed;vnc tvpe 1351 pas inlet valvc (’6) to ndnit

i

a controlled ?lov of Fas {nto the vacuur chamber dufinr

hirh tcnqion clcaninf or snutterinr nnor1tion§,

c a

(r) a "Gpcedivac nnn-roturn valve (3) to anVOnt oil fro" '

.

heinr forcod hack 1ntu tHe svatem should the rotarv puen

‘stop vhen unattondcd._ This 13 a nhort tern deviee) onlv;

" v -

:he plant should not he lcft for lonr pcriodq of tinc.

“The antc: 1s aupplicd vich & "Speedtvac model z\ conbined

Pirnnni-?onninf tvpc vacuum yau"e wich a qpparatp neter for each -




L]

—

separdtc raufc. The Pirani gauge neter allowq hiph vacuun nrerures

fron 1000 nicronq to.l micron to be read.' The Penninr gauge noter

\.'- v

") .
allovs.lower pressures to be read in tna.ranges' 107 - 10 "torr, _
and 10-4 - inf? torr, :Ihc Pirani.type gauge head (27) 1ndiéates_ |
th?rhnckinﬁ 1inq_nressufe between the bdcﬁingxlinc vilve\£23) dnd .

~

1-‘thc rotary punp. . The Penning pauge heéd (24) indicates the vacuvun

T

chamber pressure. . : P

t

A "Speedivac" rodel Vﬁhl proqqure qwitch (6) 1s used to

. LR

autOuaticallv isolate’ the "Regnvolt" elqé%ricitv supnlv frcr the

vacuur charber terninals vhen the chnnhpr iq,at atmoqnheric pro«qurc.

. ,— AN
‘The. pressure sgitch acts as-a-ﬂgfcty'devicg to. protect the user vhen

L [

the vacuun is broken.
.A lov tension fildncnt henting circuit contains a 10" tenqinn

k £

transforﬂcr (30) capahle of bnntinuouqlv qupplvinp 40 nmpereq of

' v

current at 12 volts, and 60 arneres intcrnictenclv at the sarme voltape.

W

This current 1= rcrulatcd by a "Regavolt v;riahlc“autof;ransfnrrer
-.\._\_ . ’ . ' T ) ‘ )
(18) "which also controls :hehhigh tension and radiant hecater services;

this ié:pcrmiséihln Eihcc the services are never reauired

v

simultaneoule; Lhe high tension (H.T.) “and Iou tenqion (L.T )

services arc*selectcd bv rcans of a rotarv s%dtch (19) on thc control

pancl. The low tension ‘current is reasured bv an aTmeter (17) of 60 -
‘arpercs fﬁll scnle dcflcction (” Do "hc'"Reravnlt" transformer

“is protected by a. circuit fuse (16) rated at 5 nnperc& A filana;:

aclcctor qvi:c% (’1) eﬁablea any’ onc of the four nourcc elcctrndoq'*k. 5
& . o :
\{\.% . ) - E T o
to bo sclectcd at vill. ' : : :

{/.‘, f

i~



Y

. . L / g ‘. . s
_~» The higﬁ-}ension-transfdrmer (31) inéornorated in the unit

provides high-tehsiﬁﬁ ionization cleaﬁ&né} The transfornpr is a

<

high reactance tvpe with a nornal rating of 50 nillianpereq at
\POOO volts (o/c, 5000 volts), and . can uithstand 1ntermittcnt qhort

circuits on the secondarv winding. The veter ”hich reriqterq the

'H.T.'cupren: (15) hds a.2 ampere full gcale deflection, _The electrode T

\ -~
L

.Svétcn for ionic_bombardment'cleaning consists of two aluminum ringf*z;‘

N LI
N .

suitnblv shielded and mounted so that thev do not ontruct the vapour

.

'h'\strcam frémn the evapbration source. Both htgh tenqion lendq fror

T

: the Efahéforﬁhr are tnkcn‘into the'workchamher-via insulated hasenlate

eiectrodcq, thus neither side is eartxcd and no gas discharge anpears

>

" in the vapour diffusion»pump body. This nrevents anv decornoqition

of thc workinp flutd and alqo prevnntq anv qputtorinr bac& onto the

*« .o
) A
unrk from notal ﬂepoqited on the work: tnhle during.previouv continr

. cvcles. Tnc aluniniun ring electrodes are Shielded fron the evapara- .

tion scurce to prevent contamination of the elnctrnden with

o

evaporated netal or non-conducting filim; Jherc a nurber of vanour

] \

s&urcaq are uch additionnl nan!s nust bc nrovidcd to shield the -

- - N . .ﬂ
. . . \

high tension clcccrodcq. o _ o e .

-~

PN

.7 “1rure 3. 3- diqplavq the rotarv 11g hnnwheel nsqcnhlv with

-

7' ~.a vulti-filarent turret head attached. ‘In the model 1-.3 Edvards high

. L . R ) } . o .

" vacuur ‘coating unit- the turret assemblv .enables four materials to he

_evnpqratcd“{n anv order frorm. the sarme location in the centre of the
. A ¥ i ‘. ...l B .'. . ’ 1 . )

“charber.' icnce a four stage sequential cvaporation can he nerforred

- ' E

in one viacuufr run,
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- each helix alonr its axis. . Potevér, tl.e forner ncthod is nréfgrrud'

. . ‘ N . } . - ) ) o -
' lecause it cives 'a hipher tvaporation ¥icld; .as-vuch as 5 kA per helix.

furthicr but this.has not leen attemnted,  *

7 ’ N

)

. Thé‘handthccl and its shaft (36) drive a tatle supporting
v o ' .
four pairs of iinding poqtq. A helical tungsten filarent or -

molyLdenum toat may be, locatcd Letveen the outer hindinc nost (35)

. and an ioner one (37) Fivute 3.8°2 shows tvo tungsten helimeq

_nountcd let“pen tvo setq of binding postq vith 12 to 14 alunirur

hooks sungndcd alonv the lotton of each *cl*r.‘ Thc aluninun Hooks

-‘arc madc simply ty bending 1/2" léngths of pure aluninum 1ire

-y

_at their mid soints to form a v '1/4" lépﬂ.- They are then carefully

and uniforﬁly_plaéed on each helix in nn_invertéd ;osit@%?,viih a
fine pair of clecan, stainless steel tveezers. A sinnler ﬁethqd‘of"

Ioadinﬂ involves placiné a Straioht-lénqth'of hlunihﬁn vire inside-

Perliaps the comiination of,fbth netholds could raiéc;thc“viéld cven

"

- The.dianctpr of the tungsten filarent vire depends onpthe-

tenperature to vhich the source rust._be raiscd to cvaporatc a piven -

: . . .o o o
natcrial. Axﬂkinum melts at-'6G0 - C and toils-at 2,467 C for onc

o, -5
atnosphcre of nressure. A: lov pressures such as 10 torr (rr le),

o ~

. 3 _
thc foiIiﬂo ﬁoint is considcrahlv less. At 1n torr the roiline

)

0 " P
noint of aluninun ran?c“ from 1, OBP C to 1,360 C lecause of an
cncrrv state tranqition in thc nctal. At 11 torr»ano:hcr«encrqv'

statv traﬂsition occurs and a]uninun IOila in a sln‘lar raqvc of
P e . <
974° ¢ to 1,:00. c. ‘At 10 torr the.toiling moint rance 1s

S o : PR T o
approximately 675 -C to 1,080 C. Arata-the junn in tepperature is
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diie to_an energy atate transition. Betweeq these distinct pressures,
* the boiling point rises 1inear1y on. d semilog plot, uhere boiling
point temperature (Vapour preasure temperature) 15 plotted on the linear

scale. This data was obtained fror"the following equation:

<t 16,450 ' @A) :

S LS + 12,36 = 1.023 log T L o

T

[}

hal’S

' vhere the*vapOur-ﬁreqsure‘id in torr and the teoperature 18 in déprees
< .
‘ Kelvin‘[37] In any case, the tungsten vire helix must at least be ableg

1

. to withqtand a temoerature of 2 467° C. : s 4

‘Such a tungsten single uire'helix ﬁayfbe conatructed by

| \tinding: a 0.5 5im diameter wire.of maximum length 220 o to pive 10
iturhs'on‘a 3{5 mn diameter former. The heater’eurrent-requtred‘for
moat purposes ;a about 20 amperes. After thé aluminuﬁ melté,-tﬁe
cqiisrof the helix are joined bx{oolten aluminun voieh-decreases
the' total. reslstance in the heater.ciicuit‘cohaiﬁerahly. If the

| applied voltaze control is not changed fron the initiallv apnlied

’ valuc of 20 amperes (about 212 of total L.T. voltage ), the ®
current will suddeoly double to about 40 anpereq vhem: the aluninum.,_
charge meltn. Since the rating of the L.T. tranaformer 1s 40, aﬂperes '
contlnuously at 12 volts, thero ia no danger of burnint out the =

transformcr uith the atove proceao. providing un;l voltage is not )

alpplied to increase the current flow over 40 amperes,

4
EEN



- A tunﬁﬁten-tfipln.hire helix mav also hé formed hv first

7 . - . . @, . v N
winding 3 lengths of 0.5 rm diameter tungsten wire topether in:a
N : S i -

: n . ; ) ;
twisted s;rand.' The wires are first clamp¢d hetween two chucls

one of which 1s' free ﬁo rotate. Tth the wires arc heated hv a .

v a

gns.fiane and twisted togcgpcr by rotating;tﬁe free chuck. A vicé-
and a hand'brhgé can serve as a £Fiked apd free chucl:-*resnectivelv,

—t

The resultant triple strand 1s .thér wound on a former to préddce'

a heliéhlifilamcnt:; Y ,.ﬂ‘ . ™

This filanent can take up to 45 arnoree nf curren:. yhich

N J

'_alsoiis a noodrrenson (pr limiting the hehtericu;rcnc to éﬂ'amperosx ' B .
”:§;éaﬁ;vfphen wﬁn;or hnp much ;f_ag aidn{nnn'charfc;navlbe used, .
"1K?;craiﬁht 1" lcnntﬁ-of ﬁn fﬁuré‘;¥qhihun'|dro 1srrecnmﬁoﬁdbd'aﬁ a’
JVkﬁi; sditablc.chnrpc;hv Edu&rdslnigh Vncuﬁn-Ltd.‘.It 15 alqafré;nwwendod

et »

-

fthnt the coils,ﬁf the helix ¢"u'mld hc fnr onnurh apart in order tHnt

'thcv do not bccore bridred vhcn the nlur{nun rnlts. !oncvcr, 1--:0

i £
14 aluninun hooksIhavc'bccn'cvnporatcd\frnn a sinple helix auite

= A

succensfullv as Hescrihcd nreviousl@ in the discussion of Fipure 3,3-2,

]

1t was ochrvcd thac tho roltcn nluninun did on ncc1ﬂion Q?Tﬂro thc

&
- coiln of the tunﬁstcn hclix, but thn no1:or current van n‘vnvq undrr

49 a amgerrs. This allound’ 1R of nluninuu filr to ho denoqitrd

i

‘ron a.sinple qourCo

4 . - .

. -

[ERN

. .
£

For hcatdnr fold. ailver, c0ﬂpet, etc,, nnd pouﬂorq qnch

‘as racnesiun flunridc. and silicon ronexide, a nolgbdonum boat rav

be used. Thia refractory retal is obtainahle as a foil viich can then

s be hent into a narrov trourh, or indented at !ts,centbr'tn forr

B
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a. small circular bowl in order CD Hold the metal or salt to he

vaporized, The previouslv menqioned current linitation of 40. anpereq-

agaiﬁ applies.

.5.3.2 The q14k nnd Quhqtrétp‘rolder‘ ' C . ' .

The naqk and qubscratc Qhould bhe posftioned qecurelv and’

- o -,
-

in close contact with each othcr 1f the. masking technique is used

A small rectanﬂnlnr 11p nounted on a circulnr disc has heen dcqianed

with tvo trncks sepnr1ted by a distanco of anproxinatelv 5 milq. The

“alumina qurqcratc slines alonr the top trnck.and at- the end of chis ;
i\ . | -

top - track falls towardP the hotton track where a spring loaded
' tab applies vcrtical prcqsurc onto the substratp. The masP and
‘mask hG&dcr then are 1nserted\into the top. track until the.maqk

is posisioned ditectly over the substrate and in close contact uith

it due to the sprine loaded tab undet the substrate._ . Ty
\ : L s
A plcture of the two nahk holdetn and their masks (A and C)

used for this thesis is shoun in figure 3. 3-3 The S mil thick

o

nasks are simply spot welded onto the subatratc holders 1n a recess

.5 mils deecp. The neaning of A and C will he discussed in section

In ordcr to disnantle the above arrnnpemcnt aftcr a filo of
nluminum has been depoaited, the spring. loa;;;\;;E“Enﬂt be pulled.

out firnt. The substrate then dropsa away from the mask onto the
o ‘ +
second trnck. It then slides out easilv uithout any dannge occurring

to the aluninum filr, Einallv the mask and mask: holder are pulled
“out of the top track. ‘ : ' - 4

1f no mask in used as in the ditect photoQtnahic ctchinq



. Figures3.3-3:

~

Pictures of Masks
Attached to lMask lio

.
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process, is simpliried. A c%&ék.gdr the alumina snbstragea huat_

- be provided and thenoit.is just n.simplcmaCter.of‘sliding éhe
sdbscrates into this track before-evaﬁcration. After a film has bé’h
deposited the substr;res slide out of their track just as easily,:

The films ar¢-then ready for etching. . . .

"3.3.3 Thin Film Thickness Gauge . )

S

The meaéhrement of thin f:im thickness was pcrformed by means
of a type 52§6A Heuiett P. kard 12 5 an electronic counter and a
crystal controlled oscillator circuit operating just below 6 MHz. A 6‘%#1 .
crystal is placed inside the vacuum chgmber\beside the substrateLtarget.
The film thickn;ss obtained varies direftly vith the nass of the
aluninum deposited onto a fixed cross. scction of the crvstal The'

mass of the crystal in turn varies linearly with the natural frequency

' of the crystal, over a specified frcquency rnnge. Hence the filn

thickncss depoaited can be read dircctly as a changc of frequcncy on the

}above counter fron the tine the evaporation has stnrtcd to its ternination.‘
fmhc above thickness gauge must hotever be calibraced for each

type of material-deposited. For‘this thcsin, calibration of aluninun:

thin filns vas performed on a.Sloan M-100 Angstrometer which 1s

useful for measuring thin.ahiny'filnn anainsfla giossylcubstra:e._

o This instrument uccc yeilou'nbnnlhranatlc lirht vith a vavelength

of 5. 890 kﬂ and aims this 1ight {n a small bean to the edge of the

filn to bc neasured. Half of the bcaa sees the shiny glaze of the

subbtratc and half sees the film, This diacontinc!ty causes inter~

: tcrence frinres with a corresponding disconcinuity. _Thn,trihgcn_l



carr be photopraphed bv A/camera mounted&on the Sloan u-1no Angstromefer.'
The length of the dip measured in half wavelengths multiplied by 2,945 kR

per half waveleprth gives the desired film thickness.

Lo

The resulting averape figure of merit for two. measured aluminum

films was found ;o‘be .72& + .0891 kx / ¥Rz, This figure vas’ applied

as a scaling ﬁettor for the chenﬁe of freqoeney measured by the above
thickness gauge to vield the thickness of the deposited thin film ;ny
o . . .o §

KA. ’,

3.3.4 Operation of the 12E3 Edwards‘Vacuum‘Coatioe Init

[ . : o >

Ihé'ﬁacuum chamber is loaded as described above. The bell

~-

.jer nnd 1to protecttve cover are then placed over the multi-filament .

turret head. The pump selector switch s set at the “Rotary and

-~

'-Diffusion position. An 1n1t1a1 rouqh pump down to at leag; 20 microns

pressure. 15 performed vith. the high vacuum valve and !acking lth valve
eloaed.. All air admittance valves are closed and.the toughinn line
valve 1s Spen., fhis velve 1s closed when :he'desired pressure of 20
microns in reached and the backing line valve is opened slowlv., The
high pressure on the Pirqgl-gauge nay rise alightly but only -
uomen:nrilv uhtle the baeking llne alr 1a be ing Tenwved. Pinnlly the

high vacuum. valve in opened very nlovly. tnd apain the’biranf’prensure

1 i

vill rine. The valve s opened slowly to emsure that this preasure
‘on the Plrani pauge doe- oot exceed’ 150 microns. The Pennin!

gauge can be turned on to 1ts first range uhen the. Pirant RALRE
 reading falls arain to 20 microns. 'When the Penning gauge reaoo
104 torr. the oecond rtnge nay be used.. finnllv, vhen this r.éée'

1nd1ca:cl 2 or 3 x 10“5 :ort the svsten 1- ready for evaporation.

A A



. ) . , '.\ S ,.ﬁ -
~Evaporatlon 1nvolves first selecting the desired charged

filament uith the filament head selector, selecting L. T. on- thg/

,—-_._

electrical servicea switeh and then 1ncreasing the L.T. and H.T.” . v

control élowly towards 207 of the total L,T. voltage until 20
. - L ’ . P e
ampereq heater current is obtained 1f the helix is eyed simultaneously;

throurh the bell Jar, the sudden 1nerease in heater—current to 40°
N amperea at the meltlng point can. be observed. A slight adjuatment ]
of the L. T. and H.T. control may then be. necessary to control the

. & "
. 0 .

A I

evaporation rate. .

ra
Hhen the aluminum haa evaporated completely the heater

current will have again been reduced to 20 anperea. If rhe filament
- u ot
- has- burned out durlng the evaporation proceaa, the resulting ooven ™

clrcuit will cause the heater current meter to read zero amperes._

-+ Filaments are not too durahle and usually last for at most tvo
evaporationq. A slngle evaporation is ‘then quite costlv.
The vacuum may be broken by first aettlny the electrical )

serviceq suitch‘to off, cloaing all valvea. anq then opening’ the _

b3

chamber alr admittance valve slowlv, Uhen the chamher pressure
haa been cqualized uith respect to the surroundlng atnosphere, the
protecrive hood.and hell jar nay be renoved.' It Is soaetinea necessary

to lean into the béll jar gently to dislodge it.

3.4 Various éoplannr Line Designs and Tolerance‘checks' :

Durinp Processine

From the beginnlng_o?\thiu study it vas hoped that g‘n".w



- e e S . 85

‘theory could be verified and that meandered lines based on this theory -/

- o ’ . ' : €.

could he fabricated, Hence straighf lings;ahd negndgred lines were
"designed hnd-fabriqgfed in accordance with the éforemenéioned
fabricatioﬁ'techniquesrin order to aéhieve thé:above ani A
detatled record of the actual measured tolcrhndes vas kent throuzh-

“out the pro1cct in ordcr to ensure :hat any ﬂoted cxnerimental

~ deviations fron Wen's characteristic,curves was not‘dge to unknosm

-

fabrication errors, - 7 y o -

o

3.A.1’ The Straieshe Coplanar lLines

e
L
-

; Pipﬁre-3 4=1 and Figure‘S 42 show rwo-straipht linédesiqns
with their respectivc rubilith photographs at che ‘top of each fisure.-

The denign conditionsg are given as well alonr wvith optical conﬁaritor

,mcasurcmqn:s cf.thc shown photoarnph.. Theae.measurements were accurate’

to * 0.2 mils., Design A, a trial design, hns°a‘nomina1 center strino
width bf 50,0 mils, The.lnttér value of 50.0 nils was choéén‘ln'o£§:r

t% create a good‘macch with the end contacts availahle. More wiil_bc

“:gaid/about this in the next aectidu, The values of k for each design

also differ. The value of % for design A was on1y ch6scniln_an; 7‘
approximate manner from-Wen's large scale characteristic impedance
- curves [5} in order to create a trial desipn. The ain here uas not

. . - 2 o ) . ] .
design accuracv, bhut fanilarization with fabrication of CPW's and
the related cquiprent, " The ‘value of k for desipgn FCD was chosen as ;

an exact solution from Firure 2.3-3. .In thia case rathematical ~ /

a
v

and exbcrinrn:al precislon were of utnoa: 1nﬂorcnnce.
Section’ 2.3 shoved that 1f an exact ‘solution wvaa chosen

wvith a ccnter_atriﬁ width o! 50.0 ni!s. a thcorctfcnl tolerance
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=
n' - l I : b
.- ‘Desipn’ Conditions .
f:*a/b' - 52335 o
'*~Subscrato Propcrties:_¥: -~ -
; .ﬁ-- - 9 2 (962.11urina) - :_i R
e g | ._ - - Dimehsionq l“qx lP x 0.025 r.jv_‘
| | - Surface’?inish:‘.l uin Claze ;
& bcntcf Strip:é 119 milsh R } '- e
l % Freoucncv Range : 1-2 o )
o . % :avclanth:  11.311" - 5. 905“ in Vacuun
’ : @'0 5.230" - 2, GIS" in cr -, 7
Q'To ‘tininize Radintion ’h1<< A IZ
E - D 1c2h1<<13’)v"
-?tcat:inhl Dgﬂf'n Values . ‘ ,l?’-énsuri-d Photopranh ”
2a). ; .1031;f..° ay - L05155" ‘22, = 197 (nn:o}' + 1.,5‘5;'.'-’.)
'2111' - 970" by . -0985" 25, = +1946 G Zrrof - 1.227)
ey = 591" 26y "cl"-‘ ._2_955';'- £ (_ ) o
% ;:!593i5 ; :J ' '.;‘gyr-: : ¥ __,SJ3Q3 (Error + 2. 731)V_

© Fipure 3,%<l: Dcsirn of task \ plus Oﬂticnl Cnnnarator Wcasure“ﬂﬂts
' - on the Photorraph of the Rubilith ”attcrn._ o
: . Q{ ll 1 . .
.
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’ ) Lo 4 .
e .3.2’5“—-{ ‘-—'UI"T lbil‘-ms" S |
B e ) ST P R S _
;y. i Dcsfgn Conditions
) A b e 556174 " . |
, allbl -.fSSQé;a
u ' ‘WJI .
- ®* Substrate Proverties s e
o T N - £, = 9.2 (967 alumina)
. . L r L . -
\:2;7 C - - Dimensions 1" x 1" x 9.025"
1 R - - on y ‘l B .
- : . ’ - Surface Finish: 1 uin flaze
- . # Center Strip = 50 rils T
oy % Fxéaucﬁc# Ranges 1-2 Rlz’
e e K nnvclég%th: 11.811" =-5,905" in Vacuun
el e .

-

.’ Nomtnal Desirn Valucs

LT ‘- . ‘) ; . .
}*7;0 Minirize Rad#qt!on _bl << Aninlz

bl

e 6.239" = 2.615" 4n CPL- ° i LT

LT e 2y <; 1.307"
- e : 3 S

.

Measured Photorranh

‘_251'3 500"

b, = ,0899"
1 . ' "
?el - 7000"

i

N .
Flpure 3,422:

Ko L5561

f'Zf‘

2y 3;,0250"’5 i 23; = .N6925" (Crror -1.502)

by = cosaos | g 090407 (Ervor 49.567)

. - ‘u " ' S -
*y .}SWQ 1 . -

<
3

) x - .saaey {Error .2.08%)

. Destpn of “ask D plua Onatical Corparater ‘tefimurcrents

.on.

A

the Mhotograrm of the Ruhilith Fattern.
S v .:e- -
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of 3.35Z should be appiied tdeal and 2b1 in Q?ab}.tha: the

) charapteristic'inpedance of the CPWAlie‘hetween 45.0 2 and 55.0 Q.

<

In ahsolute values'éhis*turned out to be * 1.65 mils on 2a and

£ 3.01 mils on 2b,. Both Figure 3.4+1 and Figure 3.4=3 show that

'nuch tolerances.were’ obtained for thé;QQAButed photopgraph. However,

as will be seen shortly, this was not the case for copper masks,
¢ -
The -design goals should first of 311 be clarified. Initially"

+

a value of k, -a choice of materials, and knowledge of the properties

-

of these materials must be known. Houever. the center strip uidth

. cannot necessarily be chosen arbitrarily. Its choice depenqs indirect~

[l
»

ly on the frequency range ‘one uishes to uork in. This frequency rang

& -~

in turn determines the wuveleﬁhth of the quasi-TTH wave in the CPY.

* Then the ground plgne separation 2b1 muat. be chosen to be much less

than ‘half this uavelength 1n order to minimize radiation problcms (5]

The uidth of the center striu ZhJ;, k, twst then he chosen less than

a finite caICulated amount in order to keep radiation to a negligibly

-

small magnitude. For a frequency range of 1=-2 fﬂz, and a. maximum value

of. 2b1 equal to 0, 1307, the naxinum value of the center s:tip vidth

o,

.turned out to be 68. Sd nlls=for dcsign A and 72, 69 uils for design BCD

ad el I

Hence, thc radiation liniyntinn vas very nearly met - for desirn A vhere
103, 1 oils wvas used for the cenLer strip vidth. The radiation condition”
vag certainly met for design RCD nince 50 0 nils vas employed for 2a1.

’ " The obtainable tolerancen on the copper nasks caused sorme
concernsa in the fabticntinn area. ﬂne cQPPﬂr nank_uan {abricated “for

denign A andiuas 1;be12§ miask A", Three masks vere made for design

ECD and vere. lnbeled "Hask A", ™ask B” and “thk C" ‘Sitnifiéant
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\ i '--.?_4;_ . ~

B
\

pféferentinl étchiné in the gnpposed ; uare,cornersrofﬁthe masks nn
well as small 'ridpes and linearitf.déviations along the mask vere
" observed. dptical conparatorﬁmoasuremento of + 0,2 mils accuracy
were made on oli fono masks at the confer and both onos causing naak. ' | .
Rand D tp‘henyejgcted. ARojecoionlwas<bapeoon measnred oalqos.of
k uhioh fell oufside,the acceptable range for-k ahounrin Flgure 2;3-1.
The small rddges appearing on one side of the mank as a

»

result of etchinn wvere nepligible ptoviding this qide faced the
T

3

wl

aluminum vapour source during evaporation. Houevet,-the preferential

etching and linearity deviations vere quite lignificant as nhoun in

Table 3.4=1. The table compares the results of optical conparntor ”

measurementq on the rubilith photographa which hnve sharp corners,

uith the four corresponding naska. At the ends of the maskn'the
deviations are ‘mostly as large as 3 and 4 mlla. At the center of

the mask they are snaller in marni:ude but opposite in sign. itf}f
the values of k at the endn of masks B nnq N vhere prefortntiol-'
etching ocourrod that caused these nasks oo be rejeote&,_ Theser
heoaurcmcnts agree with"obaervationa pade during the etching process .
' uhen i:-uas observed ‘that the corners were etched throusgh firat,
follouéd by the atraight edgen of the nask.

Direct photographic etchins did not cause the sane problcn

‘ at the corners of the CPW since the aluninun was betnﬁ etched from .

,- around the outside of the corners. Any horizontal’ etchine vas ] |
considered nminimal since it norlailv ia tuice.the:filn thickiess

[2] and- the f!ln thickness enplovod was onlv 20 tx or leas ‘

(.0786 nils or leon). Thls vas negligehle compared to the SN mil -

-
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Hask Pararneter-| PuhiTith lNask Deviations fron Pho‘tngraph
: Photosranh, | )
Measurenents LEFT . CENTER RIGUT. ’
(nils2n,2) f(ndlaxn, LY (mils2n,4) (miletn.4)
A 2a, 1047 +3.50 . =130 7,40
2by 194.6 =1.21 41 ;60 -2,37
k. 0.53803 0.50234  0,5201] n,55772
R “2a; 0,35 T =3.57 ST
(Peject) 2ty 0q, an ~4,39 41,30 -n,03 "’
(7’ 0.544S0 | 0.62307 051563 ,56285
C 2a; AE.25 +0.75 -.75 3,05
' 2By an_4n ~3,00 4100 ~2,00
o k n5eady | nLSTIMA 232851 . 0 serte
" ) ' - \
. D 2a, 46,2 .75 -7, 57 547
{(Pefect) 2b, nnL4n0 | .05 +1.19 -5.1".
. k. N.54430 0.63105 053163 . ALR4210
- . ’ . B . . . %

Optical Comparator Measurements of Masks A. B, C, and n
Conpared to the Same Hcasurcments on the Cortespondinw
Rubilith Patterns.

Table 3.4-13

As a result, the CPW's fabricated’vi& the direct
> ”
photozraphic ctchinp technigue were cffectively aa accurate as the

" center strip uidth.

rubili:h photograph itself. -These P?N's then had suitable geonn:ries 1n _

{

accordance wlth the tolerance gonls outlined in nection 2. 3 of Chapter

n

tvo,



3.4.2  The Meandered Co Coplanar Line . o R

~ Once the p:bpe;ties 6ziﬂtraight_1ﬁ long coplanar lines had . - O
. ' A o

been investigated, attention s focuse& on simple ﬁeandered lines

with one or two bends. Three designs were attempted; "1' H . Mg, o

) . : - \
with M3 being lonper than "2' and My longer than Mj. Lines My My S0
and M5 are shown in Figurea 3. 4-3 3‘&4A and 3, &-5 respectiéely.

) |
M consists of two 1/4“ lengths.of straight coplannr lines spaced
1/2“ apart and joined bv a single semi-circular conlanar bend. My
consists of‘tuo atraight .55" long coplanar lines joined to a
"straight -6" c:ansverae coplanar.line by two rectanpular bends. My

-

ressembles lein shape except th&t,the ground planes are much wider:

and the center line length 13 ahout 1.74 times larger, hi;ign My
vas meant for the full use of a 2" x 2" x .025" alunina substrate
surface. It was initially thoupht that the . uider ground planea
would be an asaet. but ‘as uill be seen shortlv. thev are nore likelv
;o cause tndia:jon at a bend

Semi-cttcular arca. were enployed 52~‘1 and H3 in an attempt

@

‘to naintain the value of a1 I bl around the bend. ' M3 vas desirmed

uith;;quare bendavfot comparison purposea. The rectanxular$hends in
“2 were aho:ter 1n length though k varted in valug along the bend. !
’iﬂxperiments diocusned in Chiapter 'V showed ¥, had a very similar
performarnce to "1- This seems to ﬁnﬂicn;e that a rectangula? band.i; as -
#ood a8 a long semi-circular bend for vhich k is kept constant through-
. out the bead. - \ |
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(Center Line Length = 2.05493" )

]

-
.

9

~

4 /— .25000"

I
|

«25000"

«.25000"

—— ,4570"

J46995"

.51005"

- J53000"

.73990“'

-

e

Point Measured

e1-by

inghes‘

by~ay

inches

inches

by=aj

inches

ey-by .. Error

inches ® in x

n ey

: -NominalQanues

.20000

.N1995

- .N5000

11995

.20000 | 55617 [ +0,007

1 Left-Side-
J2-a5° tefe
-3 Centerf_

4 45° . Right

)
20041

.19935

5 Right Side

20067 .
/ ) -
.20005

..10952

.01905

.01880°
401889

.01920

.N11880

05075

.05096'

05186

.05109 .

.N5028

001910 v

.01869

.01885

.01886

.N1947

P

.19028 | .57087 | +2.64%
.20001 | 57629 | +3.627
.20030 | 57879, +4.077

.20105 | .57308 | +3.047

.1908n | 56782 | 42,00

Kl

o

" Figure 3.4e3:
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Design of Meandered Line M1 helow vhich the NMptical -
. Comparator Measurenents on the ubilith Pattern

. Photonranh are Tabulatcd for Coawarison to Yominal
Desfen Values,

y
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—— - DESIGN M2
. . ( Center Line I:.ength = 2.67980" ) -
, l A o
- 2
NN — ' ,30000"
cahihzT — = .5NN0O™
SE€&GEEC , - .51995"
2RgElR - -~ . 56095"
'.: - . . o @ — : . .58990“ -
. i "'—'——""'— .‘78990"
x i .
Region lleasured 2n1. _ ?.hl ™ 1 %k % Incrcase
(mils ¢ .2) (mils = .2) . in %
Yiominal Values | 50.00 89,90 . .3.55617 0,007
Tete Side 1350.73 89.39 SIS | F2.04%
Top Side . 5n.80 . 89,06 | .57T040 | 42,567 E
Right Side 50.61 - 88.97 . 56884 | +2.28%
K= .56802 42,207

Figure 3.4=4: Denipgn of Meandered Line M2 Below Mhich the Optfcal
: Comparator Measurements on the Rubilith Pattern. -
Photoztaph‘:’re Tabulated for Conparison to FNoninal

Design Values. ’ o
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DP’S IPN M3

(CRNTER LINE mcm = 3,56503") -

——2"%2" Frame

—0.00505"

o 0.00505"
' +— 0,45505" |
0:475
) — ——— 0,52500
- — - — 0. 54405" e
— —— 0.99495"
—~ | ‘ — 0.91010"
' — ' — 1,98900" .
- ‘ [~ 2.000n0"
- ko= 55167 o
/\ B

Figure 3.4<5¢ Design of Meandered Line M3 for Use on a 2"xz"x.ozs" '
Alunina (96%) Substratc.

N

L
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Of the three meandered lines dcscribcd.abovc, only the first — ~— ~
two were teste& qince minor ccchnical'problcm; arose 1n"chotopranhing -
thc rubilith pattern for “3 The larper size of M3 prevented a direct
picturc from being taken by thc Wikrokon 1700 camera described 1n.
section 3.2, It—vas necessary‘;o*reduce the pattern into al" x 1"

. . L :
frame with the Hikrokon,i7Q0, and then. enlarge it by a factor of 2x, " ' .

u

Duc to the lack of proper enlarging cquipmcnt.the derired accuracy

for thc final photograph could not be ohtained As wvas the case
with the straight lincs “1 and ﬂz were’ both fubricatcd bv dircct
hotographic ctchiny. Thc reasons for this choice of fnbricacion

technique are dcqgribed in detail in qcction 3 2

Optical conparator ncaqurcmcnta of = 2 nils accurncv on the

rubilith pattctn nhotographs have been. disnlaycd telow dcqigna My
and 42 in Fipurcn 3.4=3 and 3 b4y rcspcctively. It"ls obvious fron
these results that in ‘cuttine" the rubilith pattern thc circular bend
 was notc difficult to cut accuratcely than the rectanwular bcnd
A maxinum-petccnta?c crror in k ¥ of &.07!'vns ohtained at the center,
of M, comnarcd to c naxirun vaiuc of 2. 567 at the cectcr of "2

"As discussed for thc strnirht coplnnar lincs, the rround
plane scparation hnd to be nuch Iesn‘ih?n half & vaveleneth in ordcr
to uininizc rndintion effccts. This involved uelcctinp a 50 nil
center strip in dcsizn ’CD for the sclected value of k. Tor the ”h
three ncandercd lines, ﬂi, 5, and 13. the value o{ k and.the center
s&rip uid:h vere kept at the same values ‘as 1n. dcsirn D, It could

a

.:hcn be nssuncd ;hat-at least the atraight line sections of the

- - Te—
W s B T ———
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meandered desipns would'not radiate energy to any significant amouno.
The bendé‘reg\}red closer investigation however, Just as a
uniforn flow of fluid undergoeo a opatial redistribution of streanlines

at & bend in a pipe, 1: mighpﬁsé expected thnt a gimilar phenomena
A
might occur at a bend in a coplanar t;onsnisoion line. 1n a pipe

tend the flow i{s compressed towvards the'ou;side surface of the hpnd.

. \ . . - '.l'. o .
die to the large inhérent momentum of the flow and the need to satisfy
Newton's laws of momentum and acceleration. ' It is true that the . fluid

‘ ‘uould_tfavol thiough a shorter distance and hence a lower potential
difference by travelling along the inside surface of the pipe tend.

