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FREQUJENCY DEPENDENT CHARACTERISTICS IMPEDANCE.

ATTENUATION. AND OHMIC LOSS OF MICROSTRIP. BASED) UPON

NUMERICAL CALCULATIONS (IF EFFECTIVE INDUCTANC;E

1. INTR( )I)LtTl( N

A gene'rat miiat rix mtheod. s citat ie fo r eficm'ienat immie'rivaI l luin meei cit hii ghi-speed comeii-

ptater. is adahipted la an applid leItoi e ete'rni i min g thle cuiirrent e ist4ri I ut ime andae traim ~erse
lia-''eti ichel d ccf inifor m mie're cri p t ransimiiss.io n linies. liname loss ande free ieme are ili-

4.4e d e ill thet. so lutionl as liie-a r% to jere cclde' accurate resl ts f r thel t vrrenmt olist4riliim.

The e'eirrenit dlistributlio mci the liusIIed tc pero% cie 'thle effeet e chla rae'teri 4 it iuaj ec ail ev. ill-

etae m p'1Wr uniiit tcIi gth Iiamac at tenuiat ion ill f th tie t.

The cha rac'teristit' iiu e Ianmece if M.Ni erc c4ri ) I'raiiisiiissie iii L aines has b~Ieeni cif inaterest fo r
25 wea rs. Yeciia ' preflid es ali exee itenit compila atioen e(If se e'etted p ap ers incii I g w-e'sra I
early papers spctifically addelresing M icrccdriti. 'Tie papcers tby (Cohnii. Vtieelter." aiiel
lBrvait amnd We'iss' arc' e'siee'iattv flulicaile ia amid us~eful fecr 'omaiieii eniiieriiag
pcrobl cemis. 'Thi'ee papIers. anied a 1111tt lite' e of eot hers puish~edet it'ee. een ole oh c inig leer

tite satit' c'apacitane joe'r unmit te'ngtha ef the seltectede timie coenmfigiirat ionm. Most ipraet icat
aee atries et14 Iot 6e'iie I l ll e' ee teo aii exact anma t ii' soIlut in so chit ef for ml ia, b e'eii
ieve tee teo et'ie'ic i g appi roim iaate anIialttic soiiiticonii. W itl ile heem f tl'tte Iigta- 'ee

ccil uera ceniaderabcile e ffo rt hias b e'eni e 'ite teo ie'i'e Ii iiig ltilie'rivcal tchiquc~les feor

s01 Ii'm g apl ae'' ee iiat ie cm tco v ieI e Ile eleetric' fielet cemifigulrat ie cia a i Iea iaeitanmae cef
mi-eful gceocmeties-. ( izanm amii ( a rie' gkv ' a it oatl cetxa mpl e c f tis atptpreoacti.

)tit-( he i.'ea caeiIanmv e pe'r un it Ic'inobI hias cenm d et ermin ied tile' ii re cm in'el ca ract erist ice

ima n ce it is dcicte'riamied Ikc th lit' fedi ig rceliat j isip l

Zo Ivt It

ILeo Younit. "l'araltetI Coup led Lines and tDirectionalI CoupI)lers." A riech t touse, Inc.. t1972.
2 S. 11. Colin, 'Sh ictded (on pled-st riip Transin sion I in.'' ItF U t rans on MIicrowas e Hihort and t'ech niqutes.

Vot NiTT-3. No. 5. Ilp 29-38, Oct 55.

3It. A. %ieter. "Transncission tine Properties ot Parattel Strips% Separated by a ilectric Sheet," 11 1 1 Trans.
oin Microwave the,,ry and T\'chnittues. Vilt. NII r-i 3. No. 2. pp t172-i185. Mar 65.

4 -t1. G Brir n and I. A. "es.'Paramneters of NIicrosl rip 1'ra nsm issioci I incs and of' Coulpled P'airs oit MIicro-
strip Lines." I I FTrans. on Microwave thecor, and techniques. Vill. fT*T- 16. No. 1 2. pp1 10t2I'1127. tDec 68.