Houever.'the‘nomentum.of theliargé mass of noving fluid would cause

the fluid to travel aloné'theklongef pipe surface vhere action reaction

forces would be at work.
- U

In a CPW one might expect the reverse to be true. The

momentun of flov of the low mass elcctrons would he 1noign1f1cant

1n comparison to the gain to be nade by nllouing the electrons to’

,take the ohotter, lower poten;ial path around the 1noldo edge of thp

' bond, The ide pach voold then be favoured over the externol path.
| -Anoth {nportant phenonenn dtrectlv telated to copacitance
uould also be at work in the CPW bend, The center strip in a
otrolrht coplanar line tends to drav the groond plaoo currents touardo
1toa1£. The outside edge ot tho ground planeo for this :ranznino!on

1ine carries little current. Thtl caplcitnoce o!fect is !upoorted | </

ezperincncallv in Chapter v bty -onsure-ooto uade on tha K series of

; straight lines to be descrited ahortly._ The results showed that the
______.__,_——*—"d)_'* . o

-
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charactertﬁtic-impedance,qf a CPW wvas not noticeably sensiti;e.to. .
variations in the é;ound.plane wvidth, The gfbund plane curre?t tries
to pass as éloﬁq as possible to the center strip without at.the‘game
time causing excéssive heati;g-ié the ground plaﬁéé.

Thellﬁssep in the groﬁnd_planeé are therefore concentratéﬂ}
in a ;;r§ narrow width nearest the center stffﬁ. The nagnitude of
Sbis utd:h. Abl, is as of this utiting undetermined though 1: is known
from the symmetry of the CPW that\almost half of the-electric field

" lines leavinq the center strio rust ;each'each groundaplane at

¢t [ by + 4by lﬁ‘ The loss theory of nection 2.4 does not take this

effect into account, and a uniform around plane cnrrent distribution.

is aaaumed instead. The measuted losqeu of Chapter V are approximatelv
2 5 times larger than the theoretical 1ossea, and though experimental
. error i qu;te significant, it is posaible that some qf this increase |
" {8 due to ;he above éapactt;nce effect? A similar situationnhan beén e
noted in nicfostrip lines [§] éﬁe;e the-ground plane chrten§ con-
‘ éenttates itself 16 a fairly narrov region beneath fhe tbp'eonQuciing

strip. Another more'abviOuaTexampie of this is éh; casne of ; aiaple : | -
parallel,plaée capncitor for wvhich charge resides on the innide uu:faéed
of the parallel plates.

Fow then. does this capacitunce e!fect' combine vith the

nhorter conduction path e!!ect at & bend in a CPHT By snper-
poaitloa one wuld expect that the 1nside'ground p!ane of a bend L
wvould have its high current dcnnity wvithin &by decreased by the - |
uztérter conduction path affect”; Conversely, one \:QSd exphcﬁ the -

]



‘ e
outs:lde"' ground plane at the bend to hare its current deosity '
1ncreased by the shorter conduction path effecl:" | Such a difference -
"1n current densities in each ground plane could then__create a small

dipole antenna at the bend such’ that radiationluould be increased in'this
locality. ‘How siphit‘icant this increase would be has not been deceminedD

&

in this work., The measured impedence at the hcnds of the meandered coplanar
‘.line 1n Chapter VvV did not mear to be different, from the characteristic—
impedance in the st_:raight CPW s,ec;ion.s. This. did not hovever'_ne!’.ate the
poss:lbility- of a e;gnificanc irncrease io radiation ar' the bende s‘élnce speciel
ecuipment would be necessary.to detect this radiatior;.

’!ii:‘eenrchers' at’ RCA Laboratories, Montreal, have detected 1ncreased'“

. radiation ar coplanar line benda and have attenmpted to equalixe the g;wnd

pinne current dennitieq at a coplanar bend by bridging the edges of the

ground planes nearest the center strip vith a short. conduction path. ~This -

however, appears phyeically cunbersone and an easter solution cores to mind.
- ¥hy not deliberately design the inside ground plane of the bend to be as -
‘narrow as 4by? Then che current density in t!ltsgronnd plane could not ~

pos’nlbl'y-be lovetea/ by"elecu“%ns taking a shorter conduction path etound '

the bend. In facl:. the upmltanceﬁsffnt vould orobably sllow nﬂrtoﬁ o

L o

ground planes to 'be used in all cPu designs.

.Ver y narrow ground planes 1n cophnar lines h.lvo not been o
_'tested experinentallv by the. suthor, _bot a:c proposed hereln an a follov

up to the work achieved in thip thesis. ‘It would certainly be n-eful to
\ -
_know how narrov a ground plm could he tolerlted be!ore affectine the

chnnctcr!nt!c i,noedltu:e value of the CPV. In !‘liﬂ thents, grotmd plancs

-

200 bu- wide have been used mccm!ony \rtth 50 nu wlde cen:cr ttrips. _

&




3.4.3. Coplanar Geometrv Varied in K-Series of CPU's

The K series of coplanar'lines(vas'created in order to verify

“Wen's chard“teristic impedance curves for various values of L, nnd i

[ e —

also test the effect of varying the vidth of the rround planeﬂ. Table

3.4~2 lists the K serieq desipn values along w{th the optical connaratnr‘

1Y

ﬁeasuremgnts of each rubilith nattcrn photorranh, The list consists’

of six desipns with‘vélueq of k ranging from n.1 to 0.6 in increments

T

~of 0.1, The errors.in Peometrv ranpe from zero nils to 2 mils,
In order to study the finite-ground plane effect, able 3. 4-3

vas drawn up. The ddea vas teo extend the pround plancs tdth the’ use

~

of aluminuﬁ foil and'EccobOnd sél&et. The snali and varied tnitial

design racios of ey / b1 vere 1ncreaned to a nev valne ei Ihi = 10,
' -

Table 3.4=3 containq the lenrthw of nluminum foil requirod for the

P

nLove extensions al}owinﬂ a.Ja" overlap section for solderinp nurnoses.
A . B

The {oil wag cut to lcnpth and then applicd to thc initial samnles. ‘!

* The perfotnnncc-of thcse,snnples vas then reneasured in order to check
.Y : . . ‘

~

for any noticcable tmprovrncnt. Chapter 5 will dtscusa thcse experi-

‘cn:al results in: aetail, but in general no. noticcable irnrovenent .

I _
|
vas found., This pave further sunport to thc thcorv nrescntcd in the

previous secticn on ncandcrcd lian. that the rround nlanc currents

._1

in a CPV restde in a verv marrov Pand, Aby, at the ground nlane
a7

edpes ncarest'thu center atrin,

1.5 " Techniauen fof Achievine Fffective Rlcctrical-ﬁnntncts' : 5

C P. Vcn [5] dlscusses the ecase uith vhich P’W'q can he ronnted

for effcctive electr!cal contacts. Figure 3. 5-1 is an {1lustration of

LR
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k Ground Slot  _ Center Slot Ground
Plane ‘i HWidth Strip Width Plane |
- - . el"bl . bl-al bl"a " El“bl' ‘
(X SERIES). {1nChes{¢3 - (inches} (inc#es) ' (1nche§9 _ (incties)
— — ~ - V " \j : ‘u Jf . E .
.1000 |  .1000 (2250 TTTTL0500T T L2250 -
(. 1023) (. 1008) . (.2231) " . (.0509) (.2236) & (. 1007)
2000 .2250 . - .1000  ° .0500 - .1000  .2250 |,
(,2040) (.2258)  (.0988)  _ (.0506) (.0987) (.2256)
e . . , : . i o .
~.3000 .2666° © 0580 - . .0500 o =.0580 .2666°
(.3039) (.2565) . (.0575) (.0502) (.0575) . ('25ﬁ5)
4000 | .2875 . L0375 .0500 0375 .2875
(.4n50) (.2874) (.0368) (.504) (.0372) (.2875)°
.5000 .3000  © .0250 0500 L0250, 3000
(.4950) (.3000) (.0255) = (.0495)  (.0257) - (.2993)
6000 .3083° - .0166° © .0500 .0166° | .3083°
(.5935) | . (.3088) - (.0160) (:0502) (.0185) ~ - (.3062)

Tablo?3.ﬁ-2: Woninal Deoiqn Values for Six lefercnt "alues of k
- Ranging from .1 to .6, Below which the “Rracketed
Quantities Indicate the Corresponding Ontical ;
Comparator Measurements on the Rubilith ?attern '

Photographs for these Deaigns. e

n-

Wen's ncthod of encansulatinp tuo ad1acent CoN's with a retallic
‘ ;caosule for proPcr proun& nlane connections. The cotling of the % Ty

. capsule rust be at leasc two slot uidthu avay fron the surface of
the CPW in order to ninimize loading effectn. Also the sido and o
fnner rround plane contacts must ‘be nade far enourh avav fton tho‘r |
CPL center strips ln order that interfere;oe vgth nornal electric
field pattcrns will not occur. Gince-the ground nlane currents

L'

reslde io a narrov hand, Abl, at the ground plane. ‘edpes nearest the

a

Yo
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i . . ° ( ) ) . -‘!,7‘ T g
. k - a; | ‘.blj | ‘el-fl ‘lellbl . ei-fi Alupinum,n

. . o . | .- Fxtension: R
| I . EEEE P (e}/bj=10,) . :

- | {inches) (inches) (inches) - {inches) (inches) v
1 1...0250 - ,2500 .3500 | 1.40 2,500 Z2.150 + .1 !

.2 | 0250 T .1250 3500 - 2.80 | 1.280 0,900 + .t
© .3 | 0250 08330 03500 4,200 | 0.833°. 0,480 + .1
4 | Lozs0-  .0625 . .3500- 5.6 | 0.625 o 0.275 + a2

w5 | 0250 - Los00 . 3500 7,00 | .0.500  0J1s0 4 .1 +f

~

inuch greater than Abl. The nagnitude pf Abl 19 however atill a

.6 L0250 L0416 L3500 B.40 | 0.416°  0.066°+ 1.
Table 3. 4-3. Ratio of e Ib for Series X Designs. Including “the
. Aluninum Foil Extensions Required to Increase e /b
T to. a'lbl-lo.. Allowing a .1" Overlap for ‘Soldering.
Purposea. :

tog

L . LY - . ’
- oo ‘-f.:v;g“ ) i oo

centcr strips, the necgssarv nir apace OVer the ground planos 1s not

u

/

nebulous quantitya It 13 expected thnc Abi,\is most likelv less -

‘ than oy ie leas than '‘half the center strip wtdth Thp loaa S -1

ne;sugenents Qf chnpter five uill ghe&fubre lirhc on this orohlem.

. v ot
Hen ] nr:allic encapnula:inn of r’"'s ia fine as a nernanrnt'

zount but not’ for experincn:ation purposen. It uns desirakble to Fc

iable to mount and unmount FPU aannlea eaailv uithout dentrovdnr than.

3

; To thls gnd a Wave Tek experinentnl noun: denipned for nicrostrto o

.,
- E

" line -anples uns uned for CPV annplan aa uell. Thi- grranrerent 18

. shown 1n ?igure 3. 5-2. "The ground plane" contaces canaed nrohicss ~ ;

0

) hovevar. "The thunb lcrev: on tha aount vere !ntcnded for a- aing]a

. . °
L " : . . - v
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AT LEAST —

A
e

SLOT WIDTHS

' - CONDUCTING

RS NECESSARY AIR SPACE
L © OVER GROUUD .PLANES

'"numf_.-'écmlc—/ N \ CEVTER |
SUBSTRATE - - .+ . SIRIPS o »

Tk

fetallic Encapsulation of Two Adjacent Coplanar .
Waveguideas for Proper Cround Flane Connections. 'nu
T . . ""7 o

Figure 3.;-1:

—

Y. .
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-Figﬁre 3.5-2: The Wave Tek Experimental lfount for Microstrip [dnes

" Used for Mounting Coplanar Vaveguide Samples.,

<

N
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center strip, and t“e ground plane contactﬁ had]t; be nade hv
applyﬁng 1nward\loné1;udina1 pregsure by hand té the two,posts
- gupporting the CﬁW, and then screwing them down tiphtlv. The posts
then touched metallic extensions that had been soldered to the gféqu-
p;Fne ends, The electrical contacts-ueré quité‘goqd'ﬁnt small
variations in perfornhnce ﬁére noted fron dav to day on sanples-uhicﬁ
were mounted and unnOunted manv times. 6ne~éould never hv qur; tha:
the ground plane contacts were the best possihle oneQVQince the hand
pressure aﬁplicd to the subporc}nn‘p?stsldgring nounting varied each
timp. A ncre reliaﬁle mount had to Be.developed: '

| In the.meant{;z the Yave Tek rmount had to he used. Initiallv,

phosphor bronze qﬁrinp contacts were cut and shaped from 5 nil thick

sheets of thiq netal and qoldered to the 7round nlanes in order to

extend them lonnitudinallv. Fpoxv plue was used sparinglv underne1tH
_ | _ \

the contacts for nochanical strenrth; Houever these=ébntacts had .

a tcndencv to tear the aluminun Eilma from the CPV suhstrate qurfnce.

A snall roll of alu%inun foil nttached to the ground nlancs tv
Eccobond sgldcr 56C vas trié& next. This proved more quccesnful hut
.uas messy to prepare, The two tvnes of contacts ‘have heen cu*nnrrd
An Fipure 3. 5-3. : a . ': - :/“'. |

A8 n reaule, the author deQigned his own nnecial braqn
mounts, calleq "3 mm Coplanar Vavepuide Launchers™. Sich a mount
1sfghoug in ?1gur§ 3.5;&1 The insert is a standard 3 om connector
nssemhiy of tvpe OS54 2104 CC. The launchers vere verv effective,

" easy to use and elliminated the previous neéd fot;tccohonq'uoldcr.

except for repair purnoses. A preat deal of tire was saved Bv

E
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Figure 3.5-3: ’Spring'Type Phosphor Bronze Contacts Compared to

Flat Aluninun Foii_Con;acté.
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Figure 3.5=4: - The New 3 mm Coplanar Wayeéuide’ Launcher Shown

Alongside the 3 tm Coaxial Insért, -
. L -
l‘Q

B e
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}
using fhese clean drv launchers, A CPW sample could be-mounfed within
a mipﬁte by turning one thumb screw on each of two launchers. A
nounted sample is shown 4n Fipure 3. 5-52

During unmountinp, the aluminum thin filns on the CPY
substrates did not ofben tear awav, and 1f thev did 1: was onlv in’
very qmall flakes vhich tould easily be repaired with a touch of
Eccobond solder. Hence, it was possible to maintain accurate conlanar
reonetries throuph a uide‘ranre of experimental tests, The launchers
also nade it easv for exnerinental results to he rechcckcd after

».‘h

samples had been unmounced and, stored awav,
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CHAPTER IV

EXPERDMEITAL THSTRUMENTATION AMD MEASURFMENT TECIPIINIFS

{ ]

4,0+ Introduction o ' .L}

-

Knoyledge of tﬁe capabilities of‘cnch;measurinh'fnsgrﬁmbnt in anv
cxperimené is of.vi;al_imﬁortance. Frror nagnitudcs‘indicacé uhcgheflo; not
the'tﬁeory and the measurements cofrchﬁond uifhiﬁ"experinental‘erfpr. Also,
onc measuring 1nstrumcﬁt"may measuré addifionﬁ% unwnntnd:effécﬁs which have "L
to be extrnctcd.before the corrélaﬁibn of exnerinental data with theory can‘

take place.'

Such unvanted cffecets existed in thc refleetion and transmiasion

loss mecasurements oﬁ section 4.1, The'hnt measured rcflection coefficicnt
r‘f“\?br cach CPW sample did not directlv indicate the charalteristic immedance’

of the sanple. Consequently, a theory of small reflections involvine atten-

[

dat}on in the samnle had to be derived in order to extract meanineful ref-
. f . . - -

o . E . . '
lection coefficient values from the ‘experinental data, Moreover, the trans-

L]

nission loss measurcménts‘bf this same section contained large exnerirental

- - —
it

errors, and a statisticnl treatmcnt of this tranenissfbn data-had to be T

-
»

'forncd.-qinilnr mcaqurcments‘in sec:ion-ﬁ.z rcguircd an equnl_annunt of care

{n the 1ntcrnretntion of the exnerinentnl rcsultq. ﬁn the o:hcr hnnd y the

L N e

=

1nﬂtruﬂcntntiﬂn of section b 3 ncasurcd the true reflec:ion cocfficicntu

] s i nt “ - o

vith recasonable accuracv. Phagc vclocitics and net- roln:lvc dielectric con= i

ltants vcrc also ncaeurcd by this techn 1nur. . T

o

109 o
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4.1 Swept Frequencv Techniques and Sin?er Inscfuﬁontation Used “
1Y)
To Measure: Characteristic Impedance and Pouer Loss in CPH

- 4.1.)1 stteﬁ Descriétion ,

v ) N °

) *x

In order to fascilitate the 1nVcstigation ‘of vave prqpapation 1n

the 1-2 GHz fréhuencv range for a larpe number of PR aamples:iit was
. . g :
. hecessary to have a simple qnd reasonably accutate measuring 8 \ten

: on hand for the measurement of return loss ané‘transmission loss in

these samples. Figure 4. 1-1 sﬁdgx a photograph of ‘one such system.‘

An Alfred nomograph was qsed 1n conjunction with this equipnent -
in ordet to fascillitate the convcrsion of return lose nensutements
to the corrcspondtnr nismatch loss. VSNR, and reflection coefficien:

valucu. The charactaristic 1mpedance of each measured CPY nanplc

Lope

folloued dircctlyafron the VSWR valuer’“The nensured transmission
|
losses, on the other hand. verc firat corrected for nisnatch losn at

thc central 1.5 an fthuency. The tesulting“loss yalues contained
largc.ncasurcnent erTors and vere statinticillf'tréated»bv'meahs_bf

a_least squares i, This Ied to. the deternination of a total avetaae

contact los- uhich_uas tubscqnently subtracted frun thc stltistical

‘ result to yicld thc net poyer lotn lssociatcd vith quasi-TEH uode I Tf:'f
propagatton of pouer at 1.5 Clz down the lenath ot the’ CPH itruc:urca.

Thio net pouer loss u:. thcn plotéed as ». functtoa of chlu filn

Qw"
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thickness to enable a comparison with the loss theory.of section 2.4

of Chapter II.

) The photograhh of the instrumentation in Figure 4.1-1 18 an

i1lustration of a Singer Alfred 3000/7051 sweep network analyzer and an’

Alfred 6600/66N3D sveep osci}lator vired for a transnission loss’
calibration checl: on channel ® of thc nettorl analv 1) 2 Thc‘swcéner

shovm can produce continuous TF pduer over tyo senaratc freouency tands

1n thc Ir, VHF nnd rnr reﬂions. The lower hand rances fron 1N sz.

to 1 Chiz and the upver band ranges from 1 6z to 2 iz, *be BF powver

N

from the qvncpcr enterq dirccclv into the innut of a Madel 3022 “arda

- eroline 204D -directional coaxial. counler. _Three freauency narlers

are fed directly from the sveeper to the marker fnput of the netvork

-

analvzer, and thc frcqucncv.swecp fron the frcnﬁcncv svﬁcp oséillatnr

is wired dircctlv to thc horizontal input of the nctuortlanalv-cr.

In the forcground three ﬁodel 1““1 ‘lfrcd c?"qtnl detcctorq

bl
- N —an

are shovmn conngcted to the aforcnentioned bi-directional coatial counler.

The right-hnnd crystal detector in the uhotonranh is nountcd over the

© input of the coupler and neasureq the nawnitude ‘of the !nc{donc P'

a

'pover taken .dircctly fran the sweeper, This first crvstal dctector

has a direct coaxial line to the refercnce cﬁanncl o‘ che nctuork

analy:ct. The.central crvstal detector nounted on the directional -
. 7 h ’

coupler measures reflected BF pover from the load at the ‘cutput of
. . fa
N H '

the coupler 4nd {s vired dié#ctly to channel A of the netvort nnal"zcr.‘
: - v

©

The third crystal detector at the ’ar left neasures tranqnittcd ¥

pover from the output of the test,:nnplc,and ia fed dlrcctlv to c&nnnol

-

.
-
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B of the netvork analyzer. L ‘ | '

In neasuring an active or passive device, the 3 rm coaxfal
connectors between the left most crystal detector and the outmut of

the dircctional couplcr are disconnccted and the device to be neaqured

1s inserted. ‘A Qhort circuit (QIc) and/ or onen circuit (o/c) nlaced

8

at this point in. the test set-un i3 used for the calibration oF channel

/
, f
A in return_ loss T ndasurenents.. A slc load is proferrnd ovcr an olc

load since a truo olc is uquallv very difficwlt to,qrtain.

l Firurc 4 1-2 shov” a block diaoran of the atove .svster for

' !

preater clarity.

An attenuator is us unllb niaccd betveen thc device

being neasured. . -

The netwvor): ahalvser nrovides several convenient mathematd

. " * - " T N o
_functions which pernit the neasurenent of ahsolutc.or.rela:iVP novelr

lcvels.

.

The rcfercnce channel {RETF) and Channels A 1nd T nay ke

',clgctcd 1ndiv dually or»‘ and D may be ﬁeldctcd siru‘tnneouslv.

Also, APEF and RIVEF nay te ﬁclccted 1nd1viduallv or 41nu1tanoouq1v

Absolute poucr'lcv;}\ are nc1'utcd in dBm, and rclativc nover 1evc1s

“are neasured in dP, Tor this vork only rclative nover lcvels vere

"

neasured since 1ntcrcst vas‘fOCused on.thc_rclntdve trnnsnisaion : i

. . S -
" loss in dF and the return loss also in dF. : 'E
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4.1.2  Mismatch Loss Coprectidns

k.'Ihe préviously described -Sinper instrumeatation was used to
measure reﬁurn loss R](dn). mismatch loss HL(dB), transnission loss
R 4 —"" . .
TL(dB),xand contac; loss CL(dB) for straipht, one inch lonp CPW

sanplcs and longer meﬁhdered CPY samnles. The desicns for these

coplanar structures vere discussed in section 3.4. FPoth return loss

and transnission losas for theqe samnles were nhtained dircctlv from =

" the Singqr equipment_over the 1-2 Cﬂz bandwidth. Return loss nt

1.5 GHz was used to calculate mismatch loss, which was then used to
correct transmission loss for reflected pover at the same frequency
in order to obtain the to;al ohmic loss in each CP# sample. This

corrected loss was treated in a least souvares sense for several series

of CPW samples and for thin filns of,varjéﬁs thicknesses. A resultine

e

linear plot of loss vs the inverse bf filn thi;kness“(;fdl) vas dxtra-
pplatcd“to the infinite film thickness condition to yield an averace

contact loss value. This contact loss was then subtracted fron the .

[P

;{lcaét squares fit values to g{ve_thé attennation in céch'sannle in dF

per wavelenpth, Ao". In this thesis the'synbol A reﬁrcsents a ccneral -

attcnuation in dn A" renrcscntq attenuation in dR/in and A M renrcncn§§

1ttcnuntion at a specific frequcncy in dﬂ/l‘ dB per savelensth,
Return losq'and mismatch 1088 were closcly related to each
other by the nodulus Iz} of the net reflection cocfficient ) at

the 1npug end of cach tcst sarnle, Return loss was def!ned as

- /

Ry & -10 loryy DR 3By CGaen -
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vhere pF represented the reflected power ratio at each CPW input. ‘Thc
£~
reflected pover (channel A) was compared to the 1nc1dent power (referenee

channel) via che A + REF function uhich ‘was available on the Alfred :

_8000!2051 network analyzer. Mismatch loss was then easily obtained

fron

A _ ‘ | |
M, w =10 lomyge [1-jf) - (dB) o (8.1-2)

or by means of an Alfred nomosraph which gave mismatch loss values

to vithin slide rﬁle ACCUTACY.

- F,

Trangsmission losa, on the ocher hand rcpreqcnted the availabhle

power at cach cru output (channel P). in comnariqon to incident nover
'at the input end (reference channel). The selection'of the B ¢ REF -
function on the Alfred 8000/7051 netvork analyzer cnahled transniqsion .

loss to be displayed directly in eccordnnce vith

R

E) Lo EO

T e

s .
PR IR A

-

vhere Py represented.transnitted oufput powver and P rénreqcntcd 1ncidcnt
4 ’ X

;.-‘_”'\

pover. ' - .- N S s

It uns'inportant :o!realize that for a losslesas er neaily
losslcss nisnatched line o depcndcd solely on povcr rcflcctions fron
.tuo reflecting dtscontfhuities duc to charactertstic irmedance: ninnatches-
" at the {nput and Output of each CPH snnple. Vour;er,aq Iosscs 1ncrensed

uiyniflcantly,correctlonz to the lossleau theory had to be considered,

The sizpler theory for a nisnntched lossless line ynn:nned inictallr to

e

“»
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4 . . . ’ . a " - N
account ﬁor the frequency dependency of o due to reflections at the out-

put disconcinuity. This frequency variation vas also related to the |

electrical lenpth of the linc

8 = gL' S (4.1-4)

where B was the phase cqggfant.in radians pér unit lenpth and L' was

:he‘iength-of coplanar linc. The net complex chiectinn coefficient
. : » .
p at the input end varied vith triconometric expressions of 0.
Collin [3£] derived the theorv of sriall rcflcctionn for twvo

e‘lectinr junctionc and a lossleqq ntonaration ﬁcdium. This theorv.

_wvas. mod{fied qlirhclv hy intrcducinr a snall at:enugzzsg*aL' vhich pave

o - ..lp!'ejo " |
ja
= pe )
'  e2aleq20 S
- = y - + n e : ‘ / . ' (" .1-5)

2

vhere L and p, vere in general éﬁﬁhléx'réflc;tibn_soeffic!enfhat Ehg
:idput and outpﬁt cf the two junction derlcé rcspe;kivolv. The |
relationship between th; nbduluS'lo!.nnd:vhnsé*ﬁ :d?pl and 0, was then
" casilv cestablished. . The quantiticg*pi‘dnd %0 were verv nearlv }énl
constants.if al’ uﬁs'nmnll. The above cxptcsaiun had hetter than AT

accuracv if py ond o, vere less thnn n2,

0
Ficure 4, -3 vas used to dcrive {(h.1=5). The '19urc ia a -
nchorntlc rcpreqont1tion of nirnal flov in a nin“atcheﬂ PP" sammle

vhich is nonlnnllvfsﬂ n and i{s nlaced hetween two calitrated SH-0
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*

transnission lines.: The swnbol a sinnlv'rcpresenth a small attenuation

per unit length in the sample. It was reasonable, to write

?

4

since the covlanar transmission line was a svrmetrical Adevice and had

the same inherent. characteristic impedance at hoth the input and outout

ends. Also, oy could he expressed as

e et o

Py = fni|¢ (4:1-7)
This allowed (4.1-5) to he separated into
r . ‘-:;.,':- ,.-:2“1‘! - -l_- - ;"lL' .
ol / 101! > 1 =2  «cos (28) +e (5.1-8)
-2alL.*
| 2 memy 1

b = by = tan —— I (4,1-9)

’ =Tl t . ' .

1 -e =al. cos (26)

- . (
vhere ¢ w&s the Eotal phase of o and ¢1'uﬁs the nhase of oy
“then al' was allougd to nﬂnroqch zero 8y annfnﬁchéd zero anAd h{
hecane a renl.conatnnt.f thnnay' was ﬁrnl; and.finitc a slipht
‘ attenuation qf_!él 7_!o1! existed alénn with a slight nhase digtd;tion
of ¢ = oilfrdn linearity. The tot;1 problen was conpounded hv oi
" which vas very sensitive ;o the value o% al', This addcdﬂfurther
nonlincarities in the phase characteristic é vs frequency over a civen
freouency haqdﬁidth. Equation'(k.l-ﬂ) accounted for the reneral

/ -

"shape of the |p! versus frequency plot found experincntally since

it gave thc-renéngpcg cnnd!:ions'for a piven frequency bandﬁidth, but ) \

7

b
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-]

cquation (4.1-7) had to be analyzed more closely when thin filnm .

thickness varied since aL' was aquite significant. Then Ipil'nnd

P

especially ¢; changed 1n magnitude drastically.
*  In order to accourt for such drastic chanses in |p | and o
== :

¢i, the charaétcristic inpedance of the coplannf transnission line -

had to be written as ; . . ‘ o

N

S - zle (4.1-10)
. ———- (1 _ . . .
vhere \ o “ : _ , o -
| 2} - [[L]"‘ LIr 1k o (4.1-11)
. -\_1 I l' . . ’ .
¢, = L tan n/ul : _ - (4,1=12)
| 2 L/e v ‘
and - ' | o N

. R ) ) * \\lﬁ
. | o o (41-13)
2 VEIC S B

vas the characterintic irpelance of the line due to e, and
reometrv onlv, Then ;dth.ﬁolreoqéséhpinn the characteristic

irpedance of the main line, the tnpu; reflection coefflcient was
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expressed as

REELY S

Zo > :
. - 7 (4.1-14)
P, : o -
, !Zlo-j¢z +1 .
Zs - : < \
5 s
vhich pave .
- W !’
1z] Y2 _ 5, [20 . cos 8, +1
Z, Tz
- ‘ _
| Di‘ € _ ’ - ‘i .
' '[]_3’;_‘_]2-*2' 1zl « cos ¢, + 1 .
) 7 . 7
" (6.1-15)
"and "
‘ - 1
2l wme, | fzl - stne, L
7, R J
. - ‘ -1 .
¢ = mn-l - - Tan  _ -w
[ ' 1 riz_!_'cos.az-l-! _
12]  con s, +1 ‘ ‘ 7o !
= ] | J |
' [)“ e
: 1 - T (he1=1F)

‘ o 4 f .
Plota of (4.1-8), (4,1=9), (4.1-15) and (4.1-1F) over the
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142 CHz frequcncy band for various values of a are contained in
appendix G for refercnce purhoses. These plots nppbarcd‘to be quitc -
useful for 1n:erpretinp che Singer instrumentation measurements of the ot
modulus ]plﬁ- They were equa]ly useful for interprcting the results -
ob:nined by thé 1nstrunentation of section 4,2 and 4.3 as well.

Morcover, transmission 1035 measurenents rnqu.rcd knowlcdrc

. of ]ol An order’ that corrcctions be made for mismatch loss.

Trnnsmission loss and mismatch loss had to first*pf all he npbroxtnated"

‘ by use of\a Taylor scrics:exphnsion of 10#15 (x + &x), truncated to .

the first oxder

o o 1 S (4.1-17)
log1 (x + 2%} *—m———— | Inx + x
o 1n 10 S -
! 4
vhere
—— N
: T Ix 1, -
x B
' Conscquéntly\LSh.if2) becang . )
10 « nz , _ e
My B ———— . (4.1-18)

In 10

vhere

T T k)

and (4,1+<3) bBecane

(A ol"ln)

| PO



vhere

BN X R
. [1 “p_"'],“_‘!’

P vas ‘Incident pover, and P, Vﬂﬁltotal transmitted pover, Thin
transmisaion IOSQ'cxpréssion‘was then expanded by the insertion of the.
total tfafff}Eﬂfd-POVér at the input minus the pover loss P, due toi
thc\d%tgnuntion a to vield T °
.° § T . 1D e
: L In"17 R o .
' v 4 | . (4.1-19)
This reduced to L
“ - VI. . ‘.v . ¢ -
—_— [ Py
In I _ ‘ P . _ B | )
- L R I (P8 E51D)
R ” L : -
/ .
. q
. ‘ N ) ‘

: o
3 o 4

.+ For reflectlon coefficients of 0.2 or less these apptoxipatisus vere

quite valid conaideriar the large experimental errors in the ‘oricinal

loss measurcrents, ~ “quation (4.118) wvas used in confunction with ‘
(4.1-20) to yleld = - ; - T *
) o " L. ] b t
T - s - -
- L o L 15 o‘) P . _ . o
. , ) . Lo ] . (5.1-21) .
j -




~

Use of;(4.1—17}.finally gdbe‘the desired ﬁiémntch loﬁa correction
) . : . L]

expression
T — M, =10 1eg | 1 ——- - o ;
. . " A 10 . .
, : - . : ] " L ' : .
: = AO ol (dﬂ) - . (4.1-22

- ‘ . ' oo

[] 3 ; : L} ’ . . ' y M
vherc Ay represented attenuation per inch of coplanar line, L™ was the
o } - o - sats ‘.

e

lenpth of line in’inchen, ‘and’where

(471-23) -
- . ‘.QI u ! .
In other words, this assunc&‘ohnic losses to be small, For 547 o the

-

b

. . : / N C ‘
necasured samples Pp/P vas less than .1, for 797 of the qgésurcd aamnles

"

P IP vas less than .2, and for 887 of .the neasured kapnlel\“L{“'vns lens!
than .3Q Fér_thc remainine sanples PL!P van lesa than ,4. Jence for ’

most of the saﬁpics (4.1-22) uas7valid to n'fits: order anoroxination., -

AR In Chnpter vh.-he syrnbol A, will be used to reoreqon:

attenuation per unit unvclcnvth €or each specific frequcncv at vhlch

this ncasurv-dQF vas mnde. *he use p! a:tcnuntion per unit u1vclcnrth

©

13 auite common {n the literaturo-and applies to a lneciftc chosen
b

freQurncy. Thc au:hor prcfcr1 to nornali;c a:tcnuntton values to

ntandard unlt lcngths such as ln the prrviouslr-dcflncd A hut has

uscd &o“ to cnable cornarison utth nttenuntlan valuea found in thu

8]

A oa



" the 1npcrfcct dircctivity of the directional couplerq uqed in thc -

A3

.cx:crnal test loop. Thirdly was the crror due to some anount of

'so that the onlv error of any sipnificaﬁcc vas the 1ns:runcntation

u . o 125

literature. Permanent loss measurement records for the 26 CPY samples,

will be found in appendix D and their implications will he discussed

in chaptcf v.

r

4.1.3 Measurement Frrors .

. . T “ .
Four major sources of error werc considered and‘of these four,

three were subtractred out hy thc measurement techninue used The “ L

first errar $onqidored was the nodel 800017051 inqtrunentntion error

of 2% or.1;§§pfuhichcvcr vas the preatest. Next was thc error due to

i

e

.painlinc VSWR in the directional counlérs used in the extcrﬁal_tcst'loop.
Finally. there was the erfor due to the imperfect ftcnﬁcngv rcsﬁonse ’
ané/or,frcqucncy fesﬁonsc tracking of:thc direct{onnlxcouplersﬁﬁnd

'%thcr components 1ﬁ'tﬁe external tcét-loop. These last throc tvPeq of °

error could fortunntclv be subtrnctcd out during the reasurcnent procesas

crror_mcntioncd nbove. In ordcr to sive an appreciation of the -

‘magnitudes of these other three neasurenent errors a brief descrintfon

and analysis of them will be riven.
A snall valuc of counlcr dircetivity would have led to very -

large ncasurcncnt errors 1f corrections over thc frcquency band of

{nterestihad not been uade.' The effect of directivitv ts*derivnd and

L

{illusntrated grnphléally as a fun;tlon of return loss for return 1035

rl
*



~loss measurencnts should he cxpccted.

126

[ -~

neasurcments in Pigure 4,.1-4, For this case both incident an&
reflected power wvere 1nvolved. For_transmissien ldas mcaﬁurcnents )
only 1ncidcnt power vas measurcd by means of z# ditectional coupler, and

the dircctivity errors bccane insipnificant in conpnrison to inscrunent

Il

errors and frenuency tracking errors. From ?iyure 4, 1-4 1t is clear

that for a retufh loas méasuremeﬁt of 10 dR with a ZO'JB directional

couplor. errors in the neasurencnt of + 3.5 dB and =2.7 dR are posaible..