5). H. (;ui/an and R . V. (;arser. ''Characte rist ic Inmpedance of' Rectangular (oa sial Transmission I i's ,' It 1 1
Tra ns. on M icrow;ase Theo r% and technitines. NITI -t2. pp 489-495. Sep 64.
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%heitre' v i.. tilt- %eltiit, tI f piropagationl inl the line. Wheeler-3 aiidl Bryantt and tt is" ad-
I rt'. thle pratica4'l prob.lemi (of determiin in g tilt- effeet ie V4'Vt'14it v ill a lii e is hert' thle fit'ldst

are- partiallil it adielectric and piartially in fr~ee spiace. 'I'( re-Lilts sho~wn in Figurt' I (of
lin allt ant14 IX'i-) %,ill lot Itsed fotr later c'alculaitin ini this repotrt whewre efftetike %eoI~Nt
of1 propJ agat ion mu iist hel est imiated.

Thle appac i ah ii-t iii thIiis repot rt. % hi le iina iiak ~t n. is ptiera I aind % it Inut aniy

ge4itittric l imiiit at tin il (ft-te traniit' r-e pIa it'. Tis a't * in ach i iq ue ill iIat the e'ffets (of

fiiite it ndu11vior losases a 114 frequ tency~ deeej414tit't' eatn be'3) iti lt' in tit anal~ -i .

X.,si mittt iin made 14' o Ither attho rs a rt, als m nade 1heltre. The4 linest to 1)4' analy zed a re
assumtied to lit' r4' Iathti ili 14w los- liin's suppo~t rt ing Quiasi-TEN Fm odesit~. ( apia'i (a nce-last I
s~il411ils are st at 14' - tiii ls %ichjti appjro ath exatnes only-4)1 fr it-14 leI'"" line-, lTe
infing 'ta mn '-ba-'t soltut io n to lie tt'i 14iJ i4't ati41dji applied here eai alit) w foar itosses Ibtit is

quasi-st atit' and4 rttarte It4 Ip'tt'il st Il~ noi'utt bIeen't'tiiditI4t't 4

The' pit'-t ii is om t net itrito, raise ~thIiat it i gi lit ie'iap ijtrt ti at4' tot applyivi ipedIaince

temit''j ts d ei e itj i'l fo r 'I'F.Mu t rati-mi ssim1i hi4' and(111 tilt u Isa ltgi Is itol mitrtist ri p
Ilit's. %der lt' ilt-4 fit't4I antto o e-r ari' ct '-raiw i t'4It a filnit e area. Tis queitst io n halIit't'iil

c'ha rateristic' imp ~et Ia i' is t't llsistet'l t sit h the tmore' ge'netral appJ ro achl Ibased 4 ill %ave-

Silpi'edane. 1111 i4'vilt' s a lit 14114 re-silt. Tihis is a ittrtial detfinitioin andi Alttis appllicta-F

ift lt' Is. tit ihill 1' I paramete c1 'i rat 'I' lit'm t. ane'a:4I)4 ~agt~il ' 1tat

1*. E RE2A D V LO M N

Ift.he. tfilln, lad fj.it lot. s. tlcaranrso cristric irupan iwein and otio opcontant.o co

W t A. Wcngr. ''Trnsisop Ln P'roterties t' Pdarallel ttrp Searate. on Mcoas ielcricShm and -1 tcehn s.

Vol. %I -Fl-27, No. 4, Apr 79.



wshere lR alit] G are t he series resist ance aiid Alithut 'o ndu tct ance per tinit leii-t Ii (of thle Ii tie
and at and 0 are thle attenuation and phlase conistanit (f the( line. 14itli I lie appropiriame
mifica i(i ~tin to accont fo tirt14urIa I twIi ran-ism~i. in line anld other reasoniiale

&-stinlipiolis *'ii en li% Broo~ke el al..' aIII alternate equal ion for .'harae'leriu-ta. iniliedauiie

resilt. inl 6wo forn

/o= vl, (3 1

%is ere 1. is the indI nta ne pe tinit Icn i it a rid is dire (Is a ffee le. Il 1 bothI thle resi t aice o

the line and f reti enes . 1The p-' nitr% to lit- sked I? ho-Iniwi iili itre- 1.

HWi-

Figure 1. Transverse geometry.

For ,eneralitv thle twso ('olicitiiig tapes aire allowed ito have dlifferiing ssidtli': In ii e5er.

they will lhe miaintained parallel andi with their Ijli(l~f~il(t. delifuing~ il foiale fiornial it)

I nsah. Thi s is at simnpl ificatioin. an 111is n1o t requ ired. b ut %%ill shorwteni ('4illhlit at io iie 0

-iii-ani~ll. 'l'hliS -onfiguirationi call lie- used tol repiresent inicrostrij. exampilles ri%(-el 11%

Wheeler"1 andl Bry ant alit]4 veiss' mlid direct 4'oiiiarisoils (it reutlls miade for the limi iiig

c'ases (of high freiquency and n1o loss5. lit aditin. this arrancgeltl permits the vcliatioil

of the psaramieters (if antennia feed lines where tihe widlths are the same a .%ell ats the

callculation Elf micerowave compo~nnents where the grotini pilanle lis a kioiwl finite %iiltli.

M0.theiiativaIlv suildividinig the eonductors into sinaller piarallel !wctioils is acconi-

pdishied as shown inl Figure 2. Trhis mnethod oif subiision is arbl~rarN and is retainied for

Thea tiwo conduch~tinlg tapes liave no ei I.elol ie by1 4n thi pllel tapies. each'l 4f

which may earn it different cuirrent. :%n equivalent vircuit oif the transmission line theii
looks like thlat li__hFire' 3.

3 H. A. Wheeler, "Transtissio~n Line Properties (it' Paraltel Strips Separated b% a Dielectric Sheet." IF111 Trans.
on Microwave Theory and Techniques, Vol. MTT- 13. No. 2. pp 172-185, Mar 65.

4T. G. Bryant and J. A. Weiss. "Paramecters of Microstrip Transmnission Lines and of Coupled Pairs of Microstrip
Lines." lt:ElS Trans. on Microwave Theory and Techniques. Vol. MTT-16, No. 12, pp 1021-1027, tDec 68.

7R. L. tBrooke. C. A. Iloer, and C. il. Love. "Inductance and Characteristic tmipedlance of a Strip-transmiission
Line." Journal of Research of NtIS. C. trngincering and Instrunientation. Vol 71IC. No. 1. tan-Mar 67.
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pf+1;fl+21 2n I4n 1 . 13n+213n±1I

Figure 2. Method of indexing subdivisions.

rIM 11

I4t4 M4N,4N 14N
Figure 3. Equivalent circuit.
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Thei %4ii idth of 'l ch subsetioti will lote 4hoseti stiff i4ietl small to vorIsider [fth crreii

deiisitN in each Ito lote umilfornii. .Ajipeiilix A vo4,ltai 1.4'. inducetance eqluation~s which cani

be4 Itself Io liia liiate tie( nii tia LWi 1413 iiean I et WIent anNv to 14) tiI )'4'ti4 ill a4id th lielftin-

ducilaiiie ofi each. 11he resistance'4 of eac-h s.ectionI will be4 the 41.'. rt-,'tai4'4 4'a14tilatedl fromn

tit'e bnt liaraieit4rs of bul1k resistiiitv midl int're'iiental area. The14 in4'renental area is

del i'4 ie b iithe nial ler o)f the' acitual tape tlieickiess or an arlbitrarN imlltiple' (an injlt

jiaraine~terl of' the. skiff depth and~ thstuiseeti4Iii % iitli. Ini this piape4r. the4 upper mid4 lower

tapes a rt, e'ach kid hIl4I'1ito 2ti 4'(p iil 144IdthI stil set'4tni3,'. Broo ke' el alI. .' 41 di411s alter-

niatk i 1 i'mt hid t4' is4'4 toi speied 4'( i-* erge'iw'4 fo r di ffe'rent1 geote'trie . Phiical syiill 4t rN

produces4' th ll 1 44iii g re Iatio4iis I itt e 1''the 114'('rretl ini the4 di ffere'n s't I i-i. ior th ltop

lj 2+ J. j 2..

F'4r thlowe41r tape.

+ U. + 1 .2...

The0 toital %4lagt' drop pier tmnit lt'ngth alonig any 44114 se('t144nmia lie 14ritte'n.