In conparison the couplcr mainline VSWR effectq are derived

_ R :
and il}pstrated ﬁrnphically in Fipure 4,1-5 for return loss neasurenents

-

nséﬁ§£3nction'of the reflecred pover cdupler nainline V'R, Since =

the measurenent of transtiission loss docs not involve the reflected

2

poter coupler, the ra inline VGHR effect was not rclevnqt to :ranqniqqion

loss measurenent error, “The crvstal detcctors had a voww snecification

4

of 1.4 or less for frequcncieq up to 10 Ghz, and if this value is taken

for the nainlinc VQUR nn error of + 1. G dR and - 1.3 dﬂ in the return

-

Frequency trackine error in ratfometric level measurements for -

the determination of transmission rain and loss or for return loss can

be quite ‘sinnificant {f the two directdiecnial couplers used in the external

.

" test loop are not. matched. If the inmperfect frenuency response

chnracterlstic of the counlcrq are matched cxnctiv, thc coualcr frcoucncv

\!

traqkinﬂ errors for 1ncident,f;;ﬁkctcd.and ttansgit:cd vover sanoline

vill cancel. In practice, closely matched couplers vill yield a

L - . i - -

frequency tracking error of a fev tenths of a dR or less, Thin error

4 :

can also be aubtrncqéd oui in/the measurerent nrocedure.
- - " = #

L]
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| - . COPPLER DIRECTIVITY
] 8 ‘ ‘y L ‘ 2008 250 > ”]’15;‘ 4008 4508
= ) ARNEN
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. N h, N b N, :
v ; =5] T ‘!\ : .\\
' —+ 1 1 ; Iy N
: N 7008 2508 3008 ) wte
-ER£¥ = Voltoge ou!p'uv from revene (uiflccicd) power oo\plfr - IPL Eirl iD Ein]K.' | {1}
\d\cupl =:lood refllection coeﬂ‘cmul Ein. input voltoge L e
D = coupler direchvuty * K -\coq.'p'ling hc.lor b .
EII;C = Yol!og- output from incident power :oupi'nf.- [Em Y Ein 9] .K Q)
S kv msD. b cousters T e
. = - = H 4 :
Prnecsured " M " " Tapyp Eesming both couplen ove some K ood O) - .
| . v - '?LDD O’or maximym deviction of either polerity) “)'
C o gt ) :
'nomurtd"i']_"' Perror ¥ - _ I Pmeonaed ™ Pt = Pq-rw (5)
e | | | | o
. . E ’l +D . . - 5 - D +
= Py “- - - . - - ’ = -
& re0dout gney.) = =20 log (P * P error) ' db reodout g )= =20 kg () - P grror) ‘m
. P . - Lo gy L Pemor -
| “mlﬁovt(l*-;fm‘-) . _ - mhq('ﬂ-;;:—} .(B)
since log (AB) = log A + log B, ond true retum loas = =20 log py, o
. . _ | » _
' bmmdom(-,--zomu::"') | ~ &mm(*)--mqu-q—‘"-?-; )
wistivating from (8), ,, . -
sL - o - gl ol
""9"'7: ‘. : . -
o o 1L ] e () :Am««t’t =D an
wor. & error {-) » =20 [3—,-61 " mem. b ever (¢) = -
¥ A . nY oD

teuTe 4 -l "axi—-tm + and - dT Frror in Peturn T.nq-: "a‘\mrmrnt-; nno to

Counler Tirectivity va Peturn Loss,
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MAXIMUM £REOR 1N RETURN LOSS MEASUREMENT (D)
. _
y
%

! N (
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\”\1~ _ |
-2.0 \‘\
y
T
-3,0 s .
——t
- . ' : o
- . \
SR B2 R4 151,617 18 1Y 20 212,292 2.4 2.3 2.4
’ COUPLER MAINLINE VSWR
o <

The poction of the reflecred 1ignol “robbed™ from the reilected power
coupler because of reilaction at the coupler primary output port, due .
to mainline VSWR, is given by (€, 5, Ppag s mheTe Pyt raflection B V)

-"cotmc'ienl of reflacted power coupler. - Therafore:

\
v

Indicated Retum Low= -0 log o Wleg (Tapyy} -~ - - 04 '
9 db error -‘.20 log (1 2 p!!-! LThis s the squction uwed 1o plot f-gurt ‘ -_(151 :
A convenient exprassion of mainling VSWR error in terma of the
reflection coafficient Is os followa: g _
Povor * P Pl \ I 06).
increment 7 ’

N - .
Vicyre 4.1=5: ‘axirum + and -« 4P Frror in Tetura Loss Measuresrent<
Due to Mainline V&' Fffects,, '

=
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had 2

An initial calibration procedure with S/€ and N/ lgads -

allowed all measurement errors to be subtracted out except for the

Singer 800N/7051 ratiemeter instrumentation error, This anountéd to

.4'dB or 27 errors—vhichever was the preatest, For return loss '
N ‘\ ) - ) . . . ) '-‘ .
measurcments, this led to about ZﬁQPr 37 errors in the reflection

cgsfficient values ohtained from the &f?rcd nonegrant, Howevcr;'for
transmission ids§-méasureménts of N4 dﬁfté 3.0 dB,.anZ to 13Z;efrofs
vere in;olved. This madc'the:intcrprgtation of attcnuatiop_mcnsurcnchts
in each coplanar snmple“rather difﬁ;cﬁlf. The ttgnsmisnidn loss was

P

firs; corrected for nismatch loss as outlined in section 4.1.2, A

[

" ldnear repression analysis vas then performed in order to obtain the.

-

- best possikle fit of a strainht line through thesec co:rcc;ed transriszsion

loss data points.
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4.2 - tlevlett Packard: Automatic MNetvork Analvzer

-

4.2.,1 General Dcﬂcr?ntio§ ' .'. . -
The Newlett Packard (¥P) Automatic ‘letstork Analvzer combines

the control and computational ability‘of a small comnuter with the
émp]itudc and phase measurenent canahilit? of a ne;vﬂrh analvzor o
to form a vér;-accufatc and sonhisticated neasurcnént.ccnter for ,nush

lutton eaﬁe,énalysis, optin&zatipn; and desien at'ékc;nuave frcnn;ncics;

AT

- ‘,;)‘ ) . .
The ini:ial cost of computer. hardware nav he nininized by attachine
the systen to a local tineqharc tcrninal, thich thon alqo vields a'

lnrncn “computing cnpahllity. *his connutntional fncilitv rreatls

‘

cnhances neasurenent accuracy, . : ’ g
: . : -y st s
ES . f,J,

Such a versatile syntcn can autonnticaliv take mcasurenent

errors into account bcforc the final ncnnurcd valuqunrc dinnlnvod

to the user. An arrav of. conplox crror coefficicntq can he nrnqurcd

&y
-

and ﬂtorcd durinr an initinl cnli“ration hroccdurc, ~These coo“icicntq‘—

-

rcprcscnt the neasurcnent errors of the systen in nctordqncc vith )
pre=sclected 1P error model,, Nurine the analysis of a narticular

. ) | .- L. .
device, the stored errors are automatically subtracted from the

) P ‘ )
correnpondinr neasured values, thus increasine tihe final accuracv,

viiich depends natnlr‘on :hc'cf;or nodel contained {n the selected 1M

. -

softvare prosrarue. This software {s conveniently vritten in a

nodified verafon of the'?ﬁstﬂ conputer lanpuage to allov for uner=

jcormputer {ateraction, i X

The netvorl: analyzer section of the above avster nrovides

& . :



Aaqﬁiitude and phase information vhich can be converted by the computer °

BeehiVe-Khybonrd-CRI terninal at the left of the netuork analyzer
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/

to VSWR, return loss, impedance, gain or attenuation, group delag,'

and h, y, z, or s pérametars. Measured data can be fed directiy.

into statistical orbcompqter aided design pfogfams. HThe'résults'of'
gsuch analyses can then be displayed automatic#lly on a teletypé terminal

at the measurement site. Less accurate measurements may be made

_without the computational aids either from the network analyzer's

CRT d;ablaysuor by means of permanent trgfes takes viariy recorder

equ;pment connected at the back of . the twork analyzer.\“- R

4.2.2 Basic Components of the WP Automa c hetuorP Analvzer
Figure 4 2-1 shows a picture of the HP 8565A Automatic

Network Analyzer'fncility._uhich was used on a timeshare basis with a

CDC 6400 digital computer, Thé figure also shows an alpha-numeric

‘plus an cxtra swecper._at the top of the network analyzers< The various

levels are to be described h;rein in six parts frﬁn'toﬁ to tottom.

The top level of the system consists of an HP 8620A suaep
oscillator gainfrane into uhich an HP 8621A R¥ drauer 1: inserted at
the right. The sweep oscil}ator is a conmpletely progrannable h{gh‘
ftéquency source. Vide or n&rfov handuidihs of éon:inuoua u;ve'fCU)
pouar can be 1nvc;tipated nanually or au:ouncicnlly. A CV vernfier |
allous precise gettings o! cw cantcr !tequencies in the bnndvidthl b
to be investigated. The RF drawer has at present a uu{tiband capability

s/

vith a toéﬁl range froa 0.1 to 6,2 Giz, uhich,in-nctual;y‘nutﬂivided

. into two overlappiog bands of 0.1 to 2.0 Gliz and 1.8 to 4.2 CHs.

. )
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Figpure 4.2=1: Thotorranrh of the Pevlett Packard 35450 Automatic “etworl:
' Annlvzer Svatem. :

2
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1

These two bandtidths are derived from two correspondine nlun;in modu) es
vitidn the RF drawer. . Plug-in modules which extend the upper freaquency

linit to 12,4 Gz are available and are soon to be acauired for the

r

‘Icaster installation, For investipation of CPW perfornancﬁ.

. neasurcmbnts herein have been limited to the 1=2 'z ranré,

LT Y

" Level II of the I'™ 8545A Automatic Hetvor®: Analvzer consiat
of the HP 8410A network an;iz;br nainfrane, and the WP 8412A nhase-

narnitude display at the risght of the nainfrane. The networ’ dnplvzcr
. . . .
converts RF sigfnals to lover frequency. IT sirnals for procnnninn;

®

Tuning eircuits, IF amplifiers and précinion IF attenuators in the = °

nainframe vicld processned nhase=narnitile infornatfon of hieh accuracv.

T™his infornation in then oresented on the VP‘SQIZA'nhnno-nhonitudc

in dF and desrees vhere the nhase is referenced to an {mazinary vnr!d?lc

plane positioned accuratelv between th% teat channel fnputs. This_datn'iq

m————

slotted apainst freauency on the screen of this dismlav, A rolar:

plot of the same data iz avallable on level three of the svsten.

Permanent rccords of each nlot arc obtainahle on ceonnatakle Y=V recorder
. . - I . ‘ -
Teaulipnent. o

-

Level 111 consists 6F the I™ 8410R netvorl analvser interface T
mafnfrare vith the I'P 3414A polar display draver. The interface
unit allows interaction lctwveen conputer facilities and the netvor®

.analyzqr hhhsystcﬂ.- The nolar disnlav presreata aralitude and rhane

.

data {n polar conordinates on a 5" CRT. Qlear'plast!q.ovcrlhvn placed

on the tuhe face enable the disnlay to ke used ‘as a norral full atzed -

e o S
Safth char: or“#a an cxpanded Snith chart for the deternination o¥
) ) ‘1 i by ‘ ‘ :
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reflection cocfficicn.ts, ‘."S‘.H"., 1&pedance or admittance.
- Level IV contains the .HP 85433A systen control unit,. Tron

this u'nit the autonatiﬂc or nnm‘l-‘ll. nystgq hode can bo. aelected. Also,

twvo sweeper oscillators are uséd for a grcq;ér ftcnuéncy'rnnce~Eanability,

the systenm é;mtrol unit_ has provis_ibn for the ‘sele_ct.‘icm of either .of 6

chcso_tu; sweepers. A tineshare coatrol sect%ﬁn is also provided for o

uonitorim‘; and roqging the flow of 1nfom§£ioh betwveen ahtin;:s!mrc |

teruinal and the comﬁutcr harduvare of the PP 3545A f‘ntm‘-ntic “letvorl
R - . . ;

Analyzer terninal,

Level V consistsa of ;n B746R ont ﬂﬁZ,S—Pnraééfér Test Set

{.5=12.4 612}, This is dctually a videhand T nover diviﬁor and rc?lcgio-

neter with a cnlibra:ea" II‘J,nc_;'at.rctchm‘. .1t}d a selectahble N-7N 4R
attenuator. Two portﬂnarc‘ 'acccs'slil‘lc frpn ‘the unit ahove a convenient
vork tatle for nountine the devicen to. be ncasﬁrcd. -The calibrated
I!At stretcher allovs a éalihrqted inarlnar# rcfercnc;-nlano to be

a

extended and boniiionch hcﬁvccn_ports_l and 2 to a hish derrce éf
'acc:urac;.-. fh-e phase and na‘qn}t’udc information nroccﬂ;!_zed i‘n level TI1°
of the Qy-stcn is rchren_ccd to thia {macinary plane. The attcnuh_to.r

. dllows PF pover to lw‘acl_:alcd dovn in 19 &% !ngtt;zacpts fron 0 48 to

7C dL with push-lutton casc. Tach af the !ouris-?5rane£crn betveen
.pq;fs 1 and 2 cnn,herﬂclecped !6r'ncaauréncn: b nlqp_dcpreusine a -
push-hu:ton + Firmure 4.2-1 shones thc‘rcctﬁnﬂular aoanﬂctcd linc‘qa;alc‘
o!‘desinn 12 mounted on the vorl tahle b§ ﬂcanQ:uf the 3 ro conlanar
e

vavcrdidc lannchers desceribed {n section 1.5. he aarple is

'lrniinnted vithgn 3 0 load,

9
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Level VI consists of _;hé HP 21(;011 digital computer which
can be used as a communication link between a timeshare ermlnnl
aud the necwork analyzer in the automaﬁic mode, or uued for couputations
as well, It copnains 4096 16 bgtruords of co:f memory, a self contiined

pover supply and 14 input / output channels. Other features built "

into the 2100A include.excgnded aritheoetic instructions, pover fail '
interrupt with automatic restart, memory parity chech with interrupt,

;and memory protect. It alab'hAS a direct memory accesa (DMA),

1

4.2,3 Measurement Errors

L]

The reasurement errors involved in measuring.reflection

coefficient and VSNR vi# the 8545A 3etuork Analyzer in the manual mode

are similar in nature to the corrcs;ondlng crrbrs 6b:ain¢d'uith the
Siﬁgcrl;nstrunnntagioh of aeétioﬁ.ﬁ.i. Hout;er'the direc;ivitigs of the
directional couplers in ﬁhe'8§&5A,arc 25 dB ot better over'ﬁa¥16us
.frcquency bands. A glancg at ?igutc 4.1-6‘9111 ahov‘that the error in
Teturn loss measurements due tO coupler d!rcétivity vould be approxinatgly H
one half of ﬁhe coupler dirgctivity error: on tﬁe Singer instrumentation

. df-ucction 4, l.lwhere 20 dB coﬁplern vere uscd. "If the automatic node

'1l used these errors are nutona:ically subttacted fton the ucaauted values
aud the te:ul:ing data is very accutate. For this theais, thn avtomatic

Dode vas not avallahle and so postible errors of 257 or better vere

expected from the manual mode due to coupler directivity. As a result
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the 8545A network analyﬁer,waé~hsed in tﬁe-manual.mode nainly as a

<

check on the Singer 1nstrunentation measurements of aection 4.1. The
. measured reflection coefficients were reasonablchloae in magnitude - ’

to the more accurate Singer 1nst;umentntion measurements of section 4.1,

1
L
P

<Jd

4,3 Technigues

R xacrsauccion S , i

. Hith the advent of : exttencly fnst risc time aanpler plu? in .
nodules. Tine Domatn Reflectametty (TDR) has xecently'hecone a very
useful analytlcal tool for desirning and testing nicrounve citcuit!,

A

microane circuit components and trkngmission linea at ftequencies as high

/

as 12 4 C“% The R, L, and Cétalues of micrnuave conponents ‘can be resd~
11y neasured by observing reflec;ion cocfficient maqgi:udcs and rise ﬁ?d
fall tineu as snnll as 35 pl 6n a CRT displav. The’ input and output
-lnpedancc of ctrcults. connectort and trlnsnlssion lines can ulso be
Teadily observed.c‘hny discontinuities due to linc faults and bad contacts -
are caslly discovered wia TDR tcchniquel do thlt.naintcnsncc chncks are
linplified. In tho danlgn nre+ "TOR :cchniquel are a saluable au-et .incc ~
_-phase veloctty. chnracterintlc 1nnedance. rola:ive dlelcctric constants
and lnrse loauea can be dcternincd uith eatg ﬂnuever. it -oderlte and

K}

snnll lossc- ate to be neanured. other =eaaureacntl techniquen st bc

{
i

- a . . T R

s ’ ' ‘ ' . o T ) : . * '

used, , .-
. - ] " . A . AN

_ In this thests, TDR technl mu_dn used .£O0 maasure :ﬁarutoru: fec
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cocfficient values has a maxirun resolution of .. 005/cn. nvers hopt tn

—

. . . \g* . o .
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1mpcdnnée. propapation time, phase velacity, nnd the cffective relative

dielectric constant in atraight and meandered thin £iln rPW sanmples. The

——

straight samples are only 1" long and the mqanhcred satiples are . lonré}
This nakes the total losses in cach sanple quite smnll. even thourh

thin

filns of metnllic conductors nre used. ) Trnnqnission loqqoq of N1 dﬂﬁggg
to J. 0 dB/in wvere typical mar?gtudca obscrvcd by means of the Sinrer
1nstrumcntnt10n of acction 4.1, TDR cechnlqucs vere not useful for

neasuring such small losses reliably,though the total dc resistance of ™

v i N »
.

cach sample, including contact’ resistance, could te estinated hv a short

+
T

Ciri;$FCd output test, Tvpical values of 5 to 10 N resistance per inch

vere obtained. o R . IR

4,3,2 Svsten Description

o

. . \. A B -~ - )
" Firure 4,3-1 shows an I'P 1415A TDR in an MNP léﬂA oscilloscope

rainfranc.” Connected to the output of the'IQISK ﬁluz.is.n coplanar

vaveguide sanmple sécprcd in a Wavetek nount, and terminated in a 50
load. The 1415A TDR has a tire resolution capahility of 1.1 nsfem
thourh the svaten rise time is..15 ns. Differential time ﬁeésurépcntﬁ
can be nade to uithfn‘:S: accuracy ﬁnlcss the rise tice é;ror_of “15.ns =

is larqcr;m The vertical scale, calihrated in terms . of reflection

.3

the systex s guatantecd'to te lcnq thnn-S. and the ringine 1n the avaten

—
.

due to spurious 1nductnncc and canacitancc ia guarnrtrcd to be Icsq than

le T over a pcriod of ;int-rnual to 2 na. The atep rcnerator outnut

-r "“Jl
P

impedance is puaranteed to. be 50 2 1 ?. The major dratﬁark“vith this

LY
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Figure 4.3=1: The HP 1415A Time Domain Rcfléctomeéer Shounxr

wvith a CPU Sanple Secured in & Vavetek !Mount
Nhich‘isdTerminated'with a 50 0 RﬁlihrnCQd Load,

1



. .
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5 . . ‘ ‘
syéggm for return proPngation time measurcments of 0.4 ns‘or less lies
in.the systeﬁ rise fime of3.15‘ns.. This 1n§b1vcs almeasurcmcnt error .of
37.5% or more. However, there s 1ittle noise or jitter in the 1415A

systén which allotrs discontinuities to be resolved clearly over veriods

B+
of time larper than .15 nsa, - ‘ . A .

Fipure 4.3-2 shows &n'HP 18158 TDR/SAMPLER in an WP 181A.
storape oscilloscope mainframe and céhﬁécted through a tunnel diode to
an 1P 1817A sampler. The 18174 samnler 1s‘shown in the fqrgqround attached
to a CPV g;ﬁnin‘uhich is mounted bhetveen tvo CPV lnuncheré and terminated
in a 50 2 load. TﬂelISISB TDR system hﬁs a total rise tine of 35 ns
thourh the 1317A nannior hns'n rise time of 28 ps. The hoftzontni tinme

axis has a resolution of 02.01 nsfem' = 37 but the 0.035 ns rise t{ne

" determines the. final-accuracv. For this thesis {t tas assumed that the

4

return proparation tire neasurcments of N.4 ns or less contained ahsolute
errors of * 35 ps. This TDR svaten was more accurate than the 14158 TOR
. \,. -t .
1 . . X R
svsternn and was used to mecacure prepacation tirtes for the serics A= and

R : . \’ : ) .
. rCh- sanple&. As a result nhase velocities and net rclative diclectric

constaats tere calculated for these sanples with reasonable accuracw.

.

reasurenments vhich led to a means of correctine the theore_of Chanter 11

1o effcct of substrate thieknesas vas also studied by neans of these

fnr'practicnlrdcqihn NUIMOSCS.

-

Voise and jitter in the 1815R THIR/SATPLLD svoren vas'noro——J

) - -
anparent than in the 1415A TNT, ?eflccgion cocfficicnt traces alno

Y

cx;lhi:cd rincine offects and thewehad to te averaped. Thia vas due to

the hicher time acale seasitivity of the 18150 svatem vhich trached
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Figure 4.3=2: The UP-1815R Tine Domain Reflectoneter Shown

vith a CPW Mounted in the Forerround ﬁctﬁeen

Tvo CPY Launchers and Terainated with a SA N

Calibrétcd Load.
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gmall capacitive and inductive effects quite well., A afgnal averace,

switch was provided(on they}BlSB plug-in to make this problenm casier to .

dcal‘uith,_but then useful information could have been averased out with
the noise if carc wasn't taken. As a result any XY recorder traces for

a

. <.
this thesis were taken without the use-df the signal averaging switch.

4,3.3 Measurerent Techniques '

“The TDR tcchniqﬁcn for this thesis sumply involved the
nropasation of a very faat rise tine voltape step through a test sanp]e\
and its mount to a knotm termenation. The TDR CRT display vns ealibrated

to read reflection coefficients directly. Three different terninations

were uscd; a calibrated 57 © lond, an oﬁcn circuit,.and a short circuie,

The 50 0 load could only bLe placed at the end of the test mount vhercas

the-0/C could Le nlaced at the actual fnput and output of cach €PV
carple and at the ourput of the mount, - Fhe S/C which vas a niece of

aluminun foil or a ﬂnnufacturcd‘hSH-l.nm load could only be placed

. . q
accurately at the input of the sarnle and the otizgt of the rount

respectively, duc to size linitations, *henever these loads are to be
referred to in this thesia they will be deafrnated by the following

syrtols; SN, n/CI, OICO.‘”/CO

o0

o SICI, RICOO. The douhle subsaccints ;”\

'
-~

"oo" desimnate the output of the zount. The subscrint "I" desipaates the.

!n'J z

R } . . . K
fnput of the CPY samnle and the subecript "o desirnates the cutput of )
the sample. v | '_ lJ
TDP traces for the ahove aix load conditions vere recorded via
ran EP=lloseley 770328 °XY récof¢er for'vartous crv’ aa:ﬁlc;. Txnanded
~—
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recordings in the region of interest for a 50 Qoo_tcrmination vere also

r

taken. Care had to be excercized in order to ensure that the inherent

overshoot of the XY rccorder was not added to these permanent traces, :

A .
1

From these records characteristic impedance could be measured nuite

7/

accurately by averaning cut any ringing effects.” The de resistance-plus

contact resistance could be determined from the residual reflection

i

bt

obtained with the S/C_ termination. The S/C; termination was used for
comparison nufposes. The 0/C terﬁinationgkvcre used to measure réturn .
proparation tines dircctly off the TDR oscilloscone scrcen stnce the XY

. recorder traces were considered less accurate for these small tine

_ measurenenty, e ’

fince 26 samples were neasured a larpe mmount of exnerirmental

‘data vas accurulated. Chapter V will simply surarize the irnmortant

~

aspects of this data and the pernanent records of thé TDT peasureronts

vill e found in ammendixes 1, £, and D for rcference nurnoses.
, : P,

Al "



—

" for thin aluminun filrs thickcr than 10 kg Yor these thin aluminunm

CHAPTER V -

| MPASUREMENTS AND TMPLICATIONS

5.0  General

The four different groups of {nstrumentation ﬁresenced in
the Chapter IV have led to simple guidelines for CPW design.  Herein
4t 'will be showm that CPW's designed for the 1-2 CHz :frequency band

and fabricated with 962 Céors alumina, exhibit moderately low losscs

films contact losq is a more serious problem when thc CPH's are onlv

1" or 2" lonp. !loreover, the propagation losqes can bo. accurntelv

prcdicted on a d.c. rcsistance basis. The measurements containcd

- herein also lead to a reliable desiyn npprbach for which C.P. Ven's

thcéry lS] applies-

5.1 . Sinper Instrunentation Measurcments

Thé Sinper 1nstruﬁen:ation described in spction 4.1 of Chapter

n

IV vas especially useful for deternining attenuation in CPR's as a fun=
ction of thin film thickness at 1.5 Gﬂi. Sinper rcflection neasurenents
vere also usc!ullfqr acteruining the charictcrtitié inpedance of cach '
C?HQ tut asx Qillnbc secn in scctions ;;2 and 5.4. TDRImeasurcuhpts

. I )
vere better suited to this purpofe.

L : . ) ' 1{3
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'5.1,1 Avoproach to Sinper Instrumentation Measurements. "

The Sinper 1nstrunentation described in Chapter IV could dot be
used to mearurc the attnnuation and chnracterintic inmnedance of each ey
sanple directly. Instend. a totar frcquencv-donendont transmission loss

'I‘l and a net frcquoncv dcncndent reflection cocfficicnt navnitude |n|

"

were measured, It wvas therefore neceqsnrv to derive a suitable thcnrv {n

section 4.1 which would extract the nertinent {nfornntion from the Sinrer

measurenents 1n ordcr to ohtain uttenuntion and charncterthic imﬂcdancc

for each Pl samnle. Various theoretical cnrves vere nlotted and doqcrilcd

In Anpendix E for comnarison vith mcasured values. Thoqe valdcq !nvn boon

et

curnarized pr1ﬂhtca11v in Anpendix D.

Tie thnorociral curveq of Anncndix F. firqt of nll aloved that the

g

ref lection and attennation theorv of section 4.1 vas auite accurare in -
deternining the shane of the |n! vs freoucncy plots for the atrai~ut 1"

CoLe H1Pﬁlﬂﬂn It vas found that a plot of |n‘llni! arainst fremency

- l

fron cnuntion (6.1-8) dotcrnincd the bnqic <hane of a nlot of !'n! vs

11

fronnvncv in the frenmiency bnnd of fnterest. In hwnendix E condirion=
for resonance and reinforcement hetveen innut. and outwut reflrctione vere
dertved. Tor low lneses the peat value of In‘/?nip in a vide fresuence

tand 1ad a value of annroximately 2. This peak value was due to compleote

-
‘n

rcinfércpncnt of :hcﬂtﬁnut ycficctinn vith the cutput reflection. ¢

3’ waﬁ»lpqs than .ns.ﬁplin [?51/[311]Ha¥ raneed ffoq 1.0 to z.aggn 1"
lone samnles. For a' less than N1 ¥p/in [!Qiffoi!]“a; ranped from

. 1,9% to 2.0, For rhis latter ranee of a', ]ni! vas :easent tally freceucrcy

independent. ) ' . T
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The'béat method to detéfminellpi[ frﬁm the Singer 1nstrumenta§ion
measurenents.oh 1" lone CPW aamples ;ns.tp take the peak value of lol in a
wide frethncf bana anq‘divide by 2 1if the a;tenuation vas leas than .01
Np/in. This‘npplied to film thicknesses larger than approximately 13.4 }g
for 50 mil center siripa.'and.G.? kg for 100 mil center strips. For thinner
filna of ‘aluminum the theory shouﬁd that n‘siiﬂht correction of the 'nl/
|p B! nax valuecs was necessar;'in"order to account for the attcnuation of the .
‘|p|l‘oif charncteriacic and the slirht frcquenct-depandcnce of |01| in

&

the frequency band of 1ntercst. o>
. N N ""4'
For the longer neandercd aamplen, a comparison of "the expetincntal ;

results in Fipure D.5 of Appendix D to the thcorv o‘ Annendix E, for cor~

responding ifnc lenrths, showed that-the shane of the measured In! curves /
corresponded only approximately t;“;;; theoretical curves. It should te
remenbered that the thcorv conaidercd only innut and outnut reflcctlonQ.
Any alipht exnerimental discrenancics wvere thauqht to orisinate from snall
reflections in the dctcctors, connectors, bi-directional counlers of the
neasuring systen nnd noqaibly the bends of the neandcred lincs Voutver,
TDR neasurenents did not 1nd1cntc reflcctionn in thc meandered line bends,
and so small roflcctions internnl tn the Stnrer - inntrunentation vere chouﬁht
‘Eo be the caunc of the above small diucrepancics bctuccn theory ard nractice.
| COntac: rcsiatance vas not considercd in the thenrv and. this »as
\\l thourht to increase '°i-‘ Lossn n;aﬂurcﬂentu and TﬂR ncanurcnents showrd
niynificant cont;ct reniatancc exiatcd. A total d.c. teqintlnce of as much

as 3.8 0 vas ncasured bv TDR techntques fron Pigure R.CS-U in Anpendix R’

for a filn thickneas of 11.50 kx A contact reotscance of 1 O vas e:pected. ,

bl

A nlot °‘<5|°Inax vs the inverse'pf thtn filn thickneas tr (kx)
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{s of interest since it indicates the anount of contact resistance and
Cri mismatch as llt approaches zero. In interpretinn such & pranh it

shculd he remenbered that the pranh eqqehtiallv represents a nlot

of lpi! acainst 1/te if t. > 13.4 kA for 50 il vide center strins,
o . _ ; '
and t, > 6.7 %A for 10 ril wide center strips. - Tor thinner films dotm

to 7 kR, %Ip!“ax underestimates !pi[ slighcly. For even thinnér €i{lns the

outnut reflected wvave 194&£559uatcd sienificantlv and vhen such attenuation

iz apnlied !nTY!nil annroaches unitv., At the sare tine '"i' hecones vory

laree, A nlot of %lp'mﬂx anainst lltf is shorm in Figure 5.1-1 fer

various series of samplen. The data for this erarh wvas talen from Annendix

5. neviations from a smooth curve likely came fron varied contact resistance.

5.1.2 Fxtraction of Artenuatfon frem “rar~r f<sion Tous “Measnrerests

ac 1.5 "=

1

The data for transnission loss neasurerents aurmarized in Asnendix
. 3 - «\ . . '

M shoved the necessity for mismatch loss corrections as defined tv

'

bl

equation (4.1=22), Tii{z data clearly $ndicated that as 'a! tncreasel,™,

nlﬁO“inﬁfvnﬂ&d in =acnitude, Pcvevrr,(&.l-QZ) nerlectw contact loss and

this had to be subtracted out vrnphicallv aftrr nisnarch loss correct ionn
vere rnﬁ%. 1rurp 5.1=2 shown a least sauares f[t of the transnission

-1 o
loss data ae a functicn of lltf (PR) at l 5 cnz for tw CPY dcsivﬂs - f

after mismateh loss corrections have heen nade. T*c'o tvo curves are
. :

then shifted to the oririn to eliminate contact losi. . Foe design

W T

T7) the averdre contact loss was reasured te ‘e L1321 4° In 1" lozme 770

sa=nles, rnr deasiern A the averare coatact loss sas -01-urrﬂ to ke 423

d¥ tn 1" lear warmnles,  T'etice that the ‘ddﬂl“ C“ﬁlOVPd “T1Ct‘C° ef

[

o - - \
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normalizing loss values at a particular frequency with regpect to
vavelenpth at that freauency has heen usced. The wavelenpth emnloved

here at 1.5 Gz 1a 3.4867", vhere ¢, = 9.2,

The curvenythrouﬁh the oriein of Fipure 5.1-ff“nﬁich represent

transnission loss valqnﬁ corrected for both mismatch loss and contact
: 0 o | :

loss, were ronlotted as a function of te on a lop~lop hasis in Vieure
4.1-3 for‘conparinon vith theoretical curves'nlacnd on thc same rraph.

. Thc dashed lines indicate that neasurenents wvere made for thin film

thiclnoﬂqoq up to 18 vX nnlv, and extranelatinon Fovond jhiq vnlue 15

not ncccqanilv valid ﬂince 1: 11 cxpectod tlnt the lincq will level

o
v .

off to a fixed attenuation vnluc_whcn filn thickness exceeds one sbiﬁ

 depth. "The oririnal exnerimentallv measured transmissfon loss data is

alse ahowvn on the eranli vith an apnronriate lecend showm at the rieht

to cnalle the tehaviour of each meries of'EE;ETFE’:;;::?;ist1nﬁuished.

L

“As outlined in scctton 2.4 of Chapter II, the theoretical cnrves were !

L
_ -

caleulatrd on A d.c. resiatance basis, assumine a uniform current dis-

‘tritution in the rround nlines. . The average nercentase deviation in
+ - ) - . . ) )

the least squares fit of corrécted experimental noint;'th_talquatcd

& :_ to be aboutﬁflﬁ.zﬂ {q; seriég C-End‘PCD- éonﬁihcd,.and_:l?.!!_fbr ﬁcrfes o :
A ;nd A= cnhb{ncd —:. .av;ra ne pércgnédne errbf in £hin.Fi1m thicknesa
é- vas eqtiﬁatod to ke +17,37, 'f’ ‘ ,w' , --' ‘ 1>.'£ :
. . ;Several"tﬂqﬁﬁ:F:;;aiqkre noticcd in ”irure 5.1=3; /'1rs£'of_31}.
: A t_herc app'eaf-s :-6 he a vide scattcf.tng_nf ‘_tranm'!rhsion lonn data vhdi'ch

tan be attriputed to vnriations in conuc: loss fron sanmle to nmle,

vatiationskihnganatch lons Eron

PN

N 3 . 5

L]

uaplu " to mle‘ and mamrmcnt trors
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as large as *1.4 dB/X. ' Secondly, one should notice that aa te incrcnﬁé;

o
beyond 4 A, the transmission loss data levels off to an average value
of about 2.5 * 1.4 dR/X or <717 = 4 dR/{in. This appears to be due to

nismateh losa and especially the large contact loss values which wvere

£
1

cextracted from the least squaros fit "in Figure 5. l-i. Thirdlv, it is

bt ’

clear that the tbeoretical loss curves undercqtinatc cho corresponding

Jcast squares curves bv a significant amount; Py a factor of approwinatelv

. 1

) 2.63 for desien A and 2.44 for‘depiqn RTD. The fact that the slopes of
. T . . . - ] ’ . . ‘V ’ B .
these curves anpear enual {s not exnerimentallv sienificant since a lop-
‘. N - : : .

lbn-plot of any pair of distinct variables alvavs has a slone of il.