4n

'k = r kl jw Mki*i

T'here' int -ti eltidtioi w41" 4hich r ay he wr itteni in] m1atrix for as-

(U:04) L rt4n) + M ::.1 )]Q :)n 4
Asa restilt (of the svninitetnv ('4nd4iti4)iis. otily 2ni of the e'quatioins are hide14')4ii(14tit. The two

groupsj4 k = I to I) andl 21n + 1 t4o U are etqiivalent as are' the gnotips k = it + I to 2nm

andi Ut + I t44 in. Tlie order o4f the mnatrix equationi 4at lbe n('ti(e4 lby a factor of two) ht

it shotild be4 n4)te(I that all subsectioni currents affect all others arid their 4'(intribtution

nuuist hie reflected in the fiimal etliationts. Ch4osing the left half oif each tapet as tite in-'

depesiiilt'it equationis toi he solved, rewrite (5) as,

7R. L. Brooke. C. A. Hoer, and C. H. Love. "tnductance and Characteristic Impedance of' a Strip-transmnission

Line," Journal of Research of NBS, Inc., C. Enginecring and tnstrumentation, Vol 71C, Jan-Mar 67.

8K. F. Brooke and J. F. ('ruz, "Current Distribution and Impedance of Lossless Conductor Systems." IEEF

Trans. on Microwave Theory and Techniques, Vol. MTT-15. No. 6. Jun 67.



2n I'1 11

11 N 1 + NIl

hai. titil~il e' w iin tot vut rretit. milI ( uui-iederalele n~aiictr% al-io e~i-t- Ili [lit- Ill-

4e14lut.e eeeeilieje lit1- adi mani~ci to'fit, cafiidati. are reduiindiant. Thi ild -ii m ll fiiiit(.-

(lu lIia. locen jlicluede ill fit, ;erue,,ramii barmine ii I Tatiol il i lowt eioliribll
114111611--, Itofi t- ile~ elfouiiiieit. Eiquitii 10) cani 114),% bei u ritte-li ill flt- fiei

=41+ j'll

,,iliee . andi I k ruliii 181 aua .e lor 4iliplev'~ %%( e lt

k + lk* 'k k~

\ F + jIK \jB.t

Sil t it lit ill 1 iu 8 lito roi I iies t 1 rea l iait rl (i iatit lii:

R IoH + LON] lt.

F -111 +wM (11

~liimg firr I aniel 11 iirsplue-

R 11 414 -+ i(0,1R't' IF, -+ w),1IFt'4*. 1131

-~~ ~ 1-ru , 0Ns -in 1



'The ftill.mitl derittittoii- are .aie-l Ito -impt1 lif% the mttiiiljtjlattii':

Lo +4 ii Lo + 1 R, t 21-1

tolal iritilii i tihe totle lap.' tluA equal ii, tial ctirrenit ill thle 40titer. hTI. 'ie

nl 211

n 2n

E.~L~F + 0~*' 1101

= -F1 0. n

'-all th it-eirri-tit are lotigititilital there cantio h Ili t rati-i,-rei~a. dilffrvncv-e oill

thit 4.,u,.litt4-tittg tar..-. and Ilie -ealar illIwi% tobv t:

f.1+ i'= i -+ I .... 2n

The itiltag- dr.,1. arouauil the 14)4)1 Id.,wti 4ott. tapev atnd back the tither) i :

+ , + ji fl I",



Since the ' alue 4,f the oltage dro, i. arbitrary and ean h e adiju.ted to atisy quantity lp
Illilllnr tIle applied ,i al. we define it as I + jO. Thi., conldilion applied to the albo,

result pIro4tice

4'1 -~ =, I ]

f-f = o.

The iiini iol atric's E and F" can loAii1 Ihe writteni in lerim. ,f kiioi mIiilatries, and one

Acalar unknown each:

E = -' +

( 18t

F = fi 1

%% herethe uipuerscript 'T Ihen4tes til transposed matrix. (C,)niliining (18) with 1 6) an(I (17)

aid ll soing for ' ainid f )ro(ldies

("Y#'7T)(Y4400i )+ (,YpO
t )(.ly'0J)

(,y -Y)
2 + (-Y l-T )2 (19)

-y o,yt (20)

E'Aer, Ieriii 4ill the ri ght i.s o a lec lulale .scalar. The resuit obtahied (all bie

utilstititeld iito I18). (13). aidI (14). and tilt currett in each' set ion d1leterinilled. So llion

of 119) aid 120) i. performehill isubroii nelin (VRR in a straig t forward fahioni. The solui-

lin to 113i and I 1) V In e mor1 ol i l. i n il the 'oel, if we rewrite hose equation. iisilit,
tilt- ,hefhilniton ill 115)

4- A = IE + OF) 113a)

B" II = (OE - F). (Ila)

U ith the ,'urrenl.s in each section known. the applbroximiate inductlance and resistaance per

unit henlh c'an hel' cah'la8d.

' , -,:. ,'8

IL 666



Leff 212

2 ak) + bk

n

(tak n 2 1(b) (221

'I'll que!-tion miight be raised a., to whether flhe freq~uency olelpenidei)4e is flt- reitilt of flt-
fiiiite resistative and if ft- ~stlemi %ere lol% ould flt-e -oltiti for IAkff bV ileji'enilent
of freqjuency. An examination of reference (81 4 iows thtis qulestioii to haw e Iwen addresei
cleariv. Fhr clarit,. and comnpletenes, [fhe argument i . repeated here.

A losskess condition reduces equations (4) and (9) to the following:

N= Iw M~ k '1 k = ijk23 1

which lead!. to a .ini ile form for the current matrix

B m-, v. (24)

"I

Leff =JE hk 1251

which still appears to be function of frequency.

9



Ini tvrin of mlatrix (oliratii. %sv hine,

bh = 13 0 ,V.=0
w

thu. re~ulim i

Left if6'L V1271

-lmii sin g t liv frvqtiw 11' h ieleee (if e'ffeetke. induc14tanlce kind e r ql(--c- 44!i i on.
N ti nori ia re'- ilt, ob41 t ainled thIr4imigi it I Ir4 igramm ied . ' oi ergeilt al Im ~minaliin 1 ir LeA'ft

.Iioild tlwrefiorc agree' vs ith eapacitisit% den-ied-4 re-ilt- finr either f- 00 unr R op.

Ill. CO~N VERGIENC E 01 ) (L RRENTI I ISTRIBI TION)

The illiremt er41 4''i t hi tnumericalI tech 111(It iie . dlependlent poll min fac tw inc iiludinig
gime4i~4trN. frequj ii4v%'. res i . taiie andi~ thle ilt 114)4 f 1' i r 4o4i1411141 uin - 1,11 1,4. B3roo~ke
41 M.' 8 eiiij,11IN inctlwb.l (if tape snlnli~ii i~Iiiij~g tine4IiiaI %%idth-. toi 1.icd kil comeii4r-
geei*4 and 41 jrmitle avvurna4'le better than 0I. Ipecenlt fo)r 4'aleilafion- 4f' jpr4'4limii

-t11Iandre womnetries. Top pidel~I f4r imp 11 le ai Ia t alitliIN . ti a i a rietv 4)f ge fihetrie-. thle

pro grami Iwei 1 4' t44 4'a le Iate i i4'r4it rip lisorloirt ie. f4 ir t hi! repornt Aj jeie4 \ Ill u-41

11111%' equlal id ith Ui~4ijiii hei4re' the tIS i (ersduct(ir, 1%cre (if une'qual ivadtii. the.'i

%%ev boo4 14 th 'i1411',14 1 ' Ie inIto 4Laill eq4ual11 nlmber 4of sui net %44 %1'il itlii iit a i 4' 11111pe I4' h '114ii

inorii at eliin- gl ctih 'rrent dt .t ri 1 nt 4im. Fi-mir4'*1 t h t th n4or4mlilzed t ra n!.i r~c ('Irre li

ilvn-itiool- ir I~li4'aI lneEstrip ith equal.1 conflilcor %iddt11. at fretitieci4 4if1l07 lIZ.
vo'4l(Ii~et44r re!-islii 44f 1 .72.1,0 oE8 (hin-mletcr- amid all ilmlpedlanve (if alit .58 4411111-. D)1f-

fe'rent li it are .144imi as the. 1111icbr ti i lti, f n are inc14re'ased4 fr ill 1 ( 041 4'l va4'

('4 l414I t4 I#r. For i16 tli iirt iiia r v'ase. 44 lli4'rgenc (o44~f 1iedance('i f be4tte'r than 0.5 pe4rclit