5.1.3  Accountine for Nacrenarcies between Theoretical and Corrected
| T - -

/ o . ' ’ -
Measured ILnsces ! ' :

Initially, tvo najor effects were thoupht to he nossible causes
of the -.5 factor discrepancy between the thcorcticnl and correctcd

gt

nnasurcd losses of Tipure S.1=3. Yhat 1f the nctual thin filn resiqtivitv

w

vas lnrrer than the Hhulk value of 2.2 x 10 - “—cn uqed for thc thoornticnl

loss calqulation.nt 2n° 2 Alno. could it not he posaible thnt the- hicher

.

rca:urod losses uvre also in part‘due tp nost of the rround planc currﬂnt

lyinp in a ‘nacrrov region in each rround plnne at the cdne . i}ocht to the

¥ )

"gentcr(s;rin of the CPU; tathcr that;being uniformly distributed fo- the - -

around ‘planes? _ _ __"i“

- : i

T‘ . . Tha first of fhese tun poasibilitiea vas inVPstira:ad hw mcnsuring
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PN -

resistance in the center .strip of each series A~ and PD- samples wn§
‘ﬁegsured npd‘plotf?d anainst 1/:;.(kﬁ)fl.' A lincar repression gnalysis
"of this data was pcréormed Eo yield an average slope for each of the
ttn'afo;emcﬁ¥ioncd seriers of samples. For the thin nluminuﬁ films of

series A~ this led to an averape measured d.c resistivitv vhiéh vas 2.82

times the tullk value of 2.62 x 1nf6 N-cti, ' For-serics RCH=, the measurcd

thin film:dc resistivity was 2,54 times the tulk value for aluminun, ‘The

2
i

overall averare reaistivitv factor for hoth series was 2.68 * 5.227

4 4

"~ In order to checl: te vhat extent the higher measured thin film j

resistivities accouﬁted'for the high measured losses, Talle 5.1-1.vas

s

dratn up. The theoretical and measured values of attenuation Ag AT/

from Viﬂu£;45t1:3 verc inserted in the table for the combined serics

A.and A= and tbe coﬂbinnd'ﬁeriés r and‘?CD-, Fron the ncasurﬁd values

v

wof Ay and Tinure 2,4-4, the corresponding distrituted resistance Paean S

'(%/n]‘vnélohtnined and jﬁsertcd_into the tatle. Similarly; the’
tﬁ%ofeffcal losscs of Tieure 5.1=3 led to the distrituted reststance
$CSP for ccntcr Stéip and eround nlanes contined. For ipflnitcgnrnnnd /

rlanes, Floure 2,45 vig used in cohjunct{pn with ?igdre 2.4«4 to vicld
._? ‘ - . ‘ ” . - N .
.Peg values corresnondine to center- strin losfesn. Cq and Qrcr rcnrcscntcd

_the valuos'of?ﬁ qfnnd torrectcd for the hiph ncaqurcd thin filﬂ

™
Gt o o
,.‘-frqintivitieq oktained nrevionQIv for seric« A- nd sericn Prn- L e
- The rat!oq anaa "eg nd . ‘neas’ cse vere of :he ordey of 3 to. Z. 5. '

uhcrcas the first teaistivity correctcd ratio Rnrns, éa vas onlv slightlv

-4
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L] ’
] Conbined Series € and PCD= A and . -
Measured Value of L4 2 08N ,258 + 044 .

Ag (dr/)) . o ‘ .
0ty = 10.0 = 1,23 KA| | ¢ . -
Theoretical ",:llue of |- .18 L Non ‘

AT @EN) ] - o | -

G =1n,n % 1,23 LA o '
f ‘ | .

v PO . = v ~
Paeas * 187 (7/m) 57.0 % 17.5 a8 33.5 T 16.5 |
P GYEY T 21.0 . in.2
Rear tafr) 23.n ‘: 2.8 .

Celorte sz (amy. 57,3 = 5,227} 09,9
“Eﬁd + 57 (Q/ﬂ}' : 58.5 * 5,22%) . 32,2 ulw
E - 3. = 17.5 | 3.25 = 1h.50 C
'mcas,R‘CS ‘ 71 17.5 3.1 0'15 3; -~
n /r - . ©2.48  217.5 ¢ 2,62+ 1R,57
Tican  Csn ~ :

. !‘\r:na.;/q(.:;: o ) lon? ‘ 2--.7 4 1.16 : 21.7: ‘ N .
n ny - Ne3 % 22,7 7 1.0 & 21,77
neas  CSC ‘ -,
v‘.
Tnh1§'5.1-1: Acconnting for M gﬂ/Inss Measursncents in Two APV
. Desions with Thin Tiln Nesistiviey Fnrrrctinns hv
Comparine. thy Measured Distributed. »esistance pncnq - :
to the Theorctical Distributed Pesisizances M., T~ _
o in the fenter Strin, Raeq in the Ground ®lanes and -

Pcn;cr tripsr, as wcll as thc Porrcqponding °oq!ettvitv
ugarroc:od Valuen Prq and csr- .

< - . ° .." o~
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was surprisingly close t .unity. Furthermore, ranges of .uncer.taint.y for

" these ratios were estimated to vary fron ;:16.52 to & 22,77 in :hp table, -
In~ochcr vorde, the hiqhef neasured thin film res{stivities totallvy
accounted for the approxinmate 2.5 discrcpanéy.fuctnr tetveen hich n;asurud‘ '
iqsses and'io§cr thco;etigal iosses‘éitﬁin exnerimental err;rﬂ

The possi%iligy_of sround plane currents lvine in a narrov repion - -

+

.of the pround nlanes near the center striﬁ§ was not detected via Takle
5.1-1, imnlving that {f this effect did exist, its contribution to -

discrcpanéi@ﬁ between thnoretical‘and cexperirental losses was smaller than

1
.

the experinental error of 22,77 and hence not detectalle., Tor instance,

[ p

{f the rround nlane currents lny vithin a recion of vidth H-nl in each

»

sround plane, the actual measured losses would have teen tsdénlthc value

of the theoretical resistivitv corrected losses ol'tained for the infintte

-

_pround nlane cnsc; {e " f&[ﬁ" vould have had a value of 2,7 within
i neas- . ) .

2 22,77 error.- Since the valdue Rncas"éqr invoivcd-finitc-qrouﬁd 6lane'

loss calculations as vvll BSaIQSIQCiVitV corrnfttonﬁ. and sincc thiq sane

.

ratio turned out to ke unitv vithin 22.7" error, {: anpears that for
prncticnl loss calculations uniform cround plane currents can he assu=ed,

and tﬁﬁ'lqns thcoty.nf;scction 2.4 of Chapter IT is valid qu‘thin filina,

. -

5.1.4 Conclusions Drawn’from Sinmer Instrurentation *feasurcnents
- - \ .o .

The Q!nrar Instruncntu:ion ueanurements first of all lllusttated

"

the 1np0ttance of understnndinﬁ tﬁe linitn'ions of the measurinr equlnnent.

For: ln‘ltnm:e. 1: wa& neceus‘iﬂ“togknw :hat—‘-the'mdulus of a net reflcction




155

coefficlent !p! was being meaduréd and notllpil or l”ol- In tﬁe case of-the
" meandered samples, theoretical considerations showed that additionalrsﬁall'
reflections probably originating in the Singer Iﬁatrumén:ation could be
Ldetéctca.. The theory of Agpendix E predicted the shape of the measured |§! ‘
vs frequency hlots quite wel; for straipght 1" lonpg CPVW samples where re- I
.flcétions vere large over the entiré 1-2 GAz band wvhercas the cxperimcnﬁal )

curves of Firure D.5 appeared slightly distorted in repions of the 1-2 Glz -

frequency band whcre reflectiona were amall.
|

Secondly, the treatment of the'pxperinental data for extracting

pertinent 1nfo:métion abnu;igbe various CPH desipna required much consi-
dcratinn.' Por‘cxample. how much,éxperimental deéia:ion“froﬁ.a smbots curve
pcrformancc was due to.vandomly efficient electrical contacts and how mich
of the cxperimcntal variatton was due nolely to exnerincntal error? How ’
could the cxperimcntal,data be best treated stattstically’_ that would
- be the resulting nverape dcviation’ “Would this average deviation he small
enough to allow mcaningful conclunion;d#bout the various ey designs to “
be dravm? As it turned out, all of these questions were’ nnsuered and a -
least squares fit of the loss. and resistivity data ;ed to meaningful
coﬁciﬁsioni abouf’iouseh in thin ?iin Py struéturci;
" . 1t was shown from thc theory of Appendix E that H-lo,“a; was &
’good estimate of '”1' uithin 102 ercor for films :hicPer than the ﬁnount '
lpecified in Firure 5.1 -1. For the desipn A aanplel the valuea of
chnractétistic 1npedance corresponding to the range of: '91[ valuep 1n the

. same figute varied approminately fron 6& f to 68 8. Por the danign ncn

‘-sanplen, the :harncterintic;iﬁpedance varied aainly fron 5? n tc 6& ﬂ.- ‘_':Agf
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As would be expected the term j'p‘ increaqed grnduallv with decrenqinn
thin filn thickneés'hut sinultancously |n | was underestimntnd nore
significantly hy this term, PN qannlcq with very thin films of “aluni-

num lnqs than ahout 1 kA in thickness exhibited a qipnificnnt attenuation

\
-

of the output reflected wave, consequently causing Lin! to under-

estinntc.!oij tv atout 107 or more.

The lover btound of the aforementioned ranpe of characteristic

:

impedance values indicates that for thick aluminunAfilns, toth déq{gn

A and desisn PED sammles exhibit-an impedance mismateh relative to a 57
~ l, . ' . Q.
“line. A nismatch of alout 7 0 is exhibited bv desien PN sanples and

~

~a mismatch of ahout tyice this value is cxﬂibitod kv desion ﬁ-sannlén;

In sention 5.4, TNN meas urnnentq will he unod to qhov that this hiqnntch

N v

is diae to a ftnttc-substrnte‘thickncss lcss_;ﬁjn'tho uidth of the center

wtrin, and that tie 170 nil vide center strip of desicn A <arnles caunses

a nisriteh problen about twice as significant as the 50 mil gwide strin

of the desien RO} samnleq.

™

The Sincer instrumentation alse allorad the loascs in desinn A
and desien RCD_Sdnﬂle§'to be measured as a function of thina film thickress

+ , . ~

from 0,35 YA to 18.0 1} with reasonahle accuracy. This acciiracy vas
wpnhanécd'by knowiodg;f;f mismatch loss, contact loss snd lirear rcnrqssiﬂﬂ'

n*ﬁlvqiﬂ; Final-corréctiﬁnq vere haﬂe.frcrfrEﬂiscivifv 1nforﬁat{6n

obtatncd from a linvar reprc811on analvqis pn thin filn re419tlvitv data.

1t vas found thnt as far as loqs cnlculation% vnre concerned, quund

plnnc currcnts for Foth A and Frﬁ desiﬂns appcarcd to he unifornly

distrihu:gd uithin the qrpund planes; An approximate 23' rnnpv of
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‘'uncertainty was prODOged alonﬁ ﬁith these conclusiona due to devincién

of thc'loss and rcsistivit§ data from q'smooth curve performance, hut
since statistical averaging techniques were uscd throushout the york, .
this uncertainty is likelv. to be much leas than 237, This is

, . .
evidcnced hy the fact that in T1hlc 5.1=1, R nisCS and Rmeaslncgn

'

bnth turned out to he very close\Fq‘unity for hoth combined series of

sanples.. S

-

5.2 Peeults of TDP Paflection Tocfficirnt “easurerents

.

. w o ,
"P‘Ioctinﬁ coecfficient {nforrarion talen from the numerous ™7

traces rccorded in Appendices B-and C 13 summari:ed in this section. ‘A

-
L

total of M F“' <1*ﬂ10° vere ﬂtacurpd HQ1nP TN techinionece, *Hn resiltine

=0 dara nav Fe senarated Inte tio rafer erouns, “he surnar{zed Aata from

el cae tivo drouns vill Ve cormmared to tle Si{nerr {nstrurentatfon neasarecents.

“eummarized fn Fieure 5.1-1.0f scction 5,1, -

-

. : . o .
5.2.1 . Tirer Troun of ™ Data : . ¢

Tho First eroun of "N data consisats of werice A and eeries ©

carmtes fatri{cated Vv nasline tectniques as dineussed fn section 1.2.0
of Fanter 71T, 211 of these samles vrre rounted in"the Tavetel ricro-

¥

‘atrin test Sixture as {n Tieure 1.5-2 and measured kv reans of the P 14158

+

. 7 3 . . ' ° - . “
T The gorresrondine TR traces vere recorded dn Annendix T for
rrfrfuncc nurpnﬂéﬁ. The rise tine of this TWR/syﬁtnn tas annroxirately

150 ns nnd rkr return propnﬂntion tino for the reasured samnles tﬂﬁ‘n}oﬂt

Lﬂﬂ ns. It s thnn nOQQiFle tn rearure rof]ectionq at thn iﬂnut n‘ tkrse

qhort 1“ lnnr F”P <1nn1cs nuitp accuratnlv
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Tatle 5.2-1 summarizes.this rcfléction data with resnect to thin
ftlﬁ thiclness te and charaétcrtntic.imnndnﬁce 7°?nr each spmnle. The
svnlol 'ni' simnly represents imput reflection coefficient. Values of 20: o
anrino from 55.5 7 to 71.0 7 vere ottained for series N qnmnle;, nnd
vnldns of 7 raneing from 63.5 2 -to 81.5 © vere ottained for series A
sanples, At first glance, it appears that series © samnles vere letter
tecanse thcv ﬂad characteristic impédnnce values closer to 50 " Fove
ovor, sorie of rTo series A samples hnd thinncr films. thnn the series €

sanples and a, nlot of reflection coofficicn* vs the inverse of thin filn

thictness is more instructive.

Fipure 5.2-1 111uptrates'thiq technique. The first apparent
property of the reflection data noints 18- that they exhibit a vide scat -
* = '
tering. This was thounht to te mainly due to the variatil{tv of contact

resistance associated vith the Vavetel microstrin test fixture. Tt could
{ . . .

Aalso have teen duo to vnried specular, nioration from sannle to sahnle

since this also varies randonlv, less qcatterinw of data nointq vas T

o

nttained with the samples fatricated ty nyanﬁ of direct nhatomranhic

etchine and mounted 'y neans of the PV launchers, as will te soen vhen

the second aroitn of data 1s.:lnoked at, fecondly, the reflection coof-

. . | _ .
ficient increases with decreasing thin.filn thickness due to_a'co;respoading

{increase in diktrtbuéed resistance. ﬁlso. the data apnparq to hnvo a. non- '
zero intercept on the |nll axiq. *hin 1ndicaten thnt aven for thicPcr
. N )

aluninun films of 20 PR or norp, a Finite reflection cocfficicnt tnnld Tl
\

he obtained ‘or the qane desipn veanetrv. A linear rerression analvniq

has heen used to estimate thc intercent For toth qeries of qamplen.

<

=y Lt
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' n
samole logl oz e ) \
Ay 258 74.5 0,796 + 0,008
2 ‘ \
Po, 150 60.07  1.015x 0,125
Ag  +239 BL.S . 0.438 0,054
Ag L1630 69,5 1,330 2 0,164
Ay W1190 65 T 1602 1.43 |
157 69.0  3.44 = 0,423
11 - . 7_
r, G110 66,0 1,357 % 0,167
Gy .129  65.0 3,005 + 0,451 '
oy WM0O RLN 4,503 £ D565
€' J05T 55,5 1150 % 1.41
o 172 710 1133 = 130

Talle S.2-=1: Tatulation of the 1415+ TN *teacurenents of the Tnmut
Peflection foefficient 'n,!, for feries A-and Saries 7
’ \ Y Sannles, “ounted by means of the Vavetel “icrostrin
Yount, - : ' :

e
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Serica A piven n reflection coefficient of .123 for infinitely thick
alupinum films and series C pives a reflection coefficient of .0R9 for
{nfinitely thick aluminum films. These residual reflection.&héfficiencs‘

Oy

correspond to characteristic impedance vaiues of 64 Q and 57.5 O for

aeries A and series C respectively,

N ' ‘ : .
In other words, if design A or desipn C were fabricated uith

N

aluminum films thicLer than 20 kA a rcqidual reflection coefficient

would be ncnqurcd because of contact rcsistance. gconetricnl toleranccq

)

or a Binnificnnt deviation of c, from thc design‘value of 2.2, Since the

CPY geometry was J;refully.shapcd 1n;nccordnnce.u{th tolerance specifica-

N

tions of Chapter 1I, contact resistance, and a deviation in e,, Are most

)

1ikely the causes of this residual mismatch, Tn fact, the contritution

qf e, to this problem is nosat signiticnnt-and will beJc1;r1f1c§ in detail
in section 5.4.. | | |

The effect of [ uill only be discu;scd triefly here. The fact
that the rcsi&u#l mismatch is about twice asilnrge for series A samples
than for series P qaapleq {1 quite imnortant. Serien A-;anplés employ
a center strip which s approxinatcly 100 mils uide whereas serias c

aanples employ a center striﬂ nbout hnlf aa‘uide:SO nila. . The substrite‘

h!clncas is in turn half this latter figurgzzs mila. This fintte‘sub- -

‘;-

<

. strate thickness nakes ¢, dependent on center atrip vidth sincc theore-

. ticnl considcrations assumcd an 1nf1n1telv thick dielec:ric subltrate, and

| W
the actual dieleg{:ic subatrate connists of a ’5 mil thickness of alunina
follouod by a, thick underlving layer of air. Thin :ends to reduce the-

i

°actunl relative dielectric constant, uhich in turn incgensea the character- -~

's -\"

1stic 1npedance of.the CPV.. Knouiedge of this effect pruuises to -akc
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possible the accurate desipn of CPU's within specified characteristic

-

inpedance levela.
Comparison of Tigure 5.2-1 with corresponding curves in Tipure

5.1-1 will show that the 1415A TDR measurenents of the series A and serles

L3

¢ sannles are compatille with the Sinecer instrumentation measurements of

the sane sanples’ for values of tf'lnrgcr than 1 tR. Tor tg snmaller than

o . . . 8 i . ' -
1 kA the Fineer instrumentation measurcments apnear to underestimate the

TP reasurenents sisnificantlv. ‘lUotice also that annroximatelv the-dame

residual reflections ocecur for 1/tg=0 in both diaecrans, afain fllusfratinn

consistancy hetween the results okbtained from tvo different twvnes of

{nstrurentation, lNovever, the TIR nethods anpear to'Pc\:s:nrillv totter

}ecaucc;of the case with vhich the THN reaults can le intefnreted

AN

[ <

accurately,

k-l
- o \-& . " .
5.2.2 CncnﬁJ froun of ™7 Mata - : o -

w

The uecond group of TDR neaqurcncntn vere nndL on 2 meandered

aanples plua A= and PCD- sanpleo. all fabricated bv d!rect photographlc
etchinp tcchninunq as diqcuqsed in qcct)nn J.2.% oF ”‘nptor IIT All of

thcsn sanplc. vere nnuntod ky. means of PV lnunc“arﬂ as in Tipure 1. -5 a
_nnd neasured hy_ncans.nf the I'P 1815T TOR/SA'™LER, The cortoqnonntnv pab

o ' .. o

traces were rccorded 1n”Appencix r fof reference purposes.. The rise tire

s

of. this TPD qvnton v1napnnroxinntc1v 35 na and: tho return nronacation ttre

for thcqe noasurod sannles vaR akou: 36 ps.‘ It vas therefore noqqiblc

to-neasure reflectionq in tbose ehort 1“ lonr f°P nnnnles verv acanatelv.

“qince the rise time of this net: TOR systen vas nnproxiﬂatelv four tlncs

Lo

Tt P



1

emaller than the rise time of the W, 1415A TﬁQ the nev TDR quton{vns

in comnariqon quite qenqitive to snall diqcontinuitieq in the qannleq,
Y N
launchers, and connectors. The TR traces for this eroun of qannleq vere

as a rpqult not as qnooth aq tho—traceq oktninod with tho 144 1&15\ TWP

In fact, the hiegh sensitivity of the ngw\TnR svster enabled. a.

“slirht impedance nisrmatch to te detected at the junction tetueen each
PV launcher center pin and the PV sanple center strin. The ﬁisnntch'

was thousht to *c due to the transition from a cvlindrical conductine

center pin to the flat égnducbing center ‘strin of the CP''sarples.. ™ie

g ) } . > J : .
to the skin effect, high freauency currents were forced to male a transi-

tion fron a-cvltndr{cnl shell o{ 5N mils-djnﬁoter to 5 roctnnwuinr shells

-

leas that 20 1ﬁ chicl It vas Lcliovcd that th*qﬁnroflpn coulo have - heen

-

elinina:ed by gradually tapering the cylindricnl center. pln :h.a fla:

elre uit! a file. This v1n an addnd refinrneﬂt vhich vas nS? atteﬂﬁtcﬂ

in this thesis.’ °1011f{cnnt rofloction ‘and wronaoation dntn vas seill

- K
o

n}:niﬁcd uithout‘this reflnvnent. The small ‘.nnlo tn the TﬂR trace due

. to the. qlioht ccn{pr win-ccntrr strio nis'atch vas ain nlv roonrded ns a

. anll nﬁawurcﬁnnn'nrror.'nnd the extrerne values of the ré‘lnct{pn conf-
- . . 53

- = v

E]

ficient in this_rinple vere recorded o that the averace vialue could he
. . v ro ) . ) : . . vl

talen, - - T ¢,

h)

Tatle S.2=2 sunaarireﬁ thi« act of data in terAn o! aammle pane,’

™

extreres {n imnut reflectlon coeffictcnt Py | and acasured charaeter!!tic

irpedance ;U,avcranc charnc:ertu:lt”!rnedance&.o,and t\ﬁr filr thlc“nrqs

( FAE ) P VeARUrements were alqo nade fo: the 3INe 1arn1en uith tvice tﬁc )

$§§éirh:e thittnean. For ore snbatratc th!c ness valurs of = ranrlnv 'rcrp-_

O B
1.1 7 to 8.1 > vere oltained for serien A-_saﬁvles! and valurs of E;

4~
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S

of Sulstrates Min

A3

A2

-4 BCD-3 -1

2

BCD-2 *1

. ’ 2
BCD-6 1

. 5

BCD=11 .1
BCD-8 1.

' 2

BCD=-9 "1
2 .
BCD-10" 1

o 2

Mi=2 1

’ 2

M2-3 1

- 2

~

Sample and no. © Lol Ty
pi/\lén - Min Max
. I A B 4 ¢ .

4

J137+,201 - . 66,0°75.0 70.5% 4.5
J120*.160 64.0°69.0 66.5% 2.5
© .112+.150 63.0~67.5.  65.2€ 2.3
L081+.132;; ~ 59.0°65.5 - 62.3* 3.3
.108+,128 62.0%64.5 63.32 1.3
.053+.081 56.0°59.0° 57.52 1.5
J149+5192 . 67.5%72.0 - 69.82 2.3
-7 .073+.105 ' §8.0762.0 .  ©50.0: 2.0
.111+.152 62.5+68.0" 65.3% 2.8
. J065+,116,  57.0%63.0 . 60.0% 3.0
.099+.172_  61.0°70.5 6582 4.8
.062*.160"  56.5%69.0 62.82 6.3,
- «168%,265 - . 70.0+86.0 '78.02 8.0
L125+.220 . 64.5°78.0 - -M.3: 6.8
029,108 - 53)0°72.0 62.5¢ 9.5
-.003~,073  49.7+58.0 53.9% 4.2
.027+.085 52.8%59.0 55.9: 3.1
.001+,022 50.1755.0 54,12 4,0
.006+,071 50.658.0 . 54,32 3.7
-.C06~.076 49.4~58.0  53.7¢ 4.3
. .021+.091 . 52.2°60,0 56,12 3.9
-.009+.071 49,1580 53,62 4,
.034=.114 153.6+63.0 58.32 4,
.008*,094 50,8*60.5 - 55.7: 4.
-.027+,189 .  4B,.6*73.0 60.8212.
-.027+.170 48.6+70,5 59.6211.
.133+,302 '65.5*93.0 79.3213.
.101~.289 61.5%90.0- 75.8214.
. .000+,063  50,0°57.0 - .53.52°1.5
-.012+.039° ~ 48.8%54.0 ~ 5l.4z-2.6
.008-.072 50.8+58.0 54,42 3.6
~-.005>.053 50.5%55.5 $3.02 2.5

.

Ot WD NN

-

' 12,826 &

18,71

Al730 s
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ranging from 54.3 to-79.3 2 were oltained for series -FCD- samples. The
two neandered -samples indicated E; values of 53.5 N anﬂ;SA.A e ¢

When the sukstrate thickness was doubled by the insértion of an e&tra

L3

quhstrnto "lLeneath each«qanple, and in close contact with each rle, 3;-

vas roduced t':Lt*'nii'tv::,antlv “nV1rd 5n 0, It was aqquncd that incr sinn.

-
‘..:m-““*- . .

thc ru]qtrﬂte thic‘noqs to a largp:value and usins thin Filhq of 1 qltnf

depth orf morc would’ onahlo a Sﬂ o line to Fe achievvd ‘In practico

Lt * -

maline the qurqsgatc thiclncqq faur or five tincq tho center ‘strin widtb
A _ . N s o
vould Fe ufficieqt to achieve this nurpoao. as w111 be qcen in qectfon 5.4
. N . r
a\u Fi?urcq 5.2=2 and 5.2-3 qunmarize the inportant nqnectq of the -

L4

data fron tabln 5.?-2. The first npparont nropvrtv of the data points

is a slieht scattering due to measurenent error and varia?ilitv of contact

iqtnnc;7hqaocintpd with ‘the CPW launcherq. This. qcatter{nv of dnta

N

pointq nppcnrc :o~bo leqq thnn tho arount of qcattortn? obtained frOﬁ thc &

. [ .

first rroup of data for sannles nounted hy neans of the wvaveteh nicro=- -

/ f\i” - L
strin nount. " The reflection coefficient 1n 'iourrq ﬁ.h 2 and 5.2-3

o

‘incrvaqoq dloviv with docreaqinv filn thianosu. .;is ig duo to n

- corrcqpandino 1ncronqc in tﬁin film distri%utcd rcqiqtancc wvith d«creaqinv’

»-"' 3

“thin filn thickness, . *Hirdlv.thc data nppcnrq to have a non-zcro 1rtcrcept

et

on the !nif axis indicating a residual niqnntch due to contact roqintance,~

‘rponozricnl :olvrnncrq. nnd A niwnificant dovia:tOn of . fron the deqirn e

-

value of 9,2, Serien A= nnd T”ﬂ- nnnwlos exhlhlt a rcsi\?al rrflectIOﬂ
-?r--

™~ o o g

coc'ficicn: of atout .1130 nnd 0435 rrnﬂectlvely corresponding to ¢

S

.chnractorlstic lnnrdnncc vnluss of ) N and 5& 5 7. These iaiudé'nre

‘juﬂt ql'rhtlv leas tﬁan t%r,tnnchpond*nw valucs obtnined for the ner‘eq A

and mories € saaplcs in &ection S.b-l.J s prcv10u51v Liecuaﬂed !or t‘e

. - . . \ “ \_‘q
. . . - [ I
-~ . . . | 1 x
. - - ! -
- i
S
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" indicater that the. TR reflection cocfficient neasutements tere compatible’

. ( - :
entirmate vhich was hknotm to be bad for such thin fllms anwvweay, £

L

- -

firét-group of data in section 5.2-1, this residual nisnateh for thin
’ ] r : ° A

' . . . 3
«

. * o] a o N o, i » .
filn thicknesses larper than 20 kA was due mainly to a decrease in e,
as a result of a small finite substrate thickness, Data of Tahle 5.,2-2

. e - Co — ‘
for tvo substrate thicknesses indicates an improvenent in qbbccause,' )
this tends to cone closer to thc'dééign theory which assured 1nfinite -

. f »
' © A

. o ! ' . -
substrate thickness. In sectien 5.4, TDR mgasureq‘pranaqatioq times

4 4

vill shed. lirHr on hqw‘desiﬁn-éorrections-q&p be nade for the flnite

substrate thickness effect, S - .
A comnarison of Tigures 5.2-2 and 5.2«3 with Tieure 5.2-1

’ N + Fid

. -

with the sare measurcnents nerformed by neans of the Sinper instrumens
tation. Arain, the proup 6f the Singer instrurmentation measarerenta

1
.

anpeared to uaderrstimate the TNR neasurenents sienificantly for thin:’
E * i , : ’

-
-

- L] - [s] . . .. . N S .
filrs less than 1 kA thicek, beecausge !o?“' t 2 vas only a:throretical . .

S - ¢
Y . A A . . .
“ention should he mide of the reasurcments made on neandered

’ Pl

qanplqu-ﬁl-Z and M2-3 . Tah1é¢5.2-2 {ndicatens characteriatic innedance

-

- N - - .
letels vhich are very close to 2 7 foy. these tro samplen, - T traces
. - [t - T . - > - ) ) .

P -
- . -

fn Tipuré ~.17 in Apnendix £ did mot _miéntc detectable refleccions

at the tendr of ithese meandered samnles, thouch alicht risnatches veorn

definitely {ndicated at oacﬁrtxansttinn boticen C?lhlaunchpr and ™!

e, . -

sample ralink réficépioné'n: the ncnn&erc&'lino.hendn difficult to detect. ;’

The P launchers ivuld have to be irmoroved bty tanerine the center nine -

before {t cnulgwbc said that TDR measurerents actually indicated small’

¢ i

ref!fciionﬂ‘at the meandered fino benda, It vould Fc also varthvhtle

2 o .




correctine the conlanar peonetrv for lérge values of 26 fifdt in order

[
.

to create a charactcristic inpcdance of 50 N 1n the straieht CPW

ar

.f

'gégtions._ It is usually rather difficult td analvze more thangnnc reflec-

-
kH

_tfon with TR tpcﬁniques. ' N L : X ‘ _
5.2.3 ‘ Cunclusions“~' . . Co . T : t

HRcflection coefficient neasurennntsshov that a thin aluminum film

\

thickness;;lo kA qnould hc used for FPV anples oncratinp in the’1-2712

fnngo. ”cfloctionq at_#rndq {n noandorod line qannleq could not be

drtocted by ™ cochninucq‘and hence'utre snall if they existed._ How=

ever th(loffoct of finitc qulqE?h:p thiclnqu bnq dptcctod . In sdﬁcioh
i . . x
5.4 qinnlo desion correctionq will kc qhoun to te noqs*blc. The nroblen

+ L)

of ln:pn and varinble contact resistance has not heen solved comnlptgly

' . . . . -
thoaeh it has heen improved v reans of the CPV launchers. feonetrical

deviations vere not considercd. to be 1 problen iince a é}osé chectk of

o . i @
these tas maintained throuchout the manufacturine nrocedure.. It will

he shown in section 5.4 that €.P. Ven's (777 theory {s auite accurate L

{f corrections are made -for the effect of finite substrate thtc*ngﬁ?\\;\;\~-’ o

"1' uill ‘also ba thown that Ptuund ﬂlaﬂhq can he muite narros vithout
L -

kffcctinz the value of ;he characceriqtlc'{hﬁzgzﬁEﬁﬁeiﬁghn e,

- -



5.3 Measurements with the FP 8545A Network Analvzer and the Mew

- 170

‘ / ) :
CPW Launchers on Two Meandered CPY Samnles and One Comparable

~ ; Qtraight CPW-.Samnle, L -

LY

The'HP 8545A WctiorP“AnaIVzer‘uas used in the manual mode to obtaih

the phase and tiagnitude of the net reflection cocfficienn o in the 1-2 rnz

band fot saﬂples M1=2, "2-3 and BCD—G The 1atter sanple was straight ,

coplanar tranqnission linc 1" long. uhcreaq :he other two sanplcu vere

“

' ncandered sanples. Samnle Wl-’ had one sentcirculnr bend and was 2,0549"

1ong along {ts center line. Sanple H2-3 had twvo rinht anyle bends and d/”

center lfne lensth of 2.6798“. All three sannleq had 50 mil vide center

strips. Ic will Fé shoan that thé nerformance of all three samplca'could

be 1nprOVed aignificantly bv 1nctcasing snbstratc thickness from 25° nils
to 50 mils, Also, the meaaured values of o correaponded to the 71nccr
ins:runentation teasurenents on the sanc samples, as oresented in Anncndix :

v
D. Reflections at“the bends of the meandered samplea could not te

| detectcd tv the I'P 8545A Antonatic etuork Analyzer neasurcneﬁt%. due

to other norc slgni!lcant refleqtipns zasking any reflectlonn a: the
bends, uhich nav ot nav nat have exI)ted.

A polar plot was uaed here to display the macnitude and-ﬁhaaé R

o

of p in one diagran, Phase vas referenced by ﬁeaas of the sdius:ibi¢ 

-re!crence plane,cxtcnsion am on the S Paradétér Test Set of the Net-

work Analyzer. The refereace plane exten-!on vas adiusted so that a -

-

SIC at the inmyt C°W launcher caused pw=l to agpear on the polnr dlsplav.

" Then an expanded polar plot wvas utilt:ed. The reflection coefficient o

wvas actuslly thc-:saelas the Separameter f11- The forvard transmission



P - 1 -

‘gain 521 wvasg not neasured ﬁot vere the S-parameters 812 of.szz neasured;

. :
. ) :
. Kl

$.3.1 Coplanar Line with One Semicircular Bend ) '

“Figure 5.3-1.summarizes the WP Netuorkohnalyzer‘s measurenents of

5y, fOF sample 'M1-2 which had a thin €ilm thickress of 6.876 ¥R. The
dashed‘trace reprcsen:s the value of 8y; for -1 Sﬂhnil sobstrate thickness.:

in the 1-2 CHz band Hhereas the s0lid line: tenrescnts the value of S11
. b
) -[or a 25 mil substrate thickness in the same frequencv band. Various '
’ !

ffrcquenciod have been labelled on the ttaces in order to 111ustrnte the

~frcauencies for vhich, lpl ts a maxirun, Ml-2 shows a naxinuu SUR of

~
LY

1.45 at npproxinntelv 1.6].7Rz,- correspondina to a maxirum net reflection
of |o!mnx-.184 and an {nput rcflection oé .N92, This corresponded to

a gharacteristic 1npednncc of 60 0.

e i 4 When 2 subottate thioknossca vere used a oaxigyp<SHﬁ value of
II;E\St i.&& ﬁHz:uos obtained. . This corresponded to a value of |n! -.125
vhich in turn correqponded to. a net 1nput reflection coefficient of L0R15 .,

| 1f thtclcr subattntcs had boon used one wvould have exoected a chnrncter-
_intlc inpedance even,cloner to 50 N

»

Pigure D.5 of Appcndlx D dlsplnvs the Sinter instruncntation

’ncaaureocnts of ‘o! for uarole Ml=2 for’ a 25 nil subatrate thlcknesa.

A paximn value for 'ol of 1.62 orn ohtalned at 1 67 CHz Thia cor= r

responds to an SWR value of 1.385, ‘vhich ts very close to the atove B5435A

P

',v Hetwork: Analv:er result of 1.4% at 1 63 Gz, nouuVet. :he <!nger tnntrua-

o E

eutntton neusureocntn for Mi.2 do thow more linniftcant discrepancies

vith the 8545A Netuvork analvzcr reoults o!seuhcto Ih the l'u Rz frequencv ' :
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'-Tlforced by the lacu,thht rnn ucasurcncatl of scction 5 2 did not lndica:c
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band. The résults are close :5 uhat‘cne vould e;pect theoretically 1n

%

Aaccordgﬁce wah_Appehdix E. Any diacrcpencies between thcory and practice

.-
-

have been attributed to system errors.

" 5.3.2 Coplanar Line uith Tuo Right Anple Benda

'("‘

Firurc S. 3-2 gchn the phaae ‘and mngnitude of p for gample N2-3.

) Thia aamplc had a thin‘film thickneas of 5.340 kR which was very close to
the 6.876 kR thin film—thickneau of sample Mi=2. The pcrformance of sample

M2-3 appcnred to be alightly vorse than that of H1-2 Notice thnt a max-

0

. {eun SHR of 1, 6 was obtaincd at ahouf 1 35 GHz for onc subutra:c thianess
lo! ’5 uila. This corrcaponded to a. wnluc of 'ﬂl .231. a valdh pt‘!oll-

.115 and 2 charactcriatic 1npedancc of 62. 9 RO vith 2 subn:rate thick-

L

ncnsck:jﬁh charaotcriatic impedance vas reduced to 58 5 ﬁ.

-

The Slngcr 1natruucntation ncasurcucnth of aanple “2-3 diuplnycd

in Ftrure n.S of Appcndix D 1np1y suall surplus reflectioﬁs o:her :hnn the' -

13

' nornnl 1nou: and output rcflectionn oncwuould uxpcct for a uisnntched lossy

CPU, This judrencnt vas nadc 3% the hnnin of Appendix E, uhich accounts

F

. for :hc 1nput and ou:puc reflections 1n attaight coplanar transntngion 1ines,
-r‘( 0 - . m‘ ]
Prcdlctcd plot1 o{ ‘ol va frequency tor vnrloua valuea of attcnuu:ion are

shown 1n the sane appendix and their ahape dtf!crc clightly fraa.the
";rcflcction cﬁrves of Firunp D.S. isplying thac othct sources of small o=
flcctioni exih:e& in :ha ﬁtnoer 1ustruncntat!on. 'hts artunent 1s retln- :
Tntgn;ficunt reflcctionl nq tho bendn of - saaple‘32-3 or n:null -2,
\
Thc HF asaSA -casureuenta of :hia samo sarple alza shoucd thlt e bohavcd-

7 . .
. . Le -



s

as a straight unifogn'CPw sample mismatched bhly at the input and output

Jvhere-it waschnnccted to'a 50'0 coaxial main line. It then‘appedrs that

any reflections existing at a CPH rectannular bend are verv gnall in the

.

1-2 CHz freqncncy.band. Instrumcntation errors are more sirnificant.
. ) ,

o -
5.3.3 = The Straight Coplanar Line | ¢

-A straight line was_ 1nc1uded for comparison with the two
ncandcrcd lincs. Pinure 5.3-3 shova the pgrfornance'of sannle RCD-6
“for a ZS‘nil substrnte‘nnd'a 50 mil aubstrnfe. Réucnber that the
naximun nodulus of th; reficct#oﬂAcoefffhicdt'for these trace; represents

L
[

tvice the modulus of the input reflection coéfficientﬁln,!. Rence a

naxinum SHR\inlue af\x.z actuglly represents 54.8 7 rather than 60.0° 7 |
and a naxinum SWR value of 1. 13 actually represents 53,2 0 rnihcr tﬁin
56. S-Q. The traco in Pipure 5. ;-3 for the 25 nil substrate actually
rcpreuenta a characteriatic 1npedance of 54.8 nnd the trace for the
: 50 n11 aubstra:e tcprencnta a chnracteriuttc inpedaace of 53.2 1
o . : )
. - .
. 5.3,; - Conclusions j '?J, ‘”L?“\ ’

- In sumary, the ﬁ? 85655 Retwork’ analyzcr noasurements on ‘maroles
VHI-;. M=) nnd'tCD-G-iqdicated cﬂar&cterlptlc tepedance of 69 0, 62.9 7,
and 54.8 0 re:ﬁectively vhen one -éhgtr;ﬁe thlcknelc_of 25 mils vas qged.
then a aubs;ratejthiékncqs of Sﬂ_hilnj-is ui‘d. characteristic imvedance
vnéuen.o! $6.5 9, 58.5 0, and 53.2 a wvere obtatned rclpe:tiveiy. The .. :.;;;.'_;
resjective thin fila thicknesses of 6.317323;-5.3to xR, and 1z.szs‘g8_r -

- ol
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- . 5
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o " 7
accountod for qample M2=1 navin;\the hipher characteriqcic inncdancc. .
wtrh sample M1=2 having a- nlirhtly snaller value, ‘and sanple RCD=6 - T

hnvinr'the smallest value ofnﬂé three samplés., Tahle 5.2-2 conflrnq‘

P Lt

]
this point, 1f one compares the TDR measured charnctoriqttc inbednncc of

straight 1" lonp CPV sanples havinq.thersame thin filn thlcbness as the\

three ahove sanmples., The above NP 85454 Yetwor': Analyinr results annear

to apree within experimental error with the éonparnble TO™ measurencnts

\ . . . . '. . A . £y

nrc*entcd {n n‘ﬂ‘lﬂ 5 ‘2"2- N\ . ' -

Tho apreement of the 8545A nnaquremcn:q ‘witt theory and the
Iy )-

_ahbove anrcencnt hetiveen hcnsurcncnts vith-diffcrent types of {nstruren-

tation 1np1y that reflections at the tends in the neandered samrles

E . , _ . . ) .
were nerlipeahle in the 1=2 €lz ranre. Perhans at histier frequencies
_ v . ) . .

w

Viern the‘fngihilitv of the convérsion of a P! hend {nto an antenna

rtfﬁ;f. A qfvnifidnﬁt nismatch ﬁuuld oécur at thn ﬂchd-nlonﬁ vith
sivnificnnt rndiation of clectrOﬁaonctic encrey,  The fremucncies at

whic“ this nirht occur can_ha eqtindtcd cnqilv he uninv P“ ten'a eriterion
for rudtntion;' t'an qtntcd that the desien of cPts {nvolved narlna .

2hy €< 2 f2. 1f ’%1 » 1/2, Ven clainn that sicnlficnnt radiation 111l

L 1

oceur. For 50 il vide center atrins 151 had A valun of .M9%", aa in

: . ‘ .

Pirure 4,3=2;, This neann that rudiation nroktlenm= vould b¢ encountered
‘\

P

" at 20,00 fﬁ%. Tor 101 ril vidn centhr strlpn; tﬁe cr!tlcal radiatieon
{renuency would bc 13.27 Pz, The nannlen ncanurcd in thia thon{s !ﬁtu_'

denirqrd vith center atrip vidtha of either 1nY nila or SN mila, and so

it

~a

no rmdiution nrohlcrq uth fahﬂﬁtfd or dc:ectcd !n tha 1-‘ *i'= fremuency

band.
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5.4 Accountinp for Larpe"Heasurcd’falues of* Characteristic.
' Inpedance
P

C P. kcn 8. CP¥ theory [5} may have previously npneared

erroneousn since vnlqgs of Zo larﬂf} than 50 O were neasured for

cvery CPW sanﬁlc disciased in the forepoinpe sections. Jowever, -

Yen's theory had igéuged infinitely wide aruund,planes.,nh infinitely
“thick dielectric substrate, and a lossless nrovagation mediun; includ=-

inp zero contact loss, Herein, tests will te verformed to show that
4 . , 1 _

Nb;tZWthcory {s not invalid {f approximations to these 3\assuﬁ§dicon?_

ditions are tauilt into CPW desipn,

Specifically, thia section vill concern {tself vith desfen

ruidelines for suitable pround plane vidtha and suitatle subatrate
. “ N .

thickncaiéa. It has already been shown in section 5.1 that prd—
. . ' - ‘h

paration losa. can be nadc nexligible Sy\the‘use of aluminum f{lns
thickcr :han 10 kAA Though contact loss is more critical than
' progaqnt!on loas 1n short 1" Yong crite, TOR aeasutcnent- pernit the

. aeparn:ion of cgptact resi{sctance fron characterllt!c 1npedance. Yo

attenpt wvill be nade in this :heniu to 1upfovu elec:ricnl contactn

o

over and above vhat has already been nghteved b aegns of the C°V

launchers of mectfon 1.5.

a4

-
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5.4.I Propacation Tine Measurements lead to Nesien Corrections

for Sfulstrate Thickness

¥ B . i
~

Previous to this test, neasured values®of the characteristic

7 a : C '
{npedance of the conlanar lines deviated from, the theoretical value by

™"

- -

a siﬁniffbani positive amonnt. As shown nreviouslv in Tatle 5,2-2, = -

positive dcﬁiations fron 50 2 as small as 12.8 © and as latee as 23,77

vere ottained for desien A sanples; ‘Thcscfsannles had a Sutstrdte thick=
W+ '. )
ness of 25 nils, Qinilnrlv dcnirn rrn snnnlcq sho:vd dcv4ncionq rane=
! - . g\r"‘

tor fron 4.3 7 to 29.3 Q. *hcse snnples also lnd a cukqtrmtr th{c!nceq of

”S mils, Tor loth‘qerics of sannles the nnrnitudc of thc dcviat{onq in-

crc1rod as thin filn thicrncqq decreased Fclow 10 an Fere{n. nron1ontinn

tinc' have born nnasured ‘or series A= and PPD- ‘sannples nlun ncandﬂrcd

»

§qﬂﬁirs M1%2 and M2-3. The nurnoqc vana to eqtnrliqh a rclutionqhiﬂ ‘o=
s | . ,

tween :Ecrrelntive diclectrlc constant‘cr.nf the alumina sutatrate, and
thc'fphultinn-chnractcri#tic inpedance of ihn.lincs. !g.‘ili'}e.qho;n
tﬁﬁt this anproaéh can bc=us§d to corrcﬁt futrce desipns {?f the ¢ffect .
éf finite sulstrate thickness, - '_ - .

- The A= nefles’n’ co;lannr'linen had a 1173 nil center n:;ln and

. . ‘ : =
vide rround nlane sonarntton of npprox!natclv 18“ rnils, Conacmuently,

¢

its eclectric f‘e‘d ltncs vere nore tddrlv qoaced than in: the ”fﬁ-‘ner!eu
uhcrg_thq center ntrtp vid:h nnd rround plane separation swre }oth halt
as lnf?c. It wvan thrn exnected thnt the rcsutttnw 'ield linen in the
rrn- scries uould lte closer to the aluntna nur'acc on the s!do o! the
thin nlﬁn!mm vun. and that feover of then uwld‘leavc the alunina
dfr!ec'ric on t%r ?otton side. A closer aanrox(nntiow te the

[}

theoretica!lv nﬁauacd 1afin1celv thielk, dlelectrlc nediun vas thcn



, : . - ' A 189
134 .

)

thought to have bcen'ﬁﬁhieved 1n the BCD- ;eries than in the A;‘séries. |
v Meandered sanples M1=2 and M2-3 had 50 nil center sttip widths and S0

it was expected that thcae sanpleq would conpare expc;imentallv vtth the :

BCD~- samples. o o . : . o : - / S
| A series of té;ts wvere perforned.to prove this hvnoghcsin. £

sonc of the electric.field lines did in fact leave the dielectric suh-

strate on thc botton sidq and then re-cntercd the diclectric on the famc

sidc. one night expect the effcctivc. rclativc. dielcctric constant ¢

‘o be lower than the 9.2 value spccifled by the nanufacturer of the

‘alunina sutbtstrates, This 13 in fact vhat was found.' The nhase velocity"

»

equation’ - , ‘ ' -~
B ' N
v 2
- " . £5.4=1)
¢ 1+ . N § ,
™~ . ) .

vas rewritten as

[ ¢ ‘ . .
I tl‘ a2 -l =] e '
lvl o (5.4=2)
. 4 " [ 2.t .
Mhich becane . = € @®w2sc? o le—m1 -1 : A
. v ] 2e : :
~ . N (5.4-3)

vhere 2L° vas twice the lennth of the coplanar transmission line, and 2t
vas :he‘ré:urn tine of the TDR sten for an open efrcuit load at the
end of the I!ne. Equatton (5 &-3) alloued ¢y to be cnlculated 'or'each

sannle froo tnk aeasuted rctnrn proaagn:!oa t!nns. T™his calculaged value

-~
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of - c ‘was used in combination wvith the knoun value of the aspect ratio

-

I to calculate an expected characteristic 1mpedance for each sanple. The

ratio k vas measdied bv means of an optical comparator accurate ;o .05

\ll\k

nils. Thiu tes: was pcrforned on a11 of the aanples nentioned ahove for
-one and tuo Substrnte thickncsacs' ie 25 mils thicP and 50 nils thick. o .
This calculated characteristic 1unedance was then compared to

thc TDR neasured chnracteristic 1=pedance as tatulated in Table S &-1

-

Thc results comnared vithin experinental error. The relative diel@ctrit~
constnnts were then avcrared for each deqtgn and for onc and two subke - -

atrate thicknessca. The averarce results wvere tabulated for use 1n ’uture

desiens in Table 5”6-2 As vas expccted, the effective vnluo of €

decreased aignif!cnntlv vith increasing center atrip width nnd dectcastnu

.ue-

! e —
substrate thickness. Thin fiIn thickncss te ad not apnear to nffcct

the ecffective value of Cre

Prcscntly; it,hppeart tﬁat a part!aliy applrital:apnroach to
crw design.ia necessary for loﬁ:values of Ci. A designer tould firat | @
deslrn and fabricate a CP¥W accordlno to Wen's theorv uith the bulk
value of ¢, Then he tuul& neasure the signal proparation tine of thia
CPW. The cffective value ot Ce uould then te calculated, and s rede.!xn
uotld be necessarv.  ldcally one sould 11ke to have a theotctical ot
empirical tqtntidn exorossine thc cf!aétive value of tr as a !unction
of ground:plane separat ion and subg;rnte thtckncus. Wt as of this vriting
such an equatlon is not ibatlable. For larre values o' ¢y o! lﬁo‘ot nore,
the probdlen of fin!te tubsttate thlc?neqn aay be lens severe and even

= )

_1nslgn!f£cant s!nte ic 1o exaected chat the dlelectr!c substrate vill " -
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L

360 8.040 54,245 62,8
310 5.703 62,996 78.0

*

A-10  .53803 0.360 ¢ 0.846

Sanple Measured Film Ro. 2e235:e 20 (R) 20 (O)°
Number kX “Thickness Subs=~. (ps)y: Net Expected Measured
EfkA)  trate. 21,65 .28.0 (TDR)
. . . AN
A3 .53803  5.340 & 0,657 315 5.921' 61.99% 70,5 £ 4.5
- , 360 7.063 57.438 66.5 % 2,5
A=2 .53803 6.877 = 0.B46 315 6,921 57,950 65.2 = 2.3
: . 340 7.063 57,438 . 62.3 + 3.3
A=6  .53803 12.826 % 1,283 325 6,367  60.090 63,3 2 1.3
: 340 7,063 57.438  57.5 2 1,5
A-11  ,53803 18,011 = 2,216 310 5.703 " 62.99%% 69,8 * 2.3
‘ | 350 7.544 55,798  60.N 2 2.0
A-8  .53803 1,509 = 0,186 310 5,703 62,996 AS.1 228 ,
. 3 ' 345 7,302 T 56,605 60,0 * 3,0
A-9  .53803 0,739 * 0.091 320 6.142 61,029  65.8 * 4.8
"~ * 6.3
2 8.0
* 6.8

360 8,040 54,245 71,3

BCD=3 .S44B0 5.340

1
2
1
2
1
2
1
2
1
2
1
z
|
2
0.657 1 325 6.367 359,624 62.5
2
1
2
1
2
H
2
1
2
1
2
1
2

* + 9.5

, 340 7,063 56,992 53.9 2 &,2

PCD-2 54480 6.877 = 0.846 330 6.596 58,718 55,9 = 3,1

- ' - 345 7.302 56,166 .S54.1 £ 4,0

BCD~6 .54480 12,826 ¢ 1,283 340 7,063 56.992 54.3 £ 3.7

v . T 350 7.544 85,365 53,7 2 4.3

PCD-11 ,54480 18,011 2 2,216 330 6,59 58,718 56,1 * 1.9

. : 350 7.544 55,365 53,6 £ 4.5

Jgpn-a 54480 1,509 & 0,186 335 6,828 57,841 58.3 = 4.7

. o 358 7.790 S4.584 . 55.7 : 4.9

BCD-9 54480 0,739 = 0.091 325 6.367 .59.624 60,8 212.2

: ; 365 B8.292 53,089 59,6 211.1

. -KCD=10 ,54480 0,369 = 0,045 335. 6.828 57.841 79,3 213.7

.o ' : 360 B.040 53.824  75.8-214.3
: ’ . 7

Ml=2 * .5733N 6,826 ¢ 0,845 1 343 7.302 54,344  53.5-2 3.5

' - 2 360 8,050 . 52,049 S51.4°2 2.6

w223 56892/ 5.240 = 0,657 1 340 7.063 - 55.428 54,4 2 3.6

N - : 2 : 2.5

35S 7,790  $3.086 51.0

S.E-I: Cooparison of TDR Measured Charactaristic lnbgdanée vith,
. - Characteristic Ilcpedance Calculated from YDR Measured
Propagation Times and Optical Comparater Measurenents of k.
. 4 v _

-

¢
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Center Strip Substrate

Hidth Thickness 2t T
(nils) (nils) (ps) ' Net
Serfes A~ - . 103 . 25 315.0 £ 5.0 5,921 = .22
50 .347.9 £ 5.0 7.442 = .26
Series BCD- 0 . 25 31,4 £ 5.0 6.660 = .23
& : 50 352.1 £ 5.0 7.687 = .25
Yy : - i _ ,
Tatle 5,4-2 Averape Bffective Value of ¢ as a Fanction of %u%strate

Thickness and Penter Strin Width.

2

N <

then contain noat of the clectric filed lines {oining the center strip
. ' {4 : . e ’

and sround planesa.:

As a further study of the iubatra:c’:hickneai effect, the next

section will inveatipate this problen for various valuéa 6} nsqpét tqtiduk.

‘b

_The problrn of flnite‘atodnd planc widtha udli also be 1nvcsficated. . -

In these tcnta. thin filn thicrnels will be kent conntant at' s suf-

,~': -

‘!1c1en:1y larpe vnlue so0 that increased re'lections frooa ' lossy aedlun

-

v{1l not compound the nrotlen. Center strio utdth vill also be kept -t
.ﬁ * .

conatant for varioul_yaluek of k,
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&
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5.4,2 Experimental Investipation of Relative Dielectric Constant
. LY

and Characteriatic Inpedance as a Functibn-of As%ect Ratio k ., -

and Substrate Thickness.

Thu.aspeci ra:io k was varied from-}l to .6:1n 1ncrenents-of ) I
vhile thin filn thickneas tg was Pept constant at 18,466 & 2,272 kx i
and the center strip width wvas kept constant at 50 miln. Pronauation
" tine neasurements and chAtnctetistlc 1mredancermeaaurcnenta wvere pegf;régd.

| | . ] :
vith the width of the ground planecs heté at oririnal design value,

" and by rebresents the position of the inaide cdee. Heakureﬁents vith

. these incrcased ground plane widths {ndtcated no noticeable efféct on ©

the characteriatic innedance of each sannle. The results of all of the '
—Q_ . . -

above nc&surcncnté uerc'tnhulated {n Table-5.4=3, The cﬁaracterinttc
inpcdance 2o and the return propagation time 2t vere measured vin the
WP 18158 THR/SAMPLER, and becaune of the sensitivity of this 1ns:muﬁ;

an averaze valuo zo. had to be taken to. cancel the snall rinf!ng effects A
P Y

oririndting from the transition betueeq PV launchers and CPH sacples.

Table S. b-ﬁ-ihdiéates an increase in the ialne of 2t as Qubstrate

thicknesn in inc:cnned uhtch correspondtnzly decreases Zo touards its

theore:ical value, A graph o! zo versus k {s nore !nstruct!v0 since

a

:heoretica! curves may then be conpared ‘with the aet-ured zo waluyes.
'rtguren S5.4=1 and S.4=2 {llustrate how well zo couparc' with theorv tot
one and tvo subatrate thtckneases re:ﬂectlvely. _

?lgure S.4=1 ahowva theoret!csl éhnractar!ut!e {mmedance curvei

. / -~
for~gyo theoretical vnlue nf ¢ . 9, 2 tnd !ot -the aaalured avvrago vulue

] . T L -
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S ,
Substrate k - k Ratio (Nom) Io [ 2t Zo ‘ 'Eb - ]
Thickness (Nom) (Meas) e/b, Min# (ps) Min+ Max C

.1 .10229 1,40 or 10 .43+.46 270 124~ 134 129
.2 .20395 2.80 or 10 .31+.,34 280 ~95» 101 98
1x25 Mil .3 ...30387 :4.22 or 10 ,20+.25 .300 75+ 83 79
.4  ,40503 5.60 or 10 .11-.18 320 62+ 72 67
.5 .49500 7.00 or 10 ,05+.13 330 55+ 65 60
. .6  +59350 B8.40 or 10 -,05+.09 330 - 45+ 60  52.5

1’ .10229 1,40 or 10 ,39-,41 310 118+ 112" 115
.2. ,20395 2,80 or 10 .25+.29 320  83- 90 86.5
2x25 M4l .3 ,303387 4.22 or 10 .15*.20 330 67+ 75 7
4 -.40503 5,60 or 10 05+.14 340 55+ 66 60.5
.5 49500 7.00 or 10 ,03+.10° 340 53+ 61 57
.6 459350 8.40 or 10 -,08+.06 350 . 43+ 56 ° 49.5

.1 .10229 1,40 or 10 ,33+.38 315 99+ 110 104.5
.2 * .20395 2.80 or 10+ ,.24~.26 320 - 81+ 85 = 83
Ix25 Mi1 .3 .30387 4,22 or 10 .16-.19 340 69+ 73 71
o, .4 J40503 5,60 or 10 .06-.12 340 56~ 64 60
.5 L4950 7.00 or 10 .02%,09 350 52+ 60~ 56
8.40

.6 59350 or iU =,06+.04 355  44= 54 49
1 .10229 1,40 or 10 .31+.40 330 95115 105
' .2, .20395 2.80 or 10.',20+.29 340 75+ 91 83
_4x25 M{l .3 ,30387 4.22 or 10 '.11+.21 350 62+ 76 . 69
.4 .60503. 5.60 or 10 ,05-.15 350 55~ 67 61

‘ .6, .59350 B8.40 or 10 =,08+.04 60 62+ 34  48.5

bl . "!

.1 ,10229 1.40 or 10 ,30+,38 335 . 93 110 101.5
. .2  ,20395 2780 or 10 ,22+.27 . 30 18- 87 82.3
5x25 M{1 .3 .30387 4.22 or 10 .11-.18 1350 62+ 72 - 67
«b 40503 5.60 or 10 .05+.13 350 55+ 65 60
WS .49500 7.00 or 10 ,01+,09 360  5le 60 . 353.5
.6 .59350 8.40 or 10 -.07+.06 360 43+ 54 48.5

Table 5.4=31 FExperincental Inveatigpation of Characteristic Impedance
. as a Function of Aspect atio k For 5 Diffcrent Substrate
Thickneases, Various firound ®lanc ¥4dths and Tila Thicknesa
of 18.446 ¢ 2,272 kR, Only SO M{l Center Strin Widths Vore
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. achieved with 25 mil substrate thicvnesaen for k > .3 it the TR -

. D ¢

* data pointu. 1 point could correspond to cr =9, 2 6 pointa could v

H
T L j
| . - 187 ,:
. )l ' ’ :

e, = 6,660 * 0.230, Error bars have be placed on ‘the measured pothrs |

v

to ahou the ranpe of agreenent with theory._ 1 (2 appearn that out of aix

correnpond to £ = 6. 660 and the 2 points having the smalleat k valuea

dpn't corregpond with‘any of the'thcornticnl curves, The problem here

_1s that for smhil’valucs o? k: the groﬁnd plane uepnratioh i3 ‘quite

£
lurge compnred to aubetrate thickness and the effectivc value of er 1- ..

rcduccd aipnifﬁcantly Figure 5 4-1 -ghowvs that rood desinns may be

ueasurcd value of - 1n uaed rather thnn “the bulk vnlue of 9. 2

Fizutc 5 qrz shous the resulen for a 50 nil subarrate. Here

-,

E? o 667 is thc averapc TDR neaqured valuc tnrcn fron Table 5. A-Z

) ; nnd " 9,2 's the bulk valuc specificd by thc nanufacturcr "of the .

"»

nluninn nubstrntca. It aeens that s oﬁt of 6 data points have tha. beqt

. correspondcnce with theJtheoretical curve havinn cr - 7,647, Azain, - l -

T ek e s - v

z for very Iﬁy valuus of k. tvo nubatrate thicknesaos do not appear suf~

. . 5

“‘.{1c1enr to naintain a closc corrcspondcnce bcruacn thcorv and neasure-

‘nenfs.. Houuvcr 1: nppenrn that good deltrn. night ‘b nchleved ‘or values

,‘o! P >\.2 1t g@e TDR aeasure& v;ldt ofbtr ‘of 7.647 wore nsad along vith

50 all thlck aluninn suhnrtatca of 962 puriry. o

lf thu ef!ecrtve value of ‘r cannot be -nASured & good rule of

”thunb 1- to na}a cortatn that tha.ground plane neparatlou is ao -oro

than :uicc tha cubotra:e thlcknosl. Tnbla 3. 6-3 111nnerttes “that for ., :
zood rcsult-. 251 nhnuld be cqual to or lcal rhat lhout 2o0r 3 times tha

cuhotrntu thlcknc-s. For cznnplo, for k' » .S“th-re 1s not anzh n!gu!ttcaat
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improvenent in ig'when rmore than 2 subatrate thicknesses are used, 'For
thie case the liniting ratio of ZbI,ﬁo substrate thickness is ap-

proximately 2.0. For k = .2; 4-25 mil substrate;‘are necessary and‘thg .
lniting racio is approximately 2.5. | |
If the values of Zo measured for a substrate thickne;s of 5 x 25
- mils arqupken ftou TableJS 4-3 uith their respectivo vnlues of L the
corrcsponding values of ¢ can be calculnted naing an iterative schenme,
This has been achieved in Table 5.4-4 helow, . The rcsulting average valué '
of (. has been caleulated to be 8, 8 + .8, vhich ia close to the nonminal

value’of 9.2.

k Zos 2 ot .8 _
1 S 1015 . 8.485 >
T2 82,5 - 8.415 | )
3 . 6.0 9.5
. 0.0 9,20 | ,
.5 $5.5 8.2 - ' :

.6 8.5 © 8795

‘

Table S.4~4:  Calculation of ¢, fron Measured Zo Valuen
for an Infinictely Thick Die;ectric‘Substrlte.
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»

5.4,3. Conclusions

-

C.P. Wen's tﬁeoty of coplanar uaﬁeguideh_has been shown herein
. to be aégurate to yithiﬁ a ue;sureﬁent aééﬁfncy of *2 h in the 1-2 CHz
band of frequencies when the_ground plane aép&rdtio;.ibl < §ubstrate‘ .
thickness, .1 < k ? .6 angﬁﬁi > 9,2, It 1s.to he exnected that laiger - -‘
.ground plnne separntipns could be uacd for larger values of ¢, nince the
dieclectric suhstrnbc would then tend to conccntrnte the electrlc field
lincas nore, but to what extcnt ‘this uould occur has not heen studted
quantitntively herein.: Only relutive dielectric conatants of 9.2 have

been 1nvcst1pated.

Dcaipns baned on the above rule of thunh not . onlv guarantee ace

curate designs, but ghe extepsion'of the glectric field heneath each
PV is gunrnntéed to be nerligible. éhus fénavipg the nroblem of
1n:crf¢rence ui:h underlyinn circuits., Mn the-surfaédbbf‘fhe cPy, thnr
clcctr!c field in not conventcntly captured nu in the dielectric |

. substrate, but Ats intenuity is expected to be approxlna:elv < 1/10,2
"of the electric fiel& In:enqttv in.the tubs:rate of c* > 9.2, Ho#evef.
the jnx:néonition of a large metallie hodv near the surface of a CPW

can still 1oad\the P a!gni!icantly 1f care is not excerc!se§: This
problcn uvas inveatlgnted via TDR technicue: and lt was found that load!nn
caused a chanpe !n_te!lection coefficient of less than =.005 at &
distance 2b) from the hnr!acé of a_ptopirly desltﬁe61CFU{ Ven (5}
clains nore than this when he statcs that loading will be negltxible
2 slot widtha zvay fran_the'surface'o! a CPV, but he vas usgns.tuttlo

subatrates which have a telative d!eiactrtc conatant of 100. 1n general
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it can be stated ‘that for_ct > 9.?. thé#mctallic encapsulation .of a
CPN, or the juxtaposition of other CPW circuits will cause nepligible

loading at a distance 2b; from the' surface of the CPW.

"

© The design of CPW's by means of effective corrected values of e
“'when substratéanhnie insufficient thickﬁeas is ndt recormended., Th!s.can
cause significant loading ind interference problems between :ﬁe CPW and:

nearby metallic objects or circuits.

It has also heen ahoup that very vide pround planes are unnecessary.

besign A and design RCD sanples had autficieh:ly wide ground plancs to

make Wen's CPW theory valid. nouéver. to make ground plane loss small

. coupnrpd to center strlﬁ loas, the ground piineq should be at lecast SX
iafgcr than the center atrip vidth 2a;. For short CPW's with lengths -
of the order of 1" or 2", contact loss appears to be a morc severe

pfoblcu. Thia in espec;u11y noticeable for alu;inuu~f11na thicker than :

1048,
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5.5 General Conclusions

This thesis has covered a variety of topics related to»th;‘
design, fabrication and testing of thin f11m coplnnar vaveruides in the .
1-2 GHz band of frequegcies. Initially, P P. $bn s theory {S] was
analyzed and rep;odﬁcedgrhéhicnlly. A tqlerance nalva*s of this thcorv
wvas then performed with the use of the author's own tolerance annlvain
technique, vhich is described for refcrcnce purposes 1n \ppendix A.
' Tolerancea on ’al -and 2by werc obtnined for a spccified C?W design of
50 0 ¢ 10;. vhere it was assuned thnt the nominal :rvvﬁlue 0%-9,2 was
* at least accurate ;o uitﬁin_: 107, The corrésponéina tolerance analys;é

" yielded an optimm tolerance of = 3,35 for both 2a; and 2bj. This:

‘optimun tolerance rcpres;n:ed a goal io be achieved at'thg fabricatton
atape, o |
Twvo related fahrication techniques vere investigated- nasking

and direct photoarnphtc etching. The latter nmethod vas found to bc_
casier, cleaner and mote prcciue. Tolerance checks vere uaintained
throunhout the !nbricntion process in ordcr to ensure’ that the cnlculated
tolerance Roala were be!na achieved: Of the 43 aanslea fabricat&d the
'32 best annples vere :snted Special CPR lnunchers were deaigned and
. ncCurater machined for easy and reliable anunting gﬁ.tﬁ;—;;halea to be
teoted., ' - - .

| Measurencats Qega'ngdc by means of four d!ffcrcni grouns of
tnntruncntat!oﬁ‘ the Singer 8000/703 cﬁnep natvork annlyzet.rthe 114
BStSA nutountic network analy:er. :he 14 lili& YDR and the HP 181353 ™R/
SAPLIN., The Singer nrtuork ‘analvzer neasurenents. vtelded fnlrly accurate

characteristie lnpedancc {nforeation, tut the aost'tnpottnat con:ribut on
R . ' 4 .-
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of £her81ngef 1nstrumentétion tq this thesis caﬁe from 1ta_abi11ty to
mégsure éranémission loss to within .4 dB. A antiatical treatment of
this trahgmission loss data coupled wi‘ﬁ'é gfaphical method for extrncfing
contact loss yielded aécurate'attenuapléh inform@tion as a funétion of
thin film thickness. The loss theory developéd in Chapter II was sh;un

to be quite valid for :hin films with thicknesaes of 1 akin depth or lcss.

Moreover, the resiutlvitv of thin evaporated aluninum filus wvas shown to

be apprdximately 2.68 = 5.2% times hiaher than the tulk value for aluminun,

thus incréasing attenuation aignificantly. The HP TDR systems were used
pridarilg to obcaié precine reflection 1nfotma£iqn for the accurate

determination of éhnracter;stic inpedance and-the verification of Wen's

) o
theory. -

" The TDR mcasu;&ucntt led to the verification oflfbn'sAtheory'Qnd
saéeﬂdinple desipgn guideclines for realizing ibpe.bns{c nﬁfqmptlons nade
by Wen in his derviatiori. These guidelines.nrc'prasented in scction 5.4,
Interfgrenhq of CPW pctfofnance by nenfby nctallic objects is also
trcatedrln the sane section. It uus found that for < > 9.2, netallic
objects can be placed at a diutanca as soall as the éround pllno lpaclng
2, fron the curface of the CPV, alloving properly desigmed: CPW circuits
to be encapsulated i{nto small packages or deosely pactfd 1! ?ccenllry.

. Coplanar vavepuides htvc'bceh/thowﬁ herein to
characteristice vhich are comparable éo nicfoattip ctrcnl:;.' For a 50 0
, uicrostrlp transnission line propagatins in the quasi-&tﬂ wode st 2 rn;,
s typlcal value for nttcnua:ion would be .13 4B/ for s 25 oil substrate

thickness {2]. -ro:.:h._gg_gfcgy:o measured herein at 1.5 Gz, .21 de/x

e e———

A
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display attenuation
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vas meésured fotftf » 1 skin deptﬁ uith a 50 mil wide center dtrip, and
.125 dB/A vas measured for tf = 1 skin depth with a 100 mil vide center strip;
see Figure S.i-jha: ee = 21 KK, . ‘ | | |

Tﬁe-aimple_CPW theory of Chapter II h#s beenlshoun to be accu;a:e _.
vhen the pfﬁp&t design puidelines of sect¥pn 5.4 are used. CPW's also
have tﬁe advantage that discret%_conponeﬁté nay be bonded between ;enfer
caﬁdu;tor and ground planes on the'anngldielcctric:sutfhce; maklﬁg the
drilling of holes unnecessar§;land-intérfcrcnce with eiec;ric ficlds ninimal,
with‘propcr design, CPW's caﬁ bé.encapsulatid into small lightueight Yack4
agcaibr placed close to one another uithﬁut significant interference. They
cuﬁ also be.ﬁcandeted without detectaﬁle refleétions.. In'conciunion, this

‘survey has shown that properlv desiprned CPH‘s perforn as well as other atrip

tran 1ssion lines currently in use and have vety deflnite ndvantagen an

wvell

£
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APPENDIX A

EXACT TOLERANCE ANALYSIS

AND OPTIMUM TOLERANCE SETS .

WITH EXAMPLES
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Al The Sequentinl Unconstrained Yininization Téchninue

2. - . -

Thc;‘Sequcnt{EI l'nconstrained Minimization Technique' (S1™MT)
is éimply a method by which the familiar "Mininax Formuﬁqtion' can be
inplenented. Fipure A.1<l illustrates this noint by introdqginé a real
positivc‘hoﬁndarv bnra;etgrlﬁ, vhich is to kélaqﬂed to the upper

speaification boundﬁry,_ﬁu(w), and subtracted from the lover qpcc{ficntfbn

. : e - D .
boundare, SL(q). This defines new temporary unper and lower boundarics,

_Gifﬁsﬁ(?.ﬁ) - fﬁn(ﬁ) + N} 3 ""(A,i—l) v

e : Q

and -

S} (4, R) = [SL(8) = F) (A.1=1)

.