%%as a4'l1iwil ftor it= I I or 22 mnilikii44n!. Noi general 4'411(iciiii'. 'I4iliI4I lbe qtrai frIniii

thii f ir (it he'r 4 a-f'- 4r get'ino'trie.s. li1 1tic more' rapi c ((ii 4rge ne cml lot-1 14'ci ,oeo I lii
tailoing the'si~ 114411' %s1,1 iitlis toi e'achI 1 arti4'iila Iinuilem'. A misti (legant jIrmgram iliig

*4iI1iti4iiI wmiil4I bei tii a11ljiI-4 the isidths titrmiigh all iteratii4' oce (of~i'4.4 e4jiializiilg the ulil'
14'r4'114e'-I415 howvii adj a4'4'it ii 41'14f . i. n 1441 ii s 1h iiat .i14'l a -iiit %%ild14 resutiI

If the' 4'4,n4114't44 art, allw4 i5It)i haw, 4lifferew itwith-. th4ie curre'nt 4listrilmlioni i,.ill

-14m% at iark4'4ll dif ferenlt p at tern. Figtire 511 shims thtree4 4 i d plao4 I 1 ts~ 1'4ir 44114 v am' %% he4re'

[Ii- IA ide4r 4'41111titr is 2. 3. and~ .5 tiili4'sftc width(1 44 Il14' wIhi4r. Th'e( area finderth flu ls

7 W L. tBrooke, C. A. Itocr, and C'. Ft. Love, "Inductance and Chiaracteristic Impedance of' a Strip-transioissiton
Line" Journal of' Research of' NtIS. C'. E.ngineering andt tnstrumoentaion. Vot 71tC, No. t, J.an-Mat 67.

8I R. t. Birooke and J. V. Cruz, "('urrent i t~jibulion and Impedance oif" Losie C'onductor Sy stemis." It IIT

t'rans. on Microwave Thcory and Tcehniques. Vot. MTT-l 5, No. 6, Jun 67.
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Figure 4. Normalized current distribution as a function of number of calculated subdivisions.
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Figure 5. Normalized current distribution for unequal tapes as a function of ratio of tape widths.



fo ir tie I- ) ndtict r. sholh 14 e the sla i ft'or ea'h c'ase. to ref'lect he retquirement t iat

the total current lie the sam . iis expectel. Ihe current til thi tider tape crti w . to the
centerun4er tie -smalier tlie and reflel. tit- partiail. self-hiling claracteristic of'

mierosi- rilp. The eharalteri.ti, impetdanc,e obt ained for t eIe three cases i %%a 96.87 ohm

(2/1 ). 92.2-1 ohms 3/1 ). and 89.69 4ihml15/1 . ( hir lprtigram allows all e a a ination of lhe

effect (oif the finitie idth of thle ,roun 4l ali ti( p iiropertlies f mi.ristrip and 1 real.- a
-trlorinsi ig4leliIl4'lenee even fior ratio.i 4i I 0/I. Ilpedanc e values are tfo1und to (-lhalf,( a
finch a, (.5 iier'ewit for a I(I-p ,r -el change ili gromii plane vidth il t n minal 10/I
ratio. A ree l re prl4 tsnt i to reat eftfrt to establish conv,,iergence Ibetter titan ). I ercent
alid yet i basel a ( , a asis liliion 41' infinite wi tih f r the gritmi pime.

IV. ()MPARISO)N OF RESI ,TS

Tvi , st,- %ill Ie calc'ulatetd and comipared %ith ne.eults Irodu'ced Iv other atitho:r. .- n

equal width ease e'ali Ie 'ompljaretd directly with heeler's'3 resuil,. and art ltlef(p al % idill
case an ( i lt-comparetd with the results of lrsait ant V1 eis' providing tle larger tape i- at
least 10 tinmles tie idth oft lhe smaller. as the latt ,r refterenci'e a.ssunmie a it infinit ground

iplaie. (nlv the high-frequenty. ir ihi,.seht.. case will Iot ionsideretd since this is also an

a.,sulttii)ti f the references. The comJlparative %allies obtained froimt thet referenices re-
4111red inlerpilating puhliIshed resslse ci rtes. The excellent agree ient with Wheeler' is

mire than would Iave ben exp ected (Table I). 'hIi slightlv high ia tIt' [lifhe re-ult in

Table 2 are the retilt tif approximating an infinite plae with a 10:1 width ratii. 'he

program cllcuhI i I.ati onsa lit , e rounded lto li flaredtilt ohi.