-

respectivelv, There is an additional reauire~ent that B {a ehoeen

v R _ .
larpe enouph initiallv to ensure that' the new temnorarv houndaries

~

-

enclose the rencral reaponse function F(8,m).. The cnrm enanrea that =

P 15 then reduced until {t is =ero or nrfa:iVe, auhlect to the conatralnt.

that the nev temnorary houndariea aluave enclose the reanones fuaztion

¢ -

F{&,) duf!nr;tho rinimization of R, The effect {s therefore to ude the
temnorary loumdarian to nreas the resnonas functionuf(:,ﬁ) into the
rerion Founded b fb[a). SL(i), spe and Ay A%en B has Keen reduced to

zero, the overall saercificationa {rnosmd unon F(2,2) have heen ret

exactlv, and vhen ® hag heen rint=ized to a nepative real romber the

. !
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j 73

r(blf‘)

o {4}

g .\
Sy &

.

Firure A.l=1: ranhical Nlustration of the U'ss of tle fermmential
- 'neonxtrainad “taini{zation “rchateues (€°7) for
Tolerance Analesia, o i . :

oy
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overall specifications irmosed upon F(2,%) have heen exceeded, Enuntit;
and incqualitv constraints rmay also he imposed upon the rinimization of

F, as will he seen shortlv, FTirst the "™ininax Formulation' {11 de discussed.

The "™ininax “ormulation® nn§ be defined hy an ohiective function

of the fornm h

“

' (A.1-3)

U e u(e,y) = [:‘.‘U\: ] [ 1.'1.}(7';) {F(2,0) - S“('.’J) » “L ) {gl'(u,) -Ti® ',)'l] ‘
LT :

vhere 2 i8 an n x 1 parameter vector,
T{¢,%) is a real anproximating function,

S ()} 18 a real unper specified: function,

S () {s a real lowver snécifigd'funct!nn,

ib(é). {8 a veiehit{n- funciion fﬁf %v{ﬂ), ?h(ﬁ)>ﬂ.
il(v} is a weirhtine fﬁnc;ion for SL(ﬁ). Yi(i)gﬂ.
Se () > SL(u), e ;s n-Qarinblé sannled na tineq;

"and Y {s a real 6hic¢t{;e function to be mini~fzed, Tt then follews that

vhen U {x rin{nized, the raxicun amount hv vhich F(3,%) fallx to reet

the 4§cc!fiént10ns. Su(ﬁ) and SL(Q). {s nininized. Sioilarlv, the

£y LY

~ini{us amnunt hv which ?(*,ﬁ) exceads the snecifications (a =aximtzel,

ﬂh{:L 4t he cautions wiile minirizine I* howvever, atngce U' {7 a function
e . .
S

£ . an® dixcrote values of % are used, Vence the maximur deviation.

LA H

tetueen xnecifications an! reenonee Tunction can chanre abruntly from
one woint o the + axle to another samled veoint. ‘Then this hanpens
di{scontingous Jderivatives of U are rencrated in the resnonse hemeraurface,

and there are fev Fu!tldiﬂrns!onai Hln{w!:a:!Oﬁ' 9qtkodq avatianle whieh

cin nandle auch 8 wrotlex, Tt ahonld ke alna aoeed }hat {f ® {g conetant,

P - -

Q



‘and inequalicy conntraints, defined as -follows:

199

N °
vl

sG(&,P) and Si(@,ﬁ) from (A.R-1) and (A.1-2) mav he substituted. into,
{A.1=3) in place of'su($) and SL($) without loss of peneralitv, After
each minimization of U, B mav he reduced and U minimized nJcéimorc.

In peneral, the minimization of U 1s also subject to enualitv

-

f

Inequality Constraints: ) gl(e,&)
“2(‘6"")
2(4,3) A ry(%,0)

P (248
" (A1)
Eéunlttv Constraints: ’ | . ’ hl(é) S % B
ho(9)
Y hvj(o)
e ‘ .hq(O)
. - (A.1-5)
" guch that a foasible ar acceptable rerion of deairn
R A DR B () @0 b (R

-

P o -

It should b noted that 5< dependent constrainta have heen {ncluded tn

r{%,2). 1€ {t ia wisﬁrd';hai thia denendencv he reroved, the terms

contatining & =av have thelr gpefficieﬂtu ast to zern, Fence, there Is .

no /loss of ré%eralitv in uriting :he'ihequallgv'cons:ralntn an e{%,2)2%,

-

N
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The SUMT is onlv a hracticnl extension of the 'Mininax Pornulationa
o .

except that B 1s a variable paraneter. The QUWT nnv he defined in a

peneralized faahion hv thc oh1cccive function

2

m+2ns

JP = P(A,0,Br) m Bdr ) [y SRR it { hk('b) (A1-7)
o . g=1 R ! n '

vhere there arc ™ -riven 1ncqunlity constraintq. q Pivcn equdlitv '

~ \\ . o
conntrnints,ggd 2as Mininﬁx inequalitv constraints, The {irqt term of
P cnsures’that B is mininized vhen P ia nininized., The éccond.tcrm

1

ensurcs that all incdunlity constrnints-aré'naintnincd throunhout-tﬁé

[ — o u .
-

ninimization process, “otice thaF R haS'ﬁéénTinnertcd into the arcuwéwtw
‘of gy as an extra p;fnhotef. fh;s ensurcs thn; the ninirax criterion

has been ghbodigé iato P, as will hc‘seen'shortly. The velipht r.i§ -
-ﬁtllized to cﬁnhaaizé the‘incdhﬁlitv constrnints to an adiustable dcqrcd.
The third term of P eﬂphasizeq the cqualitv constraints hL(b) for

k= l.h,.;.q. The svmhol 4 repreSents a vector ot ns snnpled vnl#es.
The factor r-& s also an ndiuqtable urightlng factor. -

: Buring the nlnimlzation of P r uust hr reducrd frnn a Iarre
nuaber such as 1000 to. a verv saall aunber Such as 001 or lesu.l Tha
‘proc#ns_Invqrves_n!ninizing P for a fixed“valuc_of r" Then r ray 86 _
teduced by n:fnccor of 10 and P'in_;ayin niﬁiniied, This stepned proce;;,
is qontinﬁcd gngill; ia very spall, Fhen iz laree the ineqdnlitg"
Ehnstratntn are cnnﬁ?si:bd.nnd no tﬁé point ¢ noéés inte the center-of
‘the n= d(nension11 fdhqihle rer(on RA‘ As T la reduced, the-noint G

: 1! free to rove rOre libornllv in ‘A and rmore attcntlon in llrul:aﬂeouslv

rlaced on the_equalitv eoﬂstralnts slnca r'5.19 1ncrea!1nn. Fﬁtﬂur 1s -




Y

‘ . - i . R )
Vcry small o is extremely close to the boundary of R At tﬁpugh qt111
" inside thiq fenqiblc renion, and the cqualitv constraints are for all-

‘ prncticalrpurppscs sqtisfied." Attencion is then focused on the

. - . ) . - o . L . i .
‘ninimization of P since P = B vhen r' is small and: the equality constraints

‘are met. 'ﬁgrther minimization of P then minimizes R subject to main-

tniniﬁﬁrhll imposed constraints. When R goes nepative, the overall : oo
- c ) - -

-

fdﬁctionhspecifiéqtgonﬁ on P(O;%) have been exuenaezjf R should he made I

_as néﬁntjvc as'posniblé sidée then thq\specif}cntiq § vill have been  : ,';
.cxcc;ﬂed bgutheﬁnh§?mpm po;qiblé amount and the hnéé ngssiﬁle-Aolaﬁion .
will have géeninﬁtniﬁod.h 7518-18 also nqccssaéﬁ fu? intfgdnc{nﬂ'taié};ncc
‘into a solgfin;,bf\thgnnhbﬁp t:.opo:T 103 N =, thebsolu;!on has né .

T D o -

tolerance capnhiliqy.“ It -F < 0 {f 44 poasible QP irpose positive and °

-

nceative tolerances on the various pararcters of the response function

"7 dnd st11l meet thc'o;crqll.fgnctioﬂ 3ﬁccificat19§§.'

fo illustzate how the ninirax criterion has baen ntroduced

fnto the SUNT ft {a nccessary to define an upper bound-error '

tar . . v
. .

. ) k : . T . ) .. | -
v (6 D BARY .(-‘:) {f( m) = 500} < (K1-9)
nmLalmmrhwm!ﬁTq' ‘:_ ’ . T
. .. . ' \ z.
v - R .
. , ) . S _ . . _ .
: . L .
ey (2 h Y 1) 18, () S FGmY A
' o u = -
V - a— -I"..--
The r!"Ht hnnd sidcq of (r. 1-3) {A.1=9) have alreadv hecn presented
in expresuton (A.l-a) for thc ninfrex critcrion. Henca all aymrols in
P /f ’-.—-r-—v )
iy i v

R - - ~
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(A.I-B’ and (h.1-9) have already heen defined by (A.1-3), Poth the
. upper bound and lower bound érrorh‘nre positive if the épec1f1cntions
_on F(&,V) hﬁvc not- been net and n;gative 1f these specifications have
. Becn exceeded., It is then ;onsible to use the positive real number R
in c?njuﬁction vith theQeLtuo error terrfs by‘dqfigihn cxtrafinnqh5lity

constraints as follouvs:

o

gy(3,5,8) AR - (5,9 30, §=[m+1, m+ns]
- u- (\ C (A1-10)
: S 7
PE(OR™) AP -ep(f%)>N, {e=in+nn+l, n+ Znﬂ
O bt - (A 1-11)

I3

" na A.the nunbcr of samnling nointa ﬁ’s, (is ?AI,_.E;.,ns).
. 1-1

; L ‘ -! Ll .
Fronm (A.I—IQ) and (A,1-11) it is ecasily scen that as I is Teduced fron
a lnrpé faftial p6;1t1Vc value towards zero,‘and hopefully a nrrat{vg
v11uo, the upper and louer bound errors rust nlso becone nore necative,

\

;nnd 50 § nctu111v connresses the rcsponsc funct{on f( ﬂ) into :he

rerion hOundcd bv QL( ), ,L(g), ﬁL and 'U' ?or a fixed: and’ quffic!entlv

"nﬁall value of v, the value of F ohtninrd for A riniru- value of P st
.causc the new tqnnorary uppct and lour; boundarlcs of ?lwuro_(A.l-l)ftO
almdsat touch thé’regp&nnc fugc:idn at.lenst'at one hoiﬁt alons these

houndaé!es. O:hcr;die » couid hcrnintniied furthér. | | |
Thoe SFST cinression, (A:1-7);'haa the advan;nﬂe.tﬁnt the parftal‘“

dcr!vativen of P are woll defined nrovidtng the parttal drrivativen of

nj(:.ﬂ.w) and’ hk(:) are vell defined, Fence, efficient nuhraufinrn nuch

as the Fleteher~ Povell minfmization technique rav be used to rinintze P,
- _— . \“q_ o ' °



et ke n P4 Do i e

‘. | | . ’ 203

prression (A 1-7) does have the disadvantage of beinp corputationally

tire conquminp, tut once minimization has commenced, 2 minirun value

T

for P and B is likelv to be found. In other words, the technique is . i

quite reliable hut is costly in terms of computer time. This aqncct of

/

ronctarv expcnce is ho!vvcr conpenqated by the fact that the rinimization
of P pives uncful tnqipht into the tolorance prnhlcr and cven nromnises

to pive neaninrfUI nnd accurate tolerance inforﬁntion. Perhans other

more efficirn* strateries qhould he uqed to locate an 1nitin1quhnnt-
1]
imal solution °s for the rivon recponse funct!oﬁ ?(* ﬁ). The “le1st ptin

[

technique anncars to “c apolicable here [331. ’Hc VT could then be .

used onlv to refine the desipn by 6bntrﬁlizinq - {nsidn R\ for tolerance
N ' I

- optirization, A methed by which this can he achieved will he deserihed

shortlv., . o . ' . . . .

a

Y W The Nasi= of "wact Tolerance Analvsié In a “mitidirensienat - B

N

Parincter Space bv Tolerance Tox Crovth. -

P - ’ B !

In the lizerature on rensitivity and tolerance, 1151-{11),
various apnroxirate and cumhersome techniques ‘ere used to dc!}nqltizy

a Jeaips. Tor instance, first and second order sensitivity expresaiman

.7

vere used s constraints to locaté a desensitized noninal desfen In a

recion of nmararcter snace for vhich, ¥(2,) s least sensitive to
{neremental pararmcter chanpes for all values of 4, 1t seemed that ’

. .. 5 j;
a firat order sensitivitv reasure- vas nore uyneful than a secod? order
. ¥ . . 1 -

sensftivity. reasure from the standnoint of cass {n commutation in-
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relacion to the vorth of the end result. It ahould he emphasized

that such dcsenqitization methods andotherq found in the literature,

u

did not produce meaningful tolerance ‘information. All that wvas achieved

was a dcqeneit17ed noninnl dcsirn which mifht not he acceptahlc anvwav .

dus to 1npnsed tolerances. '

/

. wpntion should he pade of the more exncnquc, hut rore preciqo I
. / a

vonte Carlo analvsis, cuqtonarilv used {n fixinr accentahle deqirn

\

tolerances. 0Nhviouslv, nll.of the above tcChﬂiGUQf'hﬂVQ serfous drav-

[l
- . - ]

,,] backs and it is honed that the new technique to be nreqcntcd hern{n will

ot -onlv producn exact and noaninrful tolerancc infnrrat{nn. hut also

produce it at a rolvrntn cost. It should also he rentionod that the ’

. ereation of this new techniogue in n dincnqionq vas qtihulnted hv L

X3

¥

Tutler's exact ’-di:rﬁfionnl tolernncc analvsis [12]

-

: Figure A.2-1 illustrates the use of;the SIMT in Z-Qpace to gchicve

ncaninrfnl tolcrdnée infornntinn. The contours of “ivuro A.2 are hrrcin *

n;lnd frnq{mil{tv'co“tours. These nnd thr rerion thev: encloqo rnnreqent .

Pointﬂ (*1. a) for‘whlch has a constnnt value, The feaaihtlitv

contours 11«0 enclose: acceptuble desirn pbin:q (ol, 2,) i qv 0y T) nnd

GI(J,P) are suitahle Foundnriee for a salcctcd valuc of T, Tach contour

{s actuallv n pr:\oction of the 3-dinent!onul okiectivr functlon

P(2,%,P,r) vhen P 1= infinito. onto a Z-dirensional narancter nnacc 5 'or

- -

.a predeternined nct of sanpled % vnluen ¢s and A conntant value qﬁaﬂ

1f n parameters are involved, P is (n + 1)-dincn310ﬂal and anv point. G
wvhich makes P inflnl:c rust lie on a contopr bounding RA.~-Also thenn .

contours senerally have some sharp corners be:ause these corners reprenent .

the {ntersection of vdriouirjnﬁosed conatraininn functions, Tr vill.nes

© i v
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Fipure A.2-l1 Typlcal Feauibill:y Contours in a z-n!qehn_!ml Snace,



be ;h;wn;how a Tolerance BRox can be grown within such contours.

'if ﬁaé’alrnad? been pointed out in sc?fion“h.l-thnt‘vhennn is
positive, thc‘overn¥lAspegificnfions on the tespohse function ¥(5,0) hn#é
not been acﬁieVed nnd;Qﬁen B 1is ncgative"thesc sane specifications have

* >
been exceeded. Hence, any point, 8, inside the repion Pen f;hrescnts -
an acceptahle solut{oq fromlthg vicwpoiqt thc at lcagt'tﬁc-shegificgttons
.on Pgo,ﬁ)‘havc $ccn sa:isfied. A toler&ncc rccéannle mav-be erowm fron
alrost zero si:c,{nsidc'fhis accentahle ::esv,io:m.'!‘_,L until the sides - -
qf.ihe rectangle arec a weighted maximun, Tﬁc center of thﬁ rectanele.

i

can then be used as the true noninal deéign, and any point, 4, tneide -

the rectanecle renresents an nccepthblo deviation from the nominal desien,

In Figure A.2-1, the' sides of the rectangle 9re'§einhtcd accordine to the

©ratio ¢y § €2 = 211, uhorc_ci and ¢./are exnected tolerancesa” for naranct-

L

ers 2y and %, fcspcctivclv. As vf11l be secen shortly, an extra narazeter

¢, will be introduced to indicdte the size of the rectanele, As the
tolerance rectanrle {8 srown, -¢ vill 1nd1chtéuto vhat extent the expected

tolerances have been achfeved. If finally e>l, ¢; and ¢y have been

realized.

_One vust first obtain a subeonttonal desirm hv rethods cutlined

in section A1, This'npproxlna:jon corrasnonds to the most nerative value
. . » - . . -

qf.B attninahle, 1t should he-epphasizrd that 1f Ren ig the mintrum -
“value nf-ﬂ 5ftalnnhle.)nq tolerance:rec;nnnle can ﬁc frowm unlesa one .
relaxes ghe upper and luuer boundary constrainta Fy allouinﬁ " to he
rositive. A minfru= of P with P<9 estaﬁiidhés the ;xiatnncc of an

n~Ji{=ensionnl accentahle region 7, in n=space that i=z btoumled hv the

‘
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EEEEA . -
Kby . . - i .

feasibility contour latelled Faf), and 1is defined as the sef-of all noints,
£~ L -
¢, that satisfy" the condition P<N, For tolerance box srowth this acceptable

rcgion is suitably redefined in a more general way by a ﬁodified VRrgioﬁ of
(A?;-6)'b? shifting SU(W)'anh S, (9) by a reference auantity Pys Ruch that
SRR R (.2
| B <Ry, Ry = cénstant. ‘ - (A 2:2)

The selcction of this constant allows the tcnnorary upper and 1ovrr houwd- .

a

ar{es‘Sﬁ(?;P) and S'(ﬁ T) to be moved up or dowvn if a redesien is NeCoSSAry,

Hoticc that eqﬂjlitv canstraints have becn rcmovcd since thcv do not nllow
tolerances to oﬂiqt excenpt pcrhanq alone a fixed hypersurface in n-snace.

Also 1f the ninirun for P iq at B-Po. the. feaaihili:v ‘contour P-T -is a

a8

. ,
sinnle noint ’q. nné the rerion R, 1s* also onlv a ﬂinvlc noint “: ‘In

“this case the cnrrhenonutnw :olerance roctanwlc that nnv bc rrovm bBaa

zero size and so onlv zero tolerance nav he utilized.
_ % T

As briefly rentioned above, 1f tolerance is to be accomodated in
a desipn, no cauality constraints can he assured excent pcrhanq at the

_ ) : 3
nio=inal denirn valu#, This is hecause the tolerance imnosed on the :le<i~n

<

defines a rectanpular rezion of parameter space that ls;alunvd bkroader

that the rerion dofiﬂéd by the equdlitv constrnln:ﬂ. Tar oxamnle, in a 2=

»——’

aranctcr pro‘loﬁ, an cnualitv conattaint def!nes a curved or straicht

111e relntinv the 2 pnra:c:ers to cach other, vhercau the irposed :oleranccs

- ] — -

define a rectannular area 1n 2-apace. Yor a I-Qaranrtcr nroblen, an
- * N 1 L4

L) . . - N

_ . _
cquality conatraint definer a J=dimensional hox. The intersection of

acveral equaliy conrtraints ia even more restrictive, One mav n

pencral extend thene concenta to_nﬁ.n-dinrnsionnl broblen by ,g.tgng

iad
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that if equality constraints are to be maintained in an n-dihensionnl
design, only zero tolgtnnce is néteptable on each of the n pa?ameéern7 i,
of the désiah.f As alfesult qo atfcmpt will be made in this tolerance
analysis to impose cquaiity conétiainfs except mﬁyhe at the desipn center ‘
‘ ~ i
valued o . - ‘ ‘ ‘ - #
 The n-diﬁenéionn&étolcrance box mentioneq'above‘is reﬁlly é -

tcétannular hynerparallelipiped, but will herein he called a 'tolerance

box'. The tolerance hox may be defined mathematicallv as the hvpersurface

(r.2-1)
vhere 2>0 And {s an even inteser, e>0 is a parancter that controls
the toiprancr‘lox erovth aﬁd I - [cl. cz, seer Ty ...,r“]T is nunre-_
specifind :olorance-voctbr. If the linitinp case i« énrhnrnrilv
ipnored: and a=Y, the wemarsurface (A,2=3) 18 a hvnerellinsodd, but
‘“1f o ;s alloved to Y a larpe evén inteper, the corners of (A.2-1)

tecore vectanrular. MHence as awe (A.2-3) defincs a tolerance tox »-ith

Y

. »
sides vhnae lenrthe are 2-::151. The hox has a center ® and & i anv

point on the surface of the box.
Tt {a desiratle to exnresas all of the cornera of the tnlerance

s .
hox in a concise forrula. There are a total of 2" such corners for
- : n <
a prohlem {nvolvin~ n paraneters and so an n x 2 natrix {s renuired to
deacribe all of the corners of the tolerance hax, The corner ratrix ia

then written as

#

h
o
L



- n ! - : . f‘: a
c A tele?...c? -
A (a*e* ..o" 1 + Y4 az

(A.2-4)

-

L

vhere the lenrths of the axes of the htox are given bv the dtapaual

matrix A which {8 exnressed as

r I \
#
n 0
€%
'
0 r2§2 ses N |
A ¢; 2¢ . .
. o) b - \.
. &
n n - - » C 'tb N
| R (A, 285
.

1 -l l -1 1'-1 1 -1 -.."1“"1
~ 1 1 "'1 "1 l 1 -1 "1 .tl-l -1 . "

VU P UE TR SRR S0 QR0 G G SRS PR I £

B 20 N I T U S S U S S WPPPEL S to1,2,...2"

[+3
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Hence

+ A, = -
01 c:lol ; cglbl ces ﬁl rclol 1
A # #
65 + cczﬁz by * cc26; Ceee o - ccéﬂg
* ’ * * ® . ®
A, ‘ .
.. 63 + ceghy . 9y 4 €£3°3 eer Dq o= regly
*t x A
- O t e, 9, * ccaoz ces 02 - ?fa°z
L] A [ .
. ~ . . {=f{1.n
A: + ccn“: ﬁh- + re *f,u... *: LI S S, )
. n nnt. . |
Y - ’ a ’ Jt-Iliz ]
.
: ¢ + ¢ Z
- [¢; 1 e, !
1 2"
Al S ¢ N n” 1
alety ; :
= e={1,2) _ : B - (7A.2.7)

wiere the colunt wector €F for twl,2,...27 is *he t" corner of the box.

Note that the rartfr 7 can he penerated hv the sa~e arineinle that
. : =& . -
fovernsn a hinarv counter, There are twn staten to W accaunted for;

L]

+1 and =1, All nosaible cofhlnatibns of n of these “Maary dieits vieldn

°

M grates whiich rav R pencrated sequentialle Yv a hinarv counter,

It 17 easilv seen from (A.2.3) and (A.2.7) how the provih of
4 e . - .
the tolerance hox can he accorplisied. The axes of the tolerance hox

are wveirhted accordin~ to the exnected tolerances teq and the srouvth
/ . .
of the tolerance box is controlled by the parameter c¢. The naranster

¢ ia piven an {nitdal value qﬁ!éh in alnnﬁT :crorand in aradu&llv

~r?
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. £
increased until the tolerance hox can no lonper he prown inside R,.

It is also desirable to shift the desien center value 8", This {s
acconplished sirmultancously with the srovth of ¢ hy using a modified
format of the sequential unconstrained nininization tecﬁnique‘of anction

o

A.l. In this fofmnt R {3 a coﬁstant and =c is mininized 1nntnndjnf'n.

!

: m+2ns . . q . 1
pTB(otcibiair) A -c+ !,rz . - . - + f-ls }: ‘1"{?)' .
- . L 3= ey, Tyey )] vey % |
’ o= . Pu?b
o
Bu=h*

darnt 1
r - T ..MZH!&! -'
-l-!rI I -1 ‘
| derl l f=1 _tv,(g.r.mn_}

-

Fmi

| - . A28
A Prp . ,. o )

]
—

g . |
vhone derfvatives with respect to the elerente of 87 are .plven by

-

/ .
: - I (0)]
AT { Thins Y- 3”1(3'r'°i~} 4T w (a)‘h? - |
—_——T . }"!. . T e Y " —
L ’ 2 » : . - . & ’ !
- | . e
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. q
n -
O_CZ ‘ A /
= 42 : &y h
s — Z ™ ns 1 ; gj(~or0°13). qoi
- - 1 - 2 ' ' . |
ol R R ]
: ' ' : . < ) B-.no \
(A.2-9)
‘vhere
- 3‘51 -
.._-;—- 1 + EE{“U:,
3"'1 : { ]
1'i.2.-|-“ |
‘ t-l.'z....znﬂ
, C{AL2-11)
"
Sinflarly, the derfvative of P with respéct to r ia eiyen bv
"
nar 2" T '
Wy, B ISR = ' [v ©® B ')‘! f 1
——————— T - -r - . -
o { 1]" L—! I .‘*—ﬁl‘- .-” -. .9" '.' w——
ow A ® o4 3
g i=1 l".i(..n . !'") J i e
| . oo - } 4
/ _'-‘0‘
. . (A.2=11)

o .
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where
BQi ‘ .
. — =9 2 )
i AU LT LIT N
i R L]
1 =1,2,...n, .
' £ ='1,2,...2%
ST e | '(A.2-12)
_The oh{ectiveﬂiﬁnction PTB has m'{néqualitv constrnints and q
cquility onstrnintq such that thcég-constrn{ntq are innoqod on the.

norninal dosirn vector 5 .. “ote hovever thnt onlv tho 1nonunlitv

. . .n
conn:rnln:q are nnn}&ﬁd to the corners C » Where tel, e o Since

t
the equality cohstraintq represent thr intctﬂoction af hvncrqur‘qcoq,

r

and the tolorancc nfollcem invnlvcn a hvncrvolu-ﬂ, one can't hone to

._qat‘sfv the cnunlltv cnnqtrainta at the center of thc hox nnd corners

e —

' of the bow as unl}.- 1f oqunlitv conﬂtrnints are tn ko {rnnqr# a
compronise rust be nale hv jmposings the cqunlitv corstraln:n \at t“
center of th§ hox.onlv, Th!u could linit the size of the Yox {f
th; equalicy conqtfnintq can he aatiaficd onlv near the edro of R&
but this “ia what the afore—cntioncd conﬂro-isr s all about, The
obiective function. PT alloua ¢t to prov {ro= a very qnnll ponlttvr valuo

to as lnrro a value an nnsaihlc vhile 21l necessarv conatraints arn
salntatneds 1t in het:ar if onlv lnaﬂnalitv cnrutr;intn are imnosed

. since then the tulcrance box vill prov to a larrer s!ve and lnrror

{adividual paraneter tolerincea 9111 he allouvd;;-tf‘enualitv conatraints
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are also required, thev must be impoqed onlv at the desipn center o {f

a tolerance hox is to he prown at all. Sincé‘F-B thrdhnhout the nin-; _
i K

imization of Pr TR all the COrnerq of the tolernnco bhox as well as the

-

'mominnl desipn (ccnter of the hox)«lie inside the nccontaHlo rgpinn R

A
throurhnut the winirizntion nf PTB; whnre P=N, 1s suhstfﬁnted iﬁto unncr~ -
nnd lovier hnund conqtrnintq Rv(;,P) and S! (n, ) Thg exiqcnnce of
continunng_ﬂg;&ﬁntivns (A.2-9), ( A 2-11), and (A.u-l?) nllou« the use nf
.thv P;Ftcﬁvr-PpwnI1 5inin{znt16n tnchniquo to arrive at a rin{ruv for 7 ; B

-4

had t
o . - [ 7 i

qutcllv. Theso Hor#vntivnn'ex{sn if the rnquifed partial derfvatives of
the roqnonqa fnnctinn and all conqtraininr functlonq otiat. 1f this is

true, then P_ﬁ is a-snoo;h-and conginuouq_fnnc:{on,qunpt at the hound=
e L - S E S .
arfies ol \\o - : - ; - | :

nririnnllv the nrnhlc" -ith tolornﬁcv nnalv«lq tmq th1t tHn

t

<

cn*ﬂutnr vAs nllnvoﬁ to dr11 with nnc notnt of nafarn:or nn1ro‘atm66cr.
Tho al?nrithn dnf{nnd ;; 5A.2-3} allaws the cnrﬂu:cr~£n;cnno'utth Mo
3 noints slhui{nnépusfv. ahﬁro :"'1 ¢orncfnl;rn-involvgd Alone vith e,
_ liovever, oﬁé.nﬁbdlduhﬁjnunrc-ff snﬂéléf k;rﬁrsgirrn that cbﬁldlﬁfp
i cncountqrednwith’fhepb-zh.+‘1_poin;i._r'lpurr-A.J {s a 2~dircnsional
- f1uxstration of notential hnzardq that- cnuld_hé ;ncoﬁn:hreﬂ f{ "Th in
not. rinisized nfn#erlv' . |

o o

-, Im Figure, A.Z-Z o‘ and 0 both reprcscnt ainimm values ' )

-

of T hut o 1en !n an nnnccep:ahic ro*!on due to :hr sloned conntratntnr

Yine vhich enters the ror!on enqloced hv the foasth{ltey centour - Iahallr

)

‘!-0 *he nrxt kent attatnnkla Flnirun near 0 1 the conatrainsd. rinmnm

L

35(“‘Rourvat. 9‘ ohviousle l!es in a lrsq tennitlvt ref!nﬂ than smlnco

o- .-

O . B
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EQUALITY
CONSTRAINT

EQUALITY CORSTRAINT '
LDMITS TOLERASCE POX GROWTH

N ‘
2K 6 R |

\J
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repion of & rather than &7,
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7
N

near 01 the fensihilitv contours with nenntivé.values of P are spread
arthor npnrt fron oach other than the sane contours in the rogion of

85 and 06. Honce it would he preforahle to prow a tolernncc hox in tho
1 5 Either 8! or 95 can he ohtained as suh-
€ ' ; ) .

‘optinal desipns bv the nethods outlined in section A.l. The methods of

; best desipn. Alsn, the mini{rization of B to its =oat nepative value

£

A.i do not necessarilv cause the: least sensitive rcnfbn,of naranbcgr‘
space to be selected. As ncntiqpédJahove it 1is desirable for the repion
of ol co.hg chosen In préferfgcn to the repion of 05 for a suh-npti;nnl_
desipn. Also, the saddle point*@z should also he qulded'for redsons to
boAdiﬂcunsed shortlv., These nhjectives can he achieved hv‘uﬁfno thcr
desénhitiz#;lon rnthédr‘in the aforerentioned literature or by ohraininn
various splutions ﬁv trving_thS.rnthnds of Al frﬁﬂ variuus_snﬁr:ln:>
points. A tolerance box can then onqt}v he rrown fron chchlsoiut!nn,

and the. center of the larrest tolcraﬁéc hox can then he chosen as the

intures that nointa such an 2% of Fleoure A.2=2 are not chosen as & sub=

-

optional destipn., ‘Qalokvlodqtv satisfies the overall desirn snecifications

" on the response Wndtinn F(8,%) hut it (s mich manjer to prov A tolerance

T ) 5
box fron a nore Cent?qllzed voint =such as 0_ or 01.
1

In ?1ru;e A.2=2, 02 repreucntd a saddle point and 03 {s just

nnozher nccrptnkle noint in n\ near :he aaddle point, The provth of a’
tdlerance hox fro~ either n! these sub=ont {nal deﬂt:n vnlnrl rirht rrtult

in the tvpe of tolerance hox shown enclosing these noints. First of all,

"
-

: . ® :
the cornert of the “ox as well as the center of the Yox ¢, lie in 2,

but ohwviously there are cer:a!n'botntn vithin the hox that lie oute!de

+
PA' ard the alrorith= defined %v \A. -3) ¢a not avare of these WaJ&.s.

5 5

2
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The ahpded area bf the tolerance box represents a loss in prqductioﬁ

line yleld aﬁd-auchli aituation should be aveided. The initial

’ dégenaitization of n‘dcaign'rcduces éhe chancés for this hazard to.occuf.
It in Figure A-Z;Z the suboptimal a:arting boint to be used for. folerance'
- box prouth 13 1t1e1f in the nininun sennitivitv reglon, no prohlcn of
yield loss exists since this rcrion 1s ‘not only larger than the repions
near 22 or‘fs. but the B=0 feasibility contourlhas no narrow lohcs wvhich

) . . . . Ty -
can protrude_into the tolerance box. That 13, the frovine tolcrance hox

J%f{‘?ot be. in a constricted region as shown in Figure A.2=2 but will be

in a broad convex repion vhere it will n;t cncoﬁnfcr the naddle point hazard.
The par#ncfer ¢ should bte pfown"to as lérre a value a3 fossib}e

in order ‘to try to attain the desired tolerances. The lennths of the

sides of the tolerance box as defined bv (A.Z-S) indiecate that-{f c>1, 3

the expected toler1nces have not been achlcved. Since uathcnaticallv,

there are an infinite nunbcr of va¥s by which the aidcs of the tolerance

box can be wveighted, it {a practical to {nitiallv selgci one set of

' allouhblé. anlintic ueights.{or the aininiza¥ion of.B and the grovth of -

" the tolerance box, Yor éxaﬁﬁt%. toleyqnée”ueigh:n could be sclected

_Vaccording to coat and availatility of tolerances. Another way éo.-elcct

these weights is to measure Ry with to!erancc neters vhich are reallv

just narrov tolerance boxes uith one tolerance unixhted at least 10g :1

over ‘all renaining tolerances. This latter technique wvas used tuccesufullv

in section -.3 of Chapter II To: obtain a set of tolerance unightl called

the opunm toleranceo set. These wirhu multiiplied bv the value of c“,
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obtalngd in growing a. tolerance hox with these:tolerance weirhts, pave

e : . ar . > :
the final optimun .tolerances for the desipgn and its imnosed constraints,

A

Another method of selecting optimun toleranéelueihhts is to

0y

employ the first order Rensitiyities of the response function F(8,9)

guch that

o - -
. F . o7 : _ .
€4 s, GalEe) @y ey gs: | () d
5 - e
. | | |
\ ~ - C2-1)
A o ) " I
. o

W m 1,7, 0,0

o (9 W) A the first order sensitivitv of F.{uth resncct to Oi.

i~ ' :

&, A the ith nn;hncter. ’

u2{ of La fixed.pagqmﬁigr used as a'rqurénCc.
o F : R ‘ ! v’ . )

te A unitv,

-

7(*) A a window function dcfininr the ranre of 4 [3F),

P

llowever, the cowﬂutation of this first nrder nhﬂroxination anpears
cumbcrsonc zomnared to the :olernnca nater ncthod sinca more. prosrarming
is roqnirod Tho tolcrnnco ‘mater rethod coploys thc samne n:oyfhn~uged
for tolerance hox rrou:h, but 1s subiect to the naddla point hnznrd.