'Ilii' ecurrenlt dis-tribtion)Is jirtiiet iii tliiing for the results tof' Tlte I are iish ii

.-tperimliised inl Figure 6 for lames if %s/h from I to :30. It is clear that %iidening the tt

'tililiitirs resulls iii a mtre uniform distriliutnin oif ctirrenl ill thl tran- serse painiie and

Ibetter shielihiig. lhis is. (if' 4.1n1rse. w hat one soIuild exiett ad i, t- idI Iii V heele' its- the
liasis for a -ide tapi aplrtximtlitii ant to establish a limit for ll effeikel dhielectrit

itist.itl of K and piroipagatitn lit' Iit ' if v/ K.

3 It. A. Whee er. r"ransiiission t.inc Propertiecs of Parallel St rips Se p rated hy a I)ici' tri Scei '"I till rran.

on Microwave I hory and Techniques. Vol. MTT-I 3, No. 2, pp 172-185. Mar 6,5.
4 T. (. Biryant and I. A. Weiss. "Paraili.ters of Mij.rostrip Transmission tines and ot (oupl.,d Pairs of Microstrip

Lines," IIH Trans. on Microwave Theory and Technqu., Vol. ITf-16,. No. 12, pp 1021-1027. tc 08 6.
9 R. I. Jansen. "li'h-sp :eed (omputation o I Single and ('u~pled Mic.r, strip Paran'iters Includine I)ispcrsionw.

Iligh-order Nods. t ass. .d I inite Strip \idth," I I1. rans. on Microwave tli'ory and l cOin iqu,.'s, Vol.
MTi-26, No. 2, 1 eb 78.
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Table 1. Comparison of Results for Equal Width (K= I

w/h1 Wheeler 3  This Method

0.3 315 313
0.4 279 280

0.5 252 254

0.0 232 234
0.7 216 217

0.8 202 202
0.9 189 190

1.0 178 179

3.0 87 87
10.0 32 32.5

3 II. A. Wheeler, "Transmission Line Properties of Parallel Strips Separated by a Dielectric Sheet," I-EE Trans. on
.licro%%ave rheor, and Techniques. Vol. MTT-13, No. 2. pp 172-185, Mar 65.

Table 2. Comparison of Results for Unequal Width (K=I

w I ItI

w2/ w I = 10 Bryant & Weiss 4  This Method

0.6 156 160

0.8 140 142

1.0 127 128
2.0 87 90

3.0 07 70

4 1;.G. Br ant and A.. \css. "'Paraineters of Microstrip I ranrsission Lines and of Couplcd pairs of Microstrip

Lines.' 1111 rmis. on Microwave I hcor\ and Techniques. \'l. MT1-16 No. 12, pp 102 1-1027. Dec 68,
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TRANSVERSE CUT
Figure 6. Equal tape current distribution as a function of width /separation.
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V. PAIl:,ETER FREQIEN(C I)EI'ENIEN:E

The 1ranis-erse current distriulion is a fliio of Ire4que'cy and lie oher jh .i.al

%ariables. The efl'ecet inlu1'lane4 jer moil length and lattenuation derive4d from the cur-

rent (list rih out ion will also 1be freiuency d'le;4m a34 fully predi'alt i' h thi.- pro-

gram. T-e aulelnuat.i 333 (lerihe41 here i. olyh, the olnic loss in Ihe voieocuaor. and does o!
aee4 o11Iut for loss 51and dieiersion in the 4'ielctrie substral4.

To examine the Iehavior of both ejual ad unequal tapel microstrips as a fu4nction of

frequency we select a 4/h ratio of 5/I for the equal c'ase and w/h ratio of 1/I/ for the

uneoqual ease. with w 0 to assur re3asonale sinilarit 143 typical componeai nts

used by induslrv in the i manufacture (if microwave components and anlennas.

The frequeney depeind ce of the transvrse current dislriutlion for these t4o cases iri-

rides insight into where the Iransition occurs and Ihi teause for ihinic losses which can ie

substantial. Figure 7 is a parametric presentation of tIe transverse current distriiution

for an equal onld4ctor width microstrip. ( w, .01 in. Ii = .X2m: p = 1.7241 x

10"8) '[he major frequency depe'ndence occurs between I0 Ilz and I0 liz. At a freluein.
of 5 x I0' lIz, lhe inductance and charaeteristic impedance have stabilized although the

oimic attenuation will continue 1o increase. Figure 8 shows the frequiency responls of the
unequal case which shows a much greater dependence Iui is still settleod o(wn l 10' Ilz

(w = -- .01111, w2 = 0. Im. h = .0025) (note that the display programi plots (listribution at

full frame size when w/w _ 10).

If %e examine the frequency deliende4'c of these two types of geonetries we can gain

an understanding of their behavior and the effect (if geometry on it. In Figure 9. we plot

the characteristic impedance of an equal width tnicrostrili with a dielectric of I as a fuint'-
tion of frequency. There is a modhest decrease from thie d.c. 1alue (00.4 ohinis) t) the high

frequency limit (58.55 ohns). The change occurs in the frequeney range of 5 x 10 ' to 5 x

10' lIz. If the niatierial used were a better con( ticlor. this shift region would ibe Iranslatel

to the lefl. In sharp contrast to this is the Iehavior of unequal width microstrip where a
much larger change is observed with increasing frequency. Figure 10 is a typical ilot of

ami ease where the low frequency impedance of 124.3 ohnis is transformed to a high-

frequency inpedance of 57.33 ohms. The transition commences at a lower freajuency and
is essentially com p lete at a frequency of 10' lIz. The more radical dependence on fre-

fue'cy is the result of large shifts in graund plane curre'nts to concentrate muler the
smaller conductor.

Figure II plots the characteristic impedance of equal width microstrija for faiur dif-

ferent effective wavelengths. X,,. X../2. X,,/3. and X"./4. as a fuictian of tha ratio if ('onlia'-

tir width i) separation. Wheeler's work can b3" used to ,stimate the ralative fill factor. q.

which can ibe used to determine the effective dielectric constanl K'. Following Wheeher wa
have,

16
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Figure 7. Fr'-quer.cy dependence of current distribution for equal width microstrip.
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Figure 8. Frequency dependence of current distribution for unequal width microstrip.
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q K'I 1 28)

1K I

IK'= I + 41(K- Ij.9

%%here K is (- niomtina 1 1it lect ne etiit n .f th die ectrnic sherlit etit th cwondii tict in.
I. 'Iim A V heietr', Figil e () s ieldsi an apipr' i mme I %ah i ior 41. The tiefe-f w a'eletl I
Vian be reasoimablk appiroximnated hP% equationi 130).

An assm.t...i usedI here is11. that ' thelmit of K' for %ery narrow tapes is (k+ 11/2 or ani
average with free .jpave and the limit for ver-, wide tapes is just K. the dlielectric conistanit
(of the material I etweel the conucidtoirs. Figure 12 presenits the re.stilts for the ease of
uinequial widlth iiirotrihi.

IM
W,-AI0 N
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1I. C( )N(:IA -it( )N

lit this~ repo~rt we hav slioin the theo'4retical sle~4Ilelol n (if at methodi to4 calcuilate' thei

ill I114ancte per unllit len gt ani4141 ihnfi losIs i of' it c srsit ri loi lie "i ithI general c ros ,seet i44ia I
tiii letrN. A lorsigral dIeveloped to a~I)Il liii. lechIiolue l% a. v~erisvil fir simpile ca-es

ains I lie resulIts found14 ts agree withi thse M f oithler a ttors tsim, ing alas'it anile-lae I s I l-
tiiis. lThis app ro ach is un i que in thIiat it irectI k Sroi i -s Owtls t ra n-s4'rs cirrs'n d ist rilIs i-

lt in aild ohib ic at tel sat is s at all fres peiic i4'. It can irs s~ideIs lie is illii~i Ilts inlo factos

wichisl cause lss iii iniisrswae csiii;sneilts aiisel ) exp14 Mla~in thle effecj1t ielieaior (of

('iirrt'iits o15 4'xt4'lledl atits.ri a sI ruts 'Iire. A clear 1115 erst andm of111g antiliia fees li les and14

raE i at iii e14leii'llts ('dli Ibes rt'a4'hed I 411 if' th It'iii