-

- One mav alaro vish to~rrou a tolerance box vith the tolerances
. weirhted accordin- to hoth éost and first order. sensitivitv, ~The final .
. chofice of the atove technique for choosing tolerance weiphts ia left to

the desipners discretion, 1In anv case, all firal tolerances cec, have

to he rounded of{ to the next lowesr realiatic avatlahble tolerances {n



. | : | ' 210

o

order that design'specificntions are met, The final central desaipn &f
- must nlso'he rounded off to realistic availahble narameters,

N . As a final.corment, PTh mny‘hc sinnlified sliphtlv hv omtittinp

the first bracketed tern of (A.2-8) {f equalitv constraints are not
. ) . . * . ,
present. The evaluation of inecquality conatraints at the point & i= v

most unnccessarv, The corners of e* alone imply the position of 0*_sinéc

Q*

-

{s the center of the tolerance hox. Hence, the evaluation of the
. , . - . - +
Anequalitv constraines at the horpers of the tolerance hox fs sufficient

to grov the hox and determine o*,

- : ]

- »

v

AT Cloged Nerfong anAd f‘)ben Fnded Uneionu

hY

The contours of Figure A.2-1 and Fjgure A.2-2 {llustrate the case )

DY

of closed ncernntahle desipgn repions RA' whore cnch‘fennihilttv contour
. : »
closes onto {tself, Some desirn prohlens nnv‘inqnlvo»nnonAendrd feasihility
repions for which the fcnsihilitv contours do nnt]qlésc onto ther<elves
except' mavhe at i{nfinitv, v“urthérnnre the rﬁéion,RA rav hava_n;inrr?
or infinite width at the onen end. §uch a prohler aroee in Ehc tnlerhpce‘
an&lysis for CP\'dc;ign in ﬁcc:icn 2.3 of éhaqtef Tt. 1In such anen ended
accoptnhIn'éEslrn rerions, a tolerance hox can grog“td an extrerelv larpe
size wvhile the nararefcfw'df the ccntralfde tgﬁ fi also {ncrease in =a~nit-
ude, Ilovever, practical phvaical linita rustibe nlacod on these nararaters
and a reliahle,he:hod of nnthoraticnll# incorpgragjnr unper and lower

bounid« on the nararetern into tﬁo chicctive function P or the ohigstive (f)
Y

function F,n must ha used, ‘ W
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a

’

Upper and lower bounds on desipn parameters simplv fall inte o

the peneral caterorv of fneaquality constraints, and so terns'of the form

.

“l 1 N
™~ 81 > 5 ﬁ
15 S
: (1\-3-1)
- . )
and -
-1 - _...._.-l_-.— ‘
’_‘1 S
- P

e (A.3-7)

v A - W
can casily he incorncrated {nto the nreviously !rfined r inenauality

constraints. “otice that the derivatives of the-ins terms are finite and

A,

continuous except ar n; = 0”1 and 01 - 3i1 whern :hev<ronrnsnnt {rrosed

hnu"‘ﬁrivq on ?\. Thiq ¥orm of npnnrwnnd lower %nund cnnqtralntq vag ,

L

necessary in the otnct tolernnco analvniq aprlied to P“" drqivﬂ in

section 2.3 of Chapter TI, Very succersful resules uerc‘nb:ntned.
' e ' ‘

) - P
Ab Penaltire for Corners Durside of Ra B . .

‘Oceasionallv durinn the ninfhfz1t!on of P Tns 3 ninlnt'1t{nﬂ

u‘routino, auch as the Fiotchvr—°ouell quhroutino. 411 allo corners
¢

of the tolerance tox to :nkl stens outzide of RA. It ahould B re=cnbered

3

: thnr R has a fixed size eince it is defined hv a fixed chosen value of ",

and its houndaries rnprosont fafinfte values of “TP' M srither atde of
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™~

these houndnrios “ 1q finite. Tt 14 posaible to shane the ohjective

function PTB ontside of A into a larpe valued function with a steen

slope pointing downward into .R,.. This vns_accompliﬁhed by renlacinp

violated constraint terms in vTP with”nopnlty”ferws Tpy of tﬁh form

. . . +
- .

L1

SR L 91(3-“.¢5| EERGIRAL

vhich im casily differentiated to rive

S

T w['3p1(0,?,0)¥ '

T . |

KN ] ey J N ) S AR

vhere ri(‘...ﬁ)tﬁ vhen the 1th incqualitv cothrnint hnq Hpon violated,
Tests were ndo of this technioue via a e R4NN TR commuter on tgrro
senarate desipn exarnlesx, 1t unsrfnund that 1€ a startine ﬂﬂint for
minirization was {ntriallv selected ipsidc RA' and onc or 4ovrrai corners
of the tnlorn;cc hoxfatcppcé/nutsidc RA durinp 5 particular iéerat{on

of tﬂe rinini:n:{on nrncoés;.the cnrnerq of the tolerance tox were nlaced
hack into nA at the follnuinp ttaratinn. Mn the averare, results from

3 4cp1ratc nroblers lnﬂicnted that i:rrntinnq containine the above tvnc of

T -
" venalty term=s occurred atout 197 of the tlnn for large valuea of v such an
-15
r-l, and about 757 of the tine for r-r nin »10 ", Thin 1ntter value of T

vas the lovest value of T . uned for the three different tolerance hox grovth
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.

cxarples attempted, As was expected, as r vas reduced, ¢ srev and the

4@#

chance for more corners of the tolerance hox to step outside of DA {ncreased.

~Such a snall value of rpip ensured that every tolerance box prewv to a full

cize vith at least some of the corners of the tolerance box touchinp some of

the troundaries of “A'. Penalty terns.of the fornm (A.@;l) for vivlation of

inequality constraint boundaries defining KN nroved to be 1MM* succosaful

for the 1 cormputed examnles.

- A eeneral Tortran connuter nroegar far tolerance tox erovth in an

n-linensaional. naraneter snace vas writtdn by the author entodvine into ane

cormlete nactare the mathenatica of seetiodgs A.2 and ALY as well as the  f

nenalty' teres described atove. Anart fron this nachace it vas neceasary to
wvrite a =ntorocran to calculate the resnonse function and its first order .

nartial derivatives, Snectfle {pput data vas reouired such as valucs for n,

3
-

v S tLe sk, fy, e, &y AT, A8 well -as atnrtingynnd finishine valucs for
£y, T, nnd‘r. Alcn.‘ihe sides of the tolerance Yox. had te ﬁezénih“tn& and

so tolerance mvicht; also fornbd part.of tﬁts nccesaﬁr? tnnut data, Thise
schene enakled tolerance toxes to he grO\n for different dnqiﬁn'nxnnﬁicﬁ
vith rlnigkl effort, . For, each design exnnglc the bones unfo rFrovn seauent-
fally for increﬁonted values of T whiéh pave useful 1nfqrﬁntiopaakcut the

lirearity of *he desinn rerion. Tor ainplicity only uniforn aanniine

vas used and no irequality constraints other than those ariaine fron
_ - . . - : @
Y ‘L.-F§(+.P) and &y (%,F) were erployed . :

/
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A.S Comnuter T{re Required to firow Me Tolerance Pox

A et of six basic rules'niil re discussed to rinimizn the-c1ﬁe

required for prowinp a tolerance bhox. The tntal computation time top
. 1

for the prowth of ‘one tolerance hox can he anproxirated bv an expression

of the forn

t"""’l o [ a, + ﬂi'!",(ﬂ"‘:) +- ﬂz'n'ﬁn ]

7 o

. " ) © a
+ { [M] + r[z ) 1 + gonﬂg-}\ 1 . [2“ -+ “_] + I ‘: f-..] £
[ 4= ! St tay )
n " R W .
+ 11T B,) + 2ensen 1 - (2" + 1]%
1 ., !

- . : C
h +_[{§ 1+ zfng.bn+1}_- {27} enel Jelov,

(Ac ""1)

.where

A, " timﬂ for {nittatines the comnputer orogram,

éx

1y , :
’ A) = averare tihe for éatahlishing contral narareterq, and the

inJ:;al valurs of the doqirn narxTeters, ‘the unner 1nd lower
boundn on_ % and the tolerance veirhta,

a, = tire for cornutine one corner of the tolerance rox,

ho = nvernro tirme fnr infriatinr the ca‘calnt!na and recalculatlnq
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of bTP and 1ts derivatives from the minimization subroutine

for nacﬁ.iterntion.

hj = time fnr‘connutigg each of the m injtinllv piven n1(¢.n,wis)

inequality constraints, ° . ’ '/
hm+1 = .time for connhtinp-onch pnpor ;nd lover hound orror-inoqunlit# .
constraint, = - ' i . -
Cr, "o function of n rcnrnsnntinﬁ tire requtred ;or cornutine each -

of tﬁé q equality constraints, ..

12 = 2 is an avérngc constant denoting the ratio of the tire taken

'tn caleculate toth ry and “r111”i to the tire taken te calculate

-

Fy alone,

I = an i{nterer renresentinge . the averare nurher nf t{rps‘,Ho

-

ntﬁihizinn subroutine calls for the nvaluntinﬁ of Prgy and {ta

derivatives in.order to fint a »~inirun valye of Prp 2t A
Ny conatant value nf r,

o
Ny =  the nurher of r values used,

and n, {, r, ns, ¥ and a all have thélsaﬂn reanine ar in (A.2-8),

‘Expression (A.5=1) annears rather cumhersone, hut fortunatelv it can he

reduced to . : o “
1} B . a

4, + KR Jene2R

tTB

+

[(ry + K)ol ] 2"

+ [.’.‘11 ] -

+

a Con . .
Llag +Sa)) + (b0 4 1) + KR4 g : €y} %)

»

R+ 2ennebgy,y) | S A

b
o
]
—
1y

-}
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and since By A9 Ay and aven ho mav he ipnored in comnariaon to other

4

more sipnificant terms containing E&' equation (A,5-2) reduces further to

3

trp H.{Ao + (A + Asen)e2M}ery, (A.5-4)

-
-

@

where Ao’ Al,,nnd Ay are cnnstnﬁts for a piven prohlfn. This latter
approximation to typ nav he used to pive insirht inte how one mipht nrnce;d E
to mininize his comnuter time for tolerance hor erotvth for n riven

parameters, First of all

| "
A =Py D+]
L SN
° kel
A
Aye Byel s 1), '
and — S,
. c o
A, = 1:'1_'!:\ 3

: o T (ALSA)

are all 1inenr1v-d¢hendent on 31 and hcncé 20 ir ‘Tf' Also (f no

A

derivatives vero evaluated X vould he uniev, Tolerance hox rrovth requites \

°

flrst'nrdor-phrtlaf derivativea and so X2, A, 1s the on1§ tire t#rﬁ

dependent on tho‘q mquaiity consttatnts.'qince theae cnnstrafﬁt!,vr;r.
evniun:cd,at onlv :hQAQggirn é;n;er value for reasons diacuased earlier,

lence rauality constraints do not use un a larpe amount of the tire

require! to rrow a tolerance box. In manv prohlers equality conntrainta

Pl
mav not even ha nreaesnt,

L3

‘Tt iz then abvfous that th'ﬂaQ he reduced linrariv 1t 7y s reduced

S .
linearlv. Fauation (A.$=1) showe that K; rav be reduced linearly bv 3

lincar reduction in the mmier ns of axraline ncirts %i‘. The =finimm

a

-
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required numher ns to define Ry nrecisely can range froq/2 to 20 or nore,
On 'the averape a lincpr redué;ion in ¥; can also he ncheived b a linear

reduction in thc n;mhnr n.of initial inqnunliEX;Fonstrnints'91(5.?,& ),

thouph usuallvy all of the n piven 1n§quality cénstraints ™ust he_used'and
a reduction in Kl hv the roduction'of n 15 not a feasihle alternative.
The best nethod of keepinp ¥y and hence A, ﬁl‘ and Aa anall anpears to

be the selection.gf a minimnm neceésarv value of ns, if one exists, Some-
t:noq 1t is {rmediatelv ohvinus fron the naCnre of the nroklc" that one

cxists and snne:lmok‘its value i3 alse nhvious. For less obvious cases

a low suitahle value of ns can bc‘estinatcd from a plot of f(A;ﬁ) apainst

-

o for the {nitial aub-ontiral desien 6:. 1f "(*:,6) vartes drasticallv

. l - . .
for the riven ranpe of values of %, then perhaps as ranv as N ar rore:

sanpline noints A1) rn nrceseary to renresent F(4,4) acenratelv in
{" L, Wt oin order that RA ia also accuratelv renresented. A reliable

neana of sclcctin: ns earnling points ¢, for cases vhen F(h,+) is A

“rrnoth and contiruons function of » and has na=1 continuous derivarives in

T

CIRIO Y he civen in #cction A.h. Confidence limite such as 90,07
‘" g .

reliahility or hetter uill alro he placed on t%e qurction of na,

ot

_The othor Owious rcnns o{ reducine ter in (A.5=3) 14 to redncr

1 or Npe aince te~ varfes linearly an ghe product.of I and V. L orav te

reduced by the aelection pfian efficient ninintzation aukroutine such As

the ?lcpéﬂer-Pouell cubroutine or hetter atfll, FPetcher's latest suh-
rautine called Vo131 can he uaed,. The gnterer 1 mav alao he arall tf the

put=ort (ral desipn " {« Alreadv falrtv well centralizad in R and acta

-
-

as a roo! 1tagzlnv noint for tolerance ‘hax rrnvth. Toalerance hoxen,

vhich are 11v1vn rronm while ® !n k| COHQ!GR{. e he rrenn qraurﬂ..1llv
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by incrementing B h" a anll nmount AR go that -5 nf,gach—prmﬂmm“—”‘—f—"i—ﬁ“

tolerance\bog\EEEg as a rood scnrtinp noint for the new hox to he grown.
This was attnnpted hy the author with 197 success in 3 desipn oxwmnles

for various chnqen quh-optinnl deqirnq ¢*

'.ﬂ

-~

 The mrber of r values e ean be reduced sipnifjcnntlv if at fi*st,

not too lnrpp ‘A qtartinﬂ valhe of r is chosen, and qecnndlv, if a test

{s'made during the corputation which will stop reducine ¢ bv a factor of _

19 vhen ) : - ' o
'- ‘Le <10‘d ; ’ - {A.5=5)
. c .
vhere ﬂc‘corroshondn to the éﬂXihuﬂ.{ﬂé}FEEHtqfﬁ*ﬁ;ﬂh¥4iand_uhén—f is {\

decreased hv 1N, nnﬂ here d lq an lntrvnr chnqcn at the denirnpr g Afec=

cretfon.  Sona tvpical ncccnlahlo v1tﬂﬁ€fknr 4 would %o 1, 4 or Se

Powveyer, fn the désien rxarnles nttr~htnd . the nuthor no auch test vas
rade durinp the execution of the corputer nrorrar ﬂiﬂCP the tnlcrnncr

boy rrowth nroceas was h¢in~ tented for the first:!ro and unneceanare

- -

camnlications vere nvoidod. *hc rcsults qhawr4 that for variatioas in

! - -2 - .
r from 172 to 19 15, 107° ta 10 15 and fro= 177 1 to 19 lq_in lncronnntq
“of 10 x, the latter ranro unn hetter 1n terma nf a low atartine valua o‘

“

r, a low flnnl value of r, and alao a snaller vulue of M . "Too hirh 3

utartgnr value of r caused the toler;ncc hox tn'rroul” URNLCTARATY

slov raic nf ftrat thus cauainr 1.to he larre, Ev}ﬁfﬁallv a guttahlr.rl
_value vasn rcacged vhen the teleraace hox-grrv nntcklv;fbuz auch tl?e

- delave wvere undet!rakle. The ntnrtlnv v;lue reln -2 snaeared to ke auite

suitatle Ior tolerance hox grovth, The final value r-!ﬂ'1S cnrroqnnnAed

»
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approximately to d-5 and a.{inal galue of't-lﬂ-lo corresponded to d=4

~which was an oqunllv quitnhle valun of d in tornq of yaccuracv, Henge'

3

suhqtnntial time snvlnrq could he achioved for these tolerance hox rrnwthq
bv allowinr r to range from 107 2 to 19717 {n increments of 1N x.

In rgneral the computation tine tTﬁ‘?og the prowth of one tolerance
Pa L 2 . g . ‘ .
¢ Jhox n1v be rnducod hy . ' : o . E !

v

(1) qnlectinr a ninimun renuired ‘value of nA for 99,9 rolinhilitv ' e
or anv nthnr acconrahlo confldoncn 1ovp1 . , '
(2) reducih Y v nd1uqtinr the initin] vnluc of r as outlined 1hovc,

_(3) reducine ?r hy uqinr nqu&tlon (A. S-S\ 1q a tq?t condition with

d=3 or 4, .

(&) rodﬁcing T h§ enqﬁrinrthq&ith; intt;nl valur or r {s not too
..larro and | rK .ﬁ}l' - .o '1f - - k:
(s ;rducinn T bw ;neurino thst an efflcinht'ﬁiﬁtﬁ{zntion qghrnutino
ruch as ?lntchor s vuwnl nacknyc is. used 1' T . . v

() rcducinv Tt nrnvidinr a rood ntart{nr noint fnt tnlrrnnco hox

_ prowth hv tnttinllv ohtaininp O for a nrpative valuc of R nnd

[
<

. ‘_ then rrnuinr a sequfnce of tolerhnce hoxes hy incrcrentlnn B fnr

each new hox, - ' S

As A fiaal corrent, there ia ene pajor fact that rust be faced ahout

Al

tolerance box rrnuth. There are 2“ corners’ at vhich the resnonse

n

function borfurraﬁca “1x to be evnluated ind this fact leada to the linear

dependance of tTB on the (actnr 2% As shown in (A, 5-6). Alno hartlnl

: '

drr1v1t£vrs of PTr vith-feshect to ¢ lead to the linear denendence of :Tz

on the fnctor ne 2R, ‘his meann that a S varaﬂeter nrohleh i1l takc

4

~

about 88 tiron as lonp At a zfnarapetpr'nrohtcﬂ. A1 naraneter-prohleﬂ

- N -
: R . ;
- - e . -

¢
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1

vill tale about 2816 tinns.ns lone as a 2 parameter nrotlem. Tn otbher
.. ‘ . . » 2
wrds if a 2 parancter tolerance box prowth aceunies 10 secondn of

. _ . . Q
computer CP time, a 5 parameter prollen should occuny atout -1 minsi’8 sec.
—

of CP tine and a ten parancter prollen‘nhnuld‘occuny 4h nin, 56 sec, of

'
, «

corpiter time. e can therefore sce)thn need for usine the above six
. ' - ’

rules to reduce tTB‘ If thcﬁrulcn +i11 allov r™ tima to le reduced tw

-

: . N F . ! g .
even a factor of 10 a substantial ronetary savines v111 have leen

accomplished, Fxamnles discussed in section A.7 vill shov that exact

L4
tolerance analysis bty tolerance lox ororth nronises to rive very acecurate
a ’ -

naraneter ‘tolerance measures at a moderate cost to the desiener.
. : 4 .

.

11
St 2elialle Means of felectine e “nirum Pomidped Sustap af o
Coampnd {1 Pyt r L ARy, < 1. A Peant fenone
Tanplins Todnts, ne) wien T'I0 ") 14 4 Sonat! and Past fruen
AT R

. - . . . . LT . . “
"Function of . and Vas at leaar ng=1 Continnous Nerfivarfvee in

|*I.'°l“ _ . . RER U B

L
i

-
. .
.

How accurate {s this nev tolerance anal=ais® Howmanv samnled

N - . " -- .
data points are recuired to descrite T()R.“) to vithin an =" corfildence

. : ; Co -
level over the interval [Ql,av]? P41l this alse deseribe 7, funt. ds

nccnrn:ogr’ Tt {r msuerested herein that in order ta deacrite A v

' sa=nlin~ techninues to vithin a nhcct'!cﬁ deproc of reltatiliey »%, a

rintmun reculred value of ne mist te found,” Theoret{callv, thia rav s

. .
]

accomnlishe! btv considerine victler or nnt a nolvnortal Y, {9) of dcﬂtfc
l’b [ ]

< .
n’ can te a mond fit to T(Qﬁg?héto vithin the <% confidence level over
. s . T :

s, Since a rolwnenrial

t't interval {w..ﬁv!fnr-d”?!xéd rul=ont iral deaipn

of derree =X can be deternined tv (n' + 1) sammled nolnta, 1t follova

0 Lo

b

.
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‘ - P o L ‘
that if this polynomial represents F(ﬂaiﬁ) to within n” in [wL.wU]. the

: i _ . P .
sampled points, (ﬁis,'F(ﬁg.ﬁis). is=1,2,...(n" + 1), can *¢ used to * .

" — . * ‘ -
dcscribc RA to within n providing F(hs,$) 1s smooth nnd.continuoun in

{¢L.$U} nndﬂhns,at_lgnat n' continuour derivatives {n'[%L,wU]. .If na

feprnsénts'the total no.of sannled points, a valuc of ns of at lcast
n' + 1 nust ke chosen to define R, within a% aceuracy. A typical.

acceptable’ value for n nipht be 99,97 {f exprcted final q&lcrhncns are

1

to range fron 17 to 107, This alao correspords to a N.1% curve Fietine:

__ o

A hipher leval of confidence {n this curve fitting nrocess nmav

e neleeted at the dnéf}ner's discretion. Nne nav also not wish to emplov

arror.

uniforz sanpling and as an alternative atrateric¥lly place some » samnles

{n renions nf'{ﬁL,ﬁr] where chanre« in r(!:.m).nrc‘nost critical with urner

\_’ :
and lower bound errors havine their smallest values in [ﬁL,wlT' Nasever

G, . o - . Co ’ . S
it appears that ugiforn gsanpline fa lest for tolerance box erovth, Tt

>

is not only simpler hut as will be acen from a patn qnualtrcr'drﬂinn;

.

manplinn defines RA reliable andluntfornly; In anv casxe the 23 and “pe

values of % ruat-alvays be included,, Also, a computer alot of ¥(*Z,)

tn [vp.i¢]s should be obtained an'outhkt"ron the proceas uacd to

determine ?:. Wth thesc prellnlngrtnﬁ'connlctrd, the nosthcritécal =

+
4

™ C ’
values are at least tnown for one value of !; and bne has an inteial
ruyens at ns; called L fme can then move on to the nrotlem of
seicctine the ninimun reruired enantitv na® «o that %, can te accuratelv

defined vithin the confidence level nT, | :

A ltnited approach fs described firat. 1In order to detsmmine



= ]

na®, consider an n

L -

™~ . , : ‘ '
rth order Tavlor series apnroximation to t'(4:~"‘,-") abput

the ccntral ] value, ﬁé, in the'interval [ﬁL,ﬁU] * The (n' + 1)tb tem

of this truncated Taylor series may be cvaluated at 11, nnd if this tern'
relative marnitude to'V(ﬁ ,ﬁi) 13 1e¢q chnn (1"h-n)7, thch nst=n'+1.

If this rclati;c narnifudc 1qitoo\i;;P;—thc process can te iterated until
ns* has heen fnund. Increasine or decrcasine the order of the polyuonial

Yn,(ﬁ) hy unite until the (1NN <) accuracy restriction {s just pet will

corresnpond to increasine or decreasin® the reouired nunler of sanmnline

‘points by unity ﬁntfl.ns* is found. This mnthnd.is interestine, tut is

onlv prnctical 1‘ r(¢q,h\ is eaqilv differentiated nanv tires, and a

v

sinp'c reneral forrula for vnch {n' + 1) tern in the trunc1tnﬂ Tavior

series oexists,

L)
I

" A second process sinflar to the atove method of selectinm ns*
for a siven value of a7 {s nore apnlicatle in cases vhere the natke-atical

aifferentiation of F(A%,") adth respect fo + s difficult tevond the ¢irst

1

order derivative. This method entails numerical di{ffcrentiatione of
1 - ~ . * .

-

= (a* <)} at 5, Such differentiations can o nerforned ruleklv and accurate-
[ ] c .

1y on a didital commuter, then differeqtiation n' times Helds a de-

. ' , . -
rivaylve p" (2.}, such that

J
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Y
- -

for the lamest wvlw of lw = wclvin[wL,mU]. then the minimun required

number. of sampling noints is

nat = (n' + 1), : . -
- (A.6=2)

This second gethod appears to be the*nimpléat“stﬁcc‘F"éhd‘D“"

—

are easily ™ "7

Ndntnrnined numcricq}lv and (A.f6=1) is easily calculated. Lntico that
condition (A.H=1) lecones nore and nore difficult to meet 1f the reeion r
[mL,wv] 15 videned. Then rpore samnline points are needed to reet the n7

rg}iability condition, . Errors 1n.h“' rov hounver te larpe for n' larpe.

A third different and more accurate mnethod of selecting the

Ainirum reauired value of na for a qpncified valuo of n* {nvnlvon t“o

une of the leaqtrhth curvé f{teine technioue {233]; A selection-of n' + 1
S _ e ' : '

: - Cepat
aanpline nofnts are inserted into a least nth nolvnonfal fit of v (. ,")

for of polynonial Y,'(%) of desree n' centered at %o+ The maxioum
percentare error hetuveen ?(5:,$) nnd v -(ﬂ) at these n' {nitial noints
is then tcvtcd for Iﬁ(n' + 1) sannlino roints in [4;,” ple TE this ner-

centace error is found to te less than (100 — 2)7, n' rav ba'rrduCcJ by

“unity and the entire nrocess {terated arain until the nercentace errot
{n the curve fittinr procers acrons { L r] exceods (lﬂﬂ rn)f. ronvrrf
snl\’if thia percentane error. i% greacpr than (1”" -_q): the deerec n' of

’ihe rolvnowiﬂl Y (ﬁ) nay bc-incrrnengndanionr vith na, and thefgpttrc .

Bt
-

nrocens nav acain bLe {rerated until the percontare errvor in the ftt

*ecoren lens than flﬂﬂ - m)". “ken A correqhondinq miitatle value of nn
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has Yreen found since

fisk = (' + 1) - (Rof3)'

vhen
lr aft o
(g% = Yor(w)! 100 <« n
- - <
[ r(a;.ﬁ)T vy _
T . (A6 L)
is fust met. . . ’ )
‘ 0f thn three nbovo techninuesr, the first methol in the most
cuml.ersome one hecnuse of the need to exnress thc n' dcr{vntive in n

sinnle closed forn solution, The use of the leant nth

fittine techntnue
to find na* {ns the sccond noat difficult rothod tecanae of a nécd. for
conﬁidern%lc-prontnmﬁinw and commuter time for.the ontirizatlon process,
Tt {a lascd more on a trial dAnd error nrocess than theorv. The second
rmethod cnnlovinq nuncricél diffcrcntistion'is ainn%v a nrnct{cﬁl ox:on?ion
of the curnhersome f{rqt rethod, qinca h“ (" ) in nItninnd bv a ﬁqyerlcal
nnnnn'rhthor-chnn'a forrula, In surnary {t ahould be cnnhaai-cd that

. : ‘ -
the three nhovc rethodn of helection ns* are onjv.suzncntions.' fnlvy thrern k
" desaipn oxnnplpq have hoen attermted fnr teatine the nev tolerance hox

protth and the above surneestions are ha«rd on the linited ;xnrr!cﬁcc
nbtained Lith thene axnnplc«. ¥or uinpllcltv 41t appears that uniform

nannline ahou!d te uaed to deternine 7,. !t alao anpears.that the canfeat

~ethod teo obtain not . {a to allov the comnuter to calculate ﬂ“ )
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-

R . ‘
by incremental methods after #g has been found. Then ns* can he dis-
» - . *
plaved automatically alonp with the. solution 6q. In othervords, the

-

ninimum number of snmpies required to represent E(O:,m) and hence Ry
within (17N ~ n)7 accuracy bv a truncated Taylor series abtout v, can he

) [ :
determined in the same computer run used to find 4., Also, a computer
. s ‘ : N A
1isting -of each tern of this Tavlor series about *, un to ns® terns -

[}

vould provide useful information about conversence. Tt should ke rerem

hered howvever that“F(“:,W1 rmust be’ smooth and continuons in Tog il s s
Tf all of the atove nethods do not annear attractive to the de-

‘sipner, he still has tte optien pf'gfowing a tolerance hox for various

valuer of ns, and compare the results. Tiis nrocedure nirht hovever he
- . : ‘

coatly if a laree nunter of paraneters are involved in the desien,

-

A7 . Fxarmnlesa

»

Two sinple deripn eoxamnles discuased herein vere attertned in

a 2=<dirensional parameter .space {n order to test the nev alroritin

{n relation to a simple 2«dimensional reeion Ry, A third 2=dirensfonal

TP

coplanar vaveruide exannle wns also analvzed for tolerance, and annears
in section 2.3 of fhanter 1I, All three nprotlena vielded sxcellent
tolerance lox erovths within noderate connuter tiroa; 12 aeconda »er

tox. These three examples algo scrved to reinforce the concents nresented

sreviously in nection A,¢ atout the accuracy {nvolved ‘vhen Ty is defined

ly-h finite nunter of aannle ‘dafa points 1ﬁ’[ﬂL.ﬁpT.

- "

-

A.7.1  Firilne,a Stratehr Tine Tetyven TiO Tinecar Pounviaries
, . . - i . fo)
Thin Zenarameter nrollen s nrenared as an inleial teat 6f Peyp.

L
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Firure A.7-1 1llustrates the task of fitting a straight line
{ ) )
# |
F(dgh) = &y + 9
. - - (A.7-1)
C
betveen — .
Pyl = %+ 2 :
(A 7-2)
and _
P‘ () = » 4.1 . \
. o ' (A7)
- /- o
over the interval .
[ !:,'L' .',E! - [ N » 51 . ]
(“07 -L)

‘A sub-ontinal desien van rasily found b placine ™(a,") anwhere
inside the qbnve Founded ngrfqrmancr reefon, Attention tmn then focn;pd
on the shape of the fonﬁi‘!*ilitv contours in par:'m'mter'apacc'. and ;the
. acceptable desipn renion PA!B-PO vhich the cnntodrslcnélosn for cach
“distinct value of!ﬂ.A - ‘ .L,/’
| \'%1Hurr A,?-z_illuntrntcn various-reelons hh fnrvcorrennnnd;nn
valuces of v r&nwihr from =1.5 té ".”-tn increrents of N1, .Flncqvn

strairht line {s a nolvnonial of deeree 2, and can te determnine! by

7
-

tie distinct noints, samnles ¢ and 7y ATe necensary and sufficient to .
' : ' : o
-

precisely define ® The use of any more samnlea in P 51 vould aisnle

A * L* U

e

rcprosvnt.!ﬁntrd effor:f%nd expensn, Tor the Fiven linear éothfa!ninﬂ

functinns'“t(*) and t‘L(--'-). Pun, Vence, the rerion rﬁclnqna v the fea-
athi{lity contours lakelled Pe0, corresnond to the Tp(+) nnd-TL(%) con=

straints tn‘}r inﬂonéd unon T{*,"). ™13 rerton in called “A'?-“'

/
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Figure A.7-2: Feasilility Contoura for Proltlem of Tittinr a ftrafeht
Line Retseen Two linear Foundaries with P “mghv frc-!

=05 ;o\}n Increrents of N 1 T : ot
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The rhomhic shape oF‘EA‘ia dctcrmined v the nonsib{e ranres of
A1 and Hy vhen the line V(f,%) is allownﬁ to chanre in slope or {ntercent
within thé upper and Io;mr toundary npecificagfnna. Tn(h) and PL(m).
Thn:tnp sidc.nf RA!n-q is dnterminnd tv hdiﬁihﬂ intercent Ay constant at
{ts maximum possible value of z.h'nnd_then-detornininn the resultine
possible range of th# alope &y, Similnfly; the botton slde of PAfp,q in

detnmined by Leanine %2 constant at its mininun possible value of 1.0,

and then asain deterninine the resulting nossible ranee of "*y. The left

b

side of the rhontic resion nAIP-h is found ty allovine 45 to have anv

peneral value hetween 1.1 and 2.0, and determinine the corresnrondinn slone

-

1 vhich causes T(5,4%) to just violate ?L(ﬁ) ar » = %y, for each value

A

of #5. Sinilarly, the risht toundary ﬂf-“ﬁ!p;n {2 found v allevine “q to
to acain take on any value hetveen 1.9 and 2.0, and deterninine the cor-

reapondinn value of & vhich will cause T{%,") to just violate Tp.(") at

' '
vy = '-‘-”.
\

A more concise mctﬁod of anininn RA for thls nroklem fa to

4

connider the upper and lowver ¥oﬁnd crfors-enis(g,v.aia) and ohis(f.v.uip)_
rerpectively in te}ws of %y and A, for a conatant value of T, [llere

fa = 1,230 = 4 and 5, = e T™:in 1eads to

e = fapy et sy e (A,74)

vy, * [a1a + 22] . = [25 + 2 4 W (A.T=7) .
R A RN A5) W

etz vy +1 =7 = [61w2.+ 521__"f (f.?.n)-

1{ the wnner and lower Found errOre ATe all «ct to zere, ant the wlnew

of

"y and 4 Are {nnerted {nto these four error exnressions, the bound-
- lal

N
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aries of P, are defined for a 'specific value of B, The four error

— .
equations mav then he réespectively reduced to

6y = B+ 2 - (A.7-1N)
| °z, = =55 +(7+ R - {(A.T-11)
- - 8, =1 =P o AT

T

These resultine boundarv esmuationa bave leen indicated in Firure A1
. " N

for the case =0, N

. N ,

Tioure A.7-? also showva a fully erovn tolerance hox with .its
*
central nomtnal desien 87, . This aare Fox vas erovm from four varfous
n - . N -
? .

atartine points fi, QZ' Sq, and R&, vith 11" tolerance weichts for each

parancter. “otice that the tex has been centrallized in "y and han 7

a

attained a naximum size, - . ' o -.:

| Also ynf!nun tolnrhﬁca hoxes vnre srotm acrmuentially with these

sance tolerance ;cights from thcno.nanc-ntnrtiﬁv nointe by {ncreoentine ©

for the rrovth of.oach noew hox. The resulte of these seruentfal tolerance
: A

box prottha are surmarized in a plot of ¢ va T {n Tleure A7=). The

rlot turned ont to be a straipht line I{ndiecatine that the direnatons of

révion_HA vere lincar vith renpéct to, *. The nlot of c van P frn;euvntrd
a au~mare of the tnlernncn'inforAAticn for the alove defined nradle= and
could te uéqd to deterrine ¢ for any riven value of F hv {nterrolation
vithin the ranee éf P values tenteidl. An van mentioned earlier, tt as

rore econormical to obtain a net of tolerance loxes for tnerermental valuen

AL .

of ™ {n one commuter run. For thislqlrﬁlr'g§o¥lrﬂ, the averare.cormuter

-
&
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. ¢
v

L F | ‘ \ o :
time per tolerance hox vas found to b about 1.6 seconds.

The shape bﬁ-tﬁclhyngrsuff;cc PTB‘Abovc R, for this niﬁnlc
problem was o% rarticular interest. LhaJPTn smooth nﬁd.coﬁttﬁﬁouﬂ aféve
Rp? Tipure A.7-4 shovs a plot of thc ohiective’ function PTF vs ¢1 for
various cnnqt1nn vnlucn of Qg "uith =N and rel, | Pvro, only error con-
5traints“wer; used to calculate PTB' o nther {nequality constraints

have reen included, Diroctly atove the enclosed region ® A' Pyp w18 found

-

o L}

P

to ta & F*ntto, smooth and continuouq functiofi of 61 and *a-.

J' . F—
A7.2 Cain Eaualizer Neaion

a

The follovine example 18 a simnle rain erualizer prohlen {pwolvine

an 1dcal onerational annlifier, 2 discrete reniators, ® and -P{, nlus one

2

discrete capacitor €y, A circuit diapran in eiven in Figur€ A.7-5:with

[

ihc deﬁier and actual perforna;cc curvén over tbé 1-2 Wﬂz 'rceuencv tand,
In nrgzz;fo hin!ni c conputer contn, théa. 3 dtnnnaion11 tolcrance prnklcm ’
' vas reduced to a qtnnln 2 dinenntonnl one- by connfd)rlnr the pcaline fuctor
R to te Inown co have nrocisclv unity rarnitude, An exact tolcgapcc
nnnlva!n van ncrforned 1n 2 dlneqntons on P} and ) nnlv. . v
| '[t was a sinplq natter to shov that the thenrc-tlcal reanonso

. o
“function had the neneral forn r’ : o :

™.

F(8,0) = 10 l.m (lea ! ISR L TR ) N S 1)

ll]

N, -
T
-

The-prollcn vas to fit this thcoretica{ roanonse hetseen

)
Y
{
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)
e - - 3 2
Py Is.mo + 5¢ 7 (A 7415)
and '
Fy(¥) = 4,840 + S5f | | ' - (A.7=16)
ot
over the interval. )
oty = (12, . (A.7-17)
- J o .! f‘
vhere L . : ‘ _
_’_ﬁ % = Cye .- - T (A.7-18)
Ve 62 ‘Rl. ’ 7 -- . ’ ) (Ac7-191§
and '7 '.. -l‘ ". ) <-‘ i . .‘ t ) g
S SR R W 1)

The upper nnd loucr bound errora’ were dc:ernined accordinn to cquationn

_(A 1-8) and (A, 1»0) fnr a fixed valuc 6f. F and ior 20 values o’ 4 in thc

intcrval of 1ntcrcst.. A toler1ncc bux tas then rro\n for eou11 tolcrance

veights on_ both 4y and pe | T
A tvpical examnle of thin aituntion {a depictrd in Fipure A 7-5 for

B« .10, The dotted curves at tHc left of the ftzure rgpreqent lover “ound " -
_ Ry

error conatraints and thc s0lid curves at ‘the right of the '1vure 1nd1c1te e
L . )
upper bound ¢rror conq:rnintn. In: the Ccnter of :he flpure, tbc desinn R .

reginn R, 1s displaved con:atntno a fully grown. .tolerance tox. This _ L




245

Firure A.7-6: Accentatle Desien Rccioﬁ R, for fain Feualizer Circult
/ - ,

vith B = 0.1Q.
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O . i

Fipure A.7-8: Plot of Maxicurm Size of Tolerance Box ¢ vs Roundary

L Value B for the Active Cain Foualizer Problen. vhere
q - .

: ' : ' 10 X Tolerance Rcightskhnvc been uned.
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" thi’ new nethod of tolerance hox srovth. Tolerance boxcn,can te rrowm easily

«
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tolerance box'can be grown from any point contained 1in RA‘ Motice that soﬁc
of the crror conatrainta are labolled with their appropriate frequency,
The frcquchcy was varied from 1 to 2 Mz inclusive, in increments of .05 Mz,

It should be emphasized that the tolerance hox shown haas the maximun size

‘posaiblé for thelindicutcd-region'n .

A seouence of such figﬁrcs can te pencrated by incrémentinn P.
This yields a net of feasibility contours as in Firure A.7-7, For this

latter fipure, enual increrents in the boundary maraneter R anneared to
. i o . ‘

cause ecqual increments in.the lincar dinensions 6f RA' A check vas made

of this by plotting fully prown values of ¢ vs R as in Fipure (A.7-8).

-~ .

A truly lincar relation hetween ¢ and\ R vas obtained for the above
doncribed lincar pain fittine nrotlcﬂi}) the averare, a tolerance hox

could be rrown to its maxirun sl:e'withig_f:gecondﬁ'of computation,

A.8 . Conclusions 7 o -

N The atove ;xnnﬁlcs have 11lustrated the precision and aimolicity of

and cconomically to rive cxact :olcrancc infnrmatioﬂ. M the nvcrave.

- .

conputer tiuen vere . an low aa 1=2 seconds nerﬁ?ox rrown for 2 component

problcms. A 3, & and 5 conﬂonenc problen could thcn have tvvical averace

computntion tines of & .8, and 16 sgeonds ue; box reapcctivelv. uith the
aid of the toltrance meters previously dcscr!bed. this new tolcrnnce
analyain technique can also prow tolernnce boxca 1n an nptlval nanner.
Furthermore, only a small nunter of thesc op:innu tolerance boxcn nced te

<=
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grown in order to enahle a praph of e va B‘to be plotted, WSincc this
o

graph may not be truly linear for some problems, 5 to 10 data points

should be obtained.

Thc_rcaultinn € vs Brgrnph, and the ontimum tolerance weights
reprensent the total ontimum tolerance solution to a piven problem, and this
solution can bc,@btained 1n\one ainﬂiﬁ computer run. In other worda, for
cach value of B imposed on the given problem, a value of ¢ in conbined
vith the calculated optimum tolerance veights, all npgimun tolerances are
known for a fixed value of B. This establishes a sinple relation of | b
optioum tolcrnnCeu.w;th Su(ﬂ)-and si(w).

The above results were obtained on a ﬁDb-G&nO dirtital computer. Thia

has led to n documented proerrarme which prows optimum tolerance boxes. The

user need onlv rupply upper and lover tounds, a reaponse function, the ﬁ
e '
nunber of parancters, their initial values, the firat order partial der~

ivatives of the reaponse function with respect to theae parancters, the

¢

' nﬁnbcr of manplinp nointn, plus a stiall mmber of control’narn:etcrﬁ. It
is aleo ponaible to inscrt prc—sclcctcd tolcrnnccn into the prorrnﬂ to.
penerate a nev c v8 B cutrve. ﬂ%cn ¢ has Proun to unity the grovth of
these pre-sclected tolernnccn han becn” achicved und the ponitionn of

SL(¢\ and QL(J) corrcqpondino to these tolerances hnn beon detcrninoq

Y -

The choice of :hc ont foum nuabcr of saﬁﬂlino potntn ns ts left un to the

% ﬂ,; drsirncr in accordance uith thc discusaion of acc:!on A.6.

: e However, there are tvo ltnitations vhich should be cﬁnhas!zcd

4
g . strongly, First of—nll, enualicv coﬁstrain:a nhould only be pln:cd-nt'
;
4

6 s and when thia is done, one nhould exnect calculated tolerances:- to ba

less than the tole;an;cs grown without these inponed caualicvﬁ;onqtrqin:s
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v

Sccéndly, anddlc points couse n potential hnznrd,‘since thev are difficult

to oboerve in more than 2 dimcnsionﬁ.‘ Dcniqﬁ‘dencnnitizntlbn‘G} technioues
found in the literaturec can. bc used to alleviate this problen, ﬁut a simpler
technique not yet prnponed wuld be to check the values of ep(®,%) and ep(d,y)
‘at the mid pdinta of the tolerance box that has frown. TIf either ¢, (2,%) ~
and cL(?,p) arc nepative at ;heae pointa fér nnvlsolccted frequency, then

at lcast one side hnn'prqtrudcd th? boundnf;ca of R,.

. A stratepry which nrous'tolcrqncc boxes by including the mid noints of
the box in the calculation of Pgp may then be used in the rcna{ndér of the
probtlem for the grovth af all subscnﬂenE tolcraﬁcc boxen._,Tﬁtn 13 a simple ‘
extenaion of what has alrcndv bccn nchicvcd nnd will roushly {ncrcase

conputer time by ‘the factor (2-n + 2M) /2" aince an n dinensional b0x haa

2_ gorners and 2+n sidea. TFor a 2 component problen conguter tine uould
double. A Bix coméonenf prnblcﬁ‘uould‘havc 12 aides and 64 cornera so
that comnuter time would bhe increaned hv only 18.8%. F¥or 8, 9; and 10.
"component problema computer tinc uould dncrease by anly 6..*. 3. 5:. nnd 1.0
respcctivc?>\_50. the problem of fcpaibility contourn orotruding into the
tolerance box in the Giciniff of a aéddle poin:-may be allgvgntcd-aicnifi-
cantly at a noderate coat. Fouuvcf;‘furthcr ntﬁdies need to te directed

touards the crcnnion of a reliablc moans of circumventino the naddle point

hazard nl:oncther.



APPENDIX B

- MEASUREMENTS WITH THE WAVETEK HICRO,STRiP LINE HOL’}I;I'S

AND Tlﬂ“l SLOWER HP 1415A TIME DOMAIN REFLECTOMETER _ )

ON' THE ALUMINUM COPLANAR WAVEGUIDE SAMPLES :

FABRICATED BY MASKING TECHNIQUES

-l
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APPEIMTIX R

rd

The slovrer P 1415A TNR éystom described in section 4.3 of

chapter IV vas used to determine average input reflection cocfficienta

+
S

for all thin filn CPW samples fabricated by, the maskine techhlﬁue of
section 3.2 of chapter TII. There included both series A and serices
sanples. Fxggndcd and unexnanded TNR traces vere talien 6n an WP~

Hoseley 7030A A reccorder for these scries of samples. The awntoly In |
Pl

a

represents the TDR neasured réflection cocfficient nahniCudc and t

represents clapsed return time.  The samples are listed o Table P.l vith

thelr réspcctivc'thin filﬁ}thickncsqcs tf, and . their corresnonding )

3

] . The .uncuparded traces have various svmbols and subacrinta
- ) . }

alphanumeric fieure labels, [

to {ind{cate the tvpes of loads anplied to the P carnlen for testine,

Thease are

- 0/C, - open circuit at the ‘CPW innut,

o/c - opcﬁ‘citcuit at the PV output,

(o]
A ‘ Olroo - open circuit at the end of the output launchér,
SjCI - ‘short circuit at the CPW input; -
.81€,, = short circuit at the end of the outnut launcher,

t 50 Q - 5N " load at the end of the output launchcr.

”.hc exnandcd traces nll !nvwlve the SN Qod conditlon and’ nre labelléd

- .

vith numerical inzeqcr ‘vubol« to 1nd1cnte najor rcrionq o' interest alonr

cach trace. These. ﬁnd thcir correspnndinr prqxagation’re:urn tineslare

. GR 876 to 3 mn NSt plunipluq adapter (’80 pa),

,' 2 / OSH 218 nale 1lcPIjacP adnpté'/lan ps),
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A ]

3 OSM 218 adapter, straight;plun/plug (150 pna), .
4 Input Waveteck terminal post (80 ns),
: ' ~
-5 | Coplnnir Havcﬂuidc;(&ﬂﬂ p8), P
6 Output Wavetek terninnl post“(Bb ﬁs) ' - .

Fipure 4.,3=-1 of cﬁaptcr IV {llustrated the experinental set unfdencribcdv

by these hig ma1o} nub@iyiaions of the test ciréuit. The return?

v

propapation times shotm above are assuncd to be only anproximate since

! - . - i . . N . . .
the riae tirme of the measuring swvatem was . as hich ag 150 na, ' _
' ' ‘ Y to- ‘ ‘ ’ ' oA v

.

The serien A aild series © snnﬁlns have “heon lnhcl{gdib{th :ﬁigid

/ ' L N ) . , .
tvo apsropriate canltal letters, A and €, folloved bv an interer, This

fnterer desienates the order in vhich the samnles were fahr!cntod; In
- - v o - './ .
caddttton, sannle Al vas nounted and mensuredstvien, and aarnle A2 saw
o .2 C ) .

- .

P

rounted and measured three tines,  Thede nountine conditions tere indicat-

"ed by the use ‘of numcrical subncrtn:s: 1;:;1.*-Thin_nbén4tcod the ef fect o=

' -.-i*r"i
ness nnd rclfaﬁilitv of :hr U1vctol nlcrnqtr 1] ctﬁcrirentnl nnunt for rount-

O

inv CFN sannlen to }o atudied, : ‘ ‘\ . :; - -

Tor a 50 4, terﬁinntion, qanalc All eave: 3 peak rcflectlnn cocfl-
- N <
« . fletiont of 1&, hnt vhcn moun:od and nennurcd a,sncond &iﬂﬂ a prnb ro‘lrct—/

.’ . ]

jﬁﬂ“Jon‘confflqlont nf .257 vAS pbtalncd. *rncrﬁ for A’I, Ala, and A2 Iy.shov o« 7

1

) @

) & - b

‘%iﬂilhr-vnrihtioﬁs;- *his fndicates the dif’!cult{cs {nvolved in rountin=

- -

o

the serfea A and series C qunplcs \dth thn tavetel n{crnqtrlp Hﬂuﬂt.' ﬁnc" -

b .
. . K
—_— o -

vneonrvcr qu!te sure. chat the bent nossihle electr{caf‘contncts vere bcinv -

5 R -
L3 a-

| rade” thc firn: time a sanple vas. mounted. 'everal :rial and orror a:teﬂn;s

(‘

nure‘ng;esuary on nll\snnplen.i This-protlem ini;in:ed the deqivn of pronor
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- - 1
- B i Y ¢ o _ ..
Sample Scale = - £ (A Fioure [
Al . Tmexpanded 0,79 & 0.098 RALL1- K
BESY: ~ Expanded - 04726 + 0,098 R.Al,2-F
A2} Unexvnanded 1.015 % 0,125 T ORWAZNT
A2, 'nexpanded S 1.015 = 9,125 - - FA2,20
A2y . Unexpanded | 1.015 = 0,125 C RJA2.3SU )
A23 . . Expanded . 1.015 + 0,175 RiA2, 38 . S
A . Unexpaqdcd' N.4383 & n N34 - S RJAG=Y N
A . Expanded . D438 & 0,054 RJAG-E N
A3 .. ' Unexpanded. . 1,330 = 0,164 -~ P A3T
A3 . Expanded - 1,337 = 0.1n4 - r_A&}pK\' f
A0 . Unexnanded. .11.606-; 143 L RJAYALY :
A0 Fxpanded 111,690 £ 1.4 ¢ CRIAMAer
All . . Unexnanded 3.44° = 0027 B.All=T
A1l -« Expanded: 348 £ 040y 5 S BuAll-F’
€2 Unexpandod 1.357 = 0,167 . p.e2arT
c: - ' xpanded = _ 1,357 & 0167 2 RuC2aF
cy - . VTnexpanded 3.905 & 0437 R N
o . Fxpanded 3.605 20,481 %7 R.OYNE
ci - : I'nexnanded 4,503 & NSRS L RUnSar
& * Expanded < 4,593 = n565 - PLC4aF
rs ' © [ Unexmanded : 11.57 . ¢ 1.41° ; POSH - . .
¢y Expanded =~ 11.50 £ 1.4 . - R.OSF S
cHo, 7 : Uncxvanded . 1,133 = n,130 B P
6 - rxpanded . 1,133 = 0,130 T RLCA-F
. . o

- Table M.t .Liat of Sanples vith Their “eanective Thin Filn Thiciness
" tg, and Thelr Corrcepondins Alphanuneric Tleure litecla,

)
ia

CPU launcacts, vhigh verce then used to mount and measure neries A=~ and
_ . s o o - . ' i - ’ o o
seriea FCO= CPY samnlen. The results of these reasurenents are siven in

Anpendix €, The new CPW qunchrq;;,dr%triﬁad {n section 3.%ﬁf{-r¥anter

- 111, enatled the mame TNR performance to Sohtained ejpch time & 77 nameme

- t . / V ~
le van remounted for. teatine, _
"’é’ . .ﬂt ' 7 - ‘b’
e s
P
., . o _‘ l 'JJ\
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APPENDIX C

-

MEASUREMENTS WITH THE NEW COPLANAR WAVEGUIDE LAUNCHERS

AND THE FASTER HP 18158 TDR/SAMPLER -

ON THE ALUMINUM COPLANAR WAVEGUIDES

i+ ' FABRICATED BY DIRECT ETCHING OF ALUMINUM
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i

4.3 of chapter IV vas usgd‘to_detcrnine average input reflection

\fron-l to 7, _Thoir neaninns nrq as {pllows:

chanpter V.,

280

AJ’Pmntx ¢ ,/

The faster HP 1815n TDRISAHPLER’systen described in seccion

¥l

coefficients for all thin-filb CPY samplgﬁ fabricated hy‘the”&ife&émJ R
N o ‘ ' . V.V - ' . ' C e “ .
photorraphic etching technique of section 3.2 of chapter 11I. Fxnanded ~

TDR traces in the region of interest for the series A~ and Bﬂn-léhmnlcs%

-

were taken on an HB-Hoselq§ 7030A XV recorder. -P-dth.exnandT and

unexpanded traces for meandercd lines !f1=2 and WZ-G vere alaso takeh:
. L]

Fipures C.l to C. 7 conn1in the performance records for the *- and rrn- ..

»

samples in order of incrcusinn filn thiclness. Figu:cs .8 to C.1n

_contain the pcrformahcc records for the mcandcrei'lincs.

Fach praph ts labelled vith_a.shnble‘nunber and cqrresnonéing'

—

filr thickness Cee The'svnboIS'lnrl and t represeat TDR noasdrod

cflection cocfficient naznitude anu elnpqed rcturn tine reqncctixc .

The varioxs TDR traces and thcir nartq are labelled bty the use of‘tntorcrq

1 . Mne Zs_gilgsubﬁtrate thickness ‘is used,
2 Tvo 25 mil substrate thicknesses are used,

k| Thrcc 25 nil subs:rate thicL1csqcs arc*uqed
e

4 Input er launcher.
5 CPW gample,

6  Output-CPY launchers

N~ L

o .

G 7 A teminntion of 51 n,

'he tnplications of theqc nnnsurcneﬁtn are presen&ed in section 5 2 al‘

N,

! ‘3‘”
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- Jo
. et

gThe uneipanded tracésﬂfgfhthe mf;ndered samples have various |

syanls nnd subacripts to 1ndicqte the types of" loads applicd to’ ) o
Pt P N . -
A the CPW samples for testing. These are . " o N Ty
. 2

OICI, - open circuit at the CPU input,

- 3
»

OICo - open circuft nt thc cry outﬁit.

o/C “3- open circuit at the end Lof the output 1aunche;' . -

W
-~
O
1

1" 3hort circuit at the .CPW inpuc,

SICoo - short circuit a: the end of the output launcher. .

t
3

50 Qoo- 50 Q lqad at the end of ﬁhe Output launcher.’

-

.

s w

- Thcse various loading conditions serve to indicate propnration tineq E

; throuvn thc q1mblcs and launchers as Hcll asg lndicnte the degree Lo '

6 -

of patching in each sanple. Thc a/c ﬁabta also rive an apnroxlnate

_Eeasurcnent of thchd.é. thin filn resistancc-plus d.c. contact: resiat- _

: *

. ance of each sample uhere suall uultiple reflections 1ntrodu:c Y

\.4

4E£Eificant deqree of error. For hoth Ml-2 and WZ-} the s/c test

yields a reflcction coct{tcient of -0 8, uhich 1ndicatc9 ] total d Ca-

& o s

resistance of qbout 5.5 0 for cach nanplb

4 N -
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APPENDIX D
The Singer instrumentation discussed in section 4.1 of
chapter IV was Used to measure reflection coefficient magnituJeé}nnd

" . N '4 , .
transmission loss in the 1-2 GHz freéduency band for 24 straisnt 1" long

-

CPW samples of various thih film‘ﬁhiékneéscs'and also-for.tm; meand;rcd‘
sampleg 1=2 and 32-3.- Iﬁ thi# anppendix the;& ﬁea;nremﬁntajhavo“hgpn
recorded zraphicéliy'for‘xeFefEnce nurposes, Their siwdificancéﬂis-
discussed in chapter V, séctionls 1. lLepends have bcen nlaccd at tHc
right of each grnph to enatle thc identificatio; of cach curve- in relation ’
to thin filn thickness 1n kﬁ.'

Figure D.1l sﬁmmarlzcs losa and rcflcétion neasurenents naéduoﬁ

the sgries of samnles fabricated by maskine technicues vith nast A from

"design A, and as a result are called series A samnles. The nunbers from

1 to 11 behind the lqtfcf A relate to the sequence in thi;h'éhe sanples -

vere fabricated. Mnly sanples Al, A6, A8, Al0, and Ald were tested in

s

this series because the other remainine six nanples shoied significant
sicns of specular aipration and ﬁete,noi consnidered suitable tolerance- .

vise. -
- Sk

Figure D, i surmarizes loss ind réfleétion'nensurcneutn pade on
the ncrios of sannles fabricated by ansvinz techniqucs vith wagk € from
dcsirn BCD, and as a result are dalled uer!cs C sannlcs. Hns‘n r"nnd ﬂ v

, \vre reiects because of nre-cstabl!shed toletnnea nﬂoclficationn and
[}
onlv rask € vas nccep:ah‘e tolerance-vlle. The nnnbern !ron 2 to k-

.

‘ﬁhlnd the letter-C in Piruro D.2 relatc toe the aﬁrucnce in shiich the

nazplcs sere fubricates. tanple Ly vas reiec:ed becau:e of n!gnif!cant ®

b . ‘o ~

E] 1:
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K

v "

specular/mlgretion and as a result only CZ.'C}. C&.‘CS and €6 mere‘teeted.l
Figure-h.3esemmarizee loss and_reflection dEesuremeete nade on:.

the series of samples;faﬁricated by direct photographic;etching from ..

design A. This series ie'cailed the d- series. For thie differeet | -.f

fabrication technique. thin fiims of nluminun of verious thicknesses were

s a

evaporated before etching and these films wvere given a code nunher in

-

4 g

the sequence in uhich thev ucre created. Each code nunber then reeresents
a specific thin €ilm thicknesq and is vrittén after the hvohen ingthe Aw'
series to identit;‘a qpecific qample and its correspondinz thin filn
thickness. nf the 11 thicknesses deposited seven were selected 1n ordera_
to obtain a wide selection of thin filn thianeqses for the 1nventiration !

of the effect* of thin filnm thickneea on attenuation in €PV'g,

Figure D 4;summar1zes loss and reflection measurencnta nnde

on the RCD=- series of aenples fabr{catcd bty direct photoernnhic etchine
from deeirn RCD. Each code nunber and corresponding thin film thickness N ’qf,‘
- is the same es in the A- aeriee.r the purpOSe here vas to elao study tbe.

-”relationehip between attenuation end thin filu -hic?nese in rﬂu'n. -

h The loas. end reflection eeesurcncnts on the ruo ecendered lines
"Hl-z nnd H2-3 are riven in Figure D.5. Design Wl hee a segictrcular

bend and dcsi«n ﬁz contelna two right anrle bonds. The'code nunbers

2 and 3 represent the qane thin filn thianesaes found in the A- and nrn-; '
\eeries. These neandered line aeanurenentn arc of areat interest since

_the meanderinr of trensuinnion lines 18’ necenserv for the desipn and

febrication of nicroveve integrated etreutts, . . ¢
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E.0 Introduction ) -
: : &~

The Singer inetruﬁentanion of section.l.l ane the Hp 85A5A
autoﬁag}c networl: anelyzér of seetien 4,2 did not directly mcnsuee
the 1npﬁc.aﬁa output eeflectioeleoefficiepee of each CPVW saeple; Py
and p_ respectively. Instead, the modulus of the net reflection |
coefficient o of each CPV sample was measured in the- freuuency band
of interest by this equinment. Furthermote, the total nhase ¢ could not
be ﬂeaqured by the Singer instrumentation. A nolar plot of ) frcm the
8545A gave boch theﬁphase and mapgnitude of p-with respect to an 1mapinarv
calibrated refercnce plane in the frequency band of interest. In section
4.1 a theerﬁ’was“dcvcloped qu‘tﬁerinEerpretation of these heasufepentsl
in terms of ’L ;.oi..op-and the attehuation in each CP? sannle.
| Equation (4.1-8) allowed le]/lo4! to be easily calculated as a
function of frequency with‘ (lein) as parauetet. Sinilnrly, (A 1-9)
allowed (o-¢1) to be c51culated in thé frequency hend of 1ntcrest sith
a’ (" Iin) as. parametce/. Figures E.l to E.7 represent the rcsults of 3

theae calculntiona gtaphlcally for various sanple lenpths LY, and variou#

, relativc dielcctric constanca € .

4 N s

Fipures E.1l, E.2, and £.3 are for I long CPH sannles. of various_

.cf values. The ¢, value of 9.2 is a noninnl value apecified by the

‘nanufncturer vhercas the valucs 6 660 and 5.“’1 are averare vuiues

neasured via TDR techniqyee for series BCD-gand A- respéctivcl?. These
values are lover because of the finite substrate thickness used for

these-sanples,’

.:' "v
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I : 0
i + R

Figures E. & and E. 5 are for- conparison wich mcnndered qample Mla2

‘|

since the same linc lcngth has heen used in the cnlculation and the

sample. Figure E.4 uses the nominnl value of €y - and Pigurc R.S uses

t

" the TDR measured value of 7.}02.
Figures E.6 and E.7 are for comparisdn with meandered sanple

M2+3 since the same Iine lenrth has been used in the calculation and the

. &

M2 qannlc. Fipure F.6 uses the nominal value of €, and Firurc Fa?

uses the TDR measured value of 7. 063.

-

Fipures E.3 to F:1l each repreqcnt plotq ‘of by in the frenucncv ) N

band of Interest for fixcd valueq of n' with .Ic'ns naranetcr. Thoqc

plot" vere derived from eauatione (4, 1-13) (& 1-15) and (A 1= 16) of

-

section 4.1 in Chaptcr IV, 1In thesc calculations the canac‘tancc ncr

unit lcnrth € was liept constant at the. nnninai deqirn valuc nf 150, fﬁ pf/ﬂ.

&

Accordinr to (2 1 12) and. (2 | °), maintninino a constant value of ¢ and

&

incréasing 7LC is equivalent to 1ncreasinv € since zLC then varies direct- -

-1y vith (e, +1) . ' R - o B

. o '
The relationship of .thin f{ln thickness ty in kA to attenuation

a' hp/n and Pln is given in Table F 0-1, This will enable the reqults

- 2

of the roflcction theory from Chanter IV to he- conpared to=thé,hnawu'ed

-

Ip! values in Anpendix N for different thin fila thicknesses. The value

of t¢ in Takle F.N=1 has heen scalcd appropriately to account for the ”

¥

average aluminur thin filn‘resiaglélty neasured from the series A- and

ECh- sanmples. This measurement is described in section 5.1.3, Fhaster V.-

. . '
The averanc reasured reaistivity vas found to he 2.68 tines lareer bhan} o

Il
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T 3 .314'

. . o
R . 7 u' : . : tf (]‘.A)

(®/m)  (Cip/in) 50 11 wide 100 1111 tide
Center Strip  Center Strip

A 412 . 1047 0 1,34 - 0.67 SR
206 - .N523 2.68 .7 13
4.2, L1%T- 134 6.7
20.6 .M523  26.8 . T . 13.4.

Ta§1e E.0-1 2 ‘Pelationship of R and ' to tr in CPW'g
- having 50 mil and 170 nil Center Strin
Vidths, Assunine the losses in the
fround Planes to be Neplipeahle and
| .Using the Averape “easured Thin Filn
. Resistivity of 2,68 x (2,A2 x 177€) n-cm

for Aluninum at 20 °c. -
N ~

the bullk value of 2,€2 x 10-6 0 ~cnn at 20° r, .
. i . ‘ ‘

-
.

- ’

I P | Resonance In “ismatehed PV Samnles

A !a!l!bi! ﬁlot in the freecucncy hand of interest,and not lo1|:
Aééterp!ncg tke hasic nhape.nf the |a| ve freeucncy plots since ofnyg
describ&s the rgsonance'phcnoﬁena‘agsociatéd vith inﬁut_nnd outpdt f
reflections, nnq'ni 15‘1nrcunpaniéog nq;h:lcas frcﬁucncv deneﬁdcnt;-

A rencral ﬁathcnattcal désgtlption of 6101735 a function of freeuency
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_ o ™ .
is pgiven in section 4.1 of Chapter IV where attenuation in each PV
is also talen into account.' Herein, resonance vill be described by
simpler mathematical expreqsions which at the sane time give physical

ingight into the problen of resonance. -

The 1ideal linear phase'of p/pi 1s also distorted significantlv
at and near the fegoﬁancé frequgncies by small valﬁéé of a', Tﬁis
fé:apparent from Figures E.4, F.5, E.f, and E.7 at frequencies vhere
=04 mabes‘an-immedHate transition ffomir°ﬂ° to +90°. ‘The shorter
1" lonp CPW sa;plés do not exhibit resonance in the L—ZACNi'han& of
frequencies because thése‘éamples are too short, ‘As a result, Tipures

" Y ‘ .
E.l, E.2, and F.3 do not show severe phase distortion for various

values of nf. The first resonance frenuency for the 1" samples occurs

.atove 2 Mz,

For a simple physical exnlanaticn of this phenomena one onlv

“has to realize that resonance betwveen inout and outrut reflections

+

of a nismatched PV can occur only vhen tha total nhase differenca

.be:uccn input and output tefl&ctions is an odd -ultiple of = radians.

'This reans that 20 'ahuals (2+]) o 7 where ? is the electrical length

of the nisnntchedéhPt’and n is any nositive intewer includine zero.

. . -
v

ilence resonance occurs vhen the lenrth of a nismatched FPW

L' = {n+1) - LY n=0,1,2,.0. (E.1-1) .
. 3 . —

—

vhere A reprercntq one vavelength at a plven frecuency f + In other

s ~ .

tords. resonance occurs vhen the len«th 1.' 1s a mult!nle of hnlf vave-

s
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1engfh%‘at fo. A_similar argunent applies to the reinforcement of '
input and .output reflections. Then 20-n equals -2nr, reinforcement
of thcqurgflections should oceur. This is emivalent to savine that

.

‘when the length of a mismatched CPH'is 1

. . A ' *
L'= @n+1) » = a=01.2,..,  (R1-2)

reinforcenent of fnput and output_reflections 111 oceur: je vhen
the leanrth of the NPV is an.odd multiple of charter vavelensths at a

given reinforcement frecuency f;.

Fieures N.1 to E.7 shov that as €, is decreased ‘for a fixed
lcnﬁth of .coplanar linc L',fnsoﬁanie or_reinforcenent fremuencies tale
on higher values. This 13 easilv exnlained from (F.,1-1) and (F.1=2)

since these nnuatipnqr1nn1y'that for a fixed lenath L', respnance and

reinforcenent are deternined ty a snecific cholce of n and X, The

~ vavelensth 3 {s in turn {nversely nronortional to freeuency ¢ and alsa

. : . 1, .
fnversely pronortional to (ct_+ 1) *» Fence, as g, decreases, f,

an@
.:fa tuist incrcashq;o naintngn the s%écific v;lue of ) ;eouiréd bv a
rfixcd ihnqth of géblanar line. Fm'.t:,r » 9,2 at 1,5 iz the £PV
vavelensth has teen calculn#é&_to\lé 3.4867".'7At Z.ﬁ.ﬂ"z vieh‘thc.
sare value b' Ty éﬂc CP“\nvelength 15A2.61$“. .Thcsc.unVclenﬁtHs easure
that 1" Cov annles vi11 not cxhilit resonance in the 12 Pﬂz'ranrc.
‘since 1" i{s less that X/2 ncroqn the cntire 1=2 nrs *nnd Yo docreaccq

becnuqc ‘of .a finite subserate thianoss, the resonance frcnucncv moves

to an even hirher valuo. acain cnqurinﬂ that 1" hisnatched rote 11ﬂnle«
[

. Ll

.
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1!:
w111 not have resonance frequencies in the 1-2 GHz‘Band Thev do

hovever exhibit tﬁc firqt reinforcement effect at sone qnecific freﬂuoncy

fg in this band. Fpr this'case n=o,

. -

F.2 Fffect of thin P{1lm Thickness on Tnput aﬁd Mutnut PeFIeét{nnq

e , ! 7
As mentioned briefly in Section E.l, the o, nlots shov only a

'siight freauency dependence. 1n fact, this only becomes noticahle for
VFry thin films which corrOonnd anprnxinatelv to a' "..h1ﬂ67 Xn/in
and for values of ZLﬁ clgLe to 50 . Tieures F.H and’ f.é annlv to

such thin films. As the filns are allovtd to Feconé thinner, the,

-

) i ’ o =t ) :
functional denendence‘of_!ni| on 1/t (BA) 1 at anv snecific freauency
. vith er as paraneter hecomes more -and, more.sienificant., Tor exarnle,  «

at 1.0 Nz, vith ZLC‘- SN " and 2a
as a function of 1/tg frqm~.0043'to‘.“53ﬁif te is reduced fron 13,4
-0 i’ '

: o '
. A - ) q
VA te 1.34 kA, For values of ZLC

1 " SQIﬁilﬂ, ?ni!'{ncronncs linecarls

L)

> 571 the fndrease of rni! vith
dgcreaninﬂ filnm thickncsﬁ 1% less severe and beco%cs a nonlinecar function _
of-iltf. In t'm:c_.p for thické; films‘lltf apnroaches a'dérv_snall valie
and‘!nit annroaches the 1oqeleqq case valun. Thg; i3 dqe to':hé nismatch
of the CPY with resmect to a 50 ” line teconins more denendent on the
disfrlﬁu:Ed L andnf‘bfonnrﬁics of tﬂe.ﬂhﬁ'as thin filn thicknessﬁincreases
rather than on th; disﬁributed R;value.r | :
_Fié?;ﬁs r.8 gnﬁ'ﬁ.Q.élso ﬁhﬁv that ai kas a siénificant nhase
ﬁi vhen a'>.01937 “n/{n, This phase has a slirht functio;al denendence

on frcquch} 1n the 1=2 GHiz ranre and this {unctional deﬂCfdencc i -

practically a linear one, Tence the total nhaqc 4 tdll be c%nﬁrad in



o

' ma?nitude by ¢i in the 1-2 0z band but in a. linear 'sense and ¢i will

not cause significant phase diqtortion' even for verv thin films, Most
"of the phase,distqr;qu will come ‘from the,¢f61 pharacteristic nreviously
- described. It vas shown to be stronply depeﬁdeﬁt on a' in the neiﬂgbouf-

hood of the resonance frequency £, ' : - s B

In canpnrison, Pigures E. 10 and E,11 exhibit the behaviqr of oy

in the 1-2 GHz tand _forg = 01047 Np/in and a' = .MN523 Ms/in respecte g
ively. Tor a' = .01ﬁh7 ?p/in‘]nf[ shows onlv a very small Fréﬁuency
dependence and ¢4 is very small. In Figure F.1l1, vhere o' = .AN523 ¥n/in,
;ﬁé déﬁendencé of ni on frenﬁ%n;y is barelvy detectnFlc. Firure ¥, 11 |
. applies to a 50 nil wide center strip‘bf 26,8 kz thiclness or n-lﬂﬂ nil
.uidélccnter strip_haif as Fh{qk as ahoyﬁriannklé F.l. The Filmktﬁqckness

"

) :
of 26.8 ¥A 1is approximately equal to’one skin depth at 1.0 CVz for tulk

N - . - 0
,aluminum 1f a resistiviey of 2,62 x 10-6 kA 2 = cn i35 used {n the skin

depth calculation; see ”iturr 2 41,
e All'nF the discussion for 0y above apnlies to Oo ni éhe»ournut
of each PPh as well qince pyg ;nd P, aTC enuhl in marnitude nnd differ 4/'
phase hy only thc'constqn: 7 radians. One should also note that the

- ‘ i .
'ehcory_of section 4.1 {n Chapter 1V neplected the cffect of cnntaéc
feéiséance. The -eurves in EhiS'unnendix alqo'nnaicqt thi;.effc;:
which intuittvely,should increase the nédglus ot p, and alter its pﬁaqp
as well, The theoretical asp¢ct-o£ cdn:n:t reaistance tith reeard
to'iis effect on the total ref}ccclnn gooffi;ion: s and on »hane dié{

tortion han not bccn‘sfndicd in thia thenis, théurh an nveraqo_eﬁalrical

value for contact loas has heen extracted from the loss measurenents

[
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in section 5.1 'of Chapter V., 1In section 5.2 of thé sana chaptér,TﬁR
measurements on CPW séﬁplcs terminated with $/C loads are discussed.

3 These indicated a sienificant contact'reéistance vith the d.c resistance

of each sample added~to it. ThOuph contnct resistance was deteétable v

by these two noasurinp ithrunentq,the foreroing theorv for p/oi and ”i'

neglcctinp contact reQiqtance. proved to ke quite valid cnniricnllv

“
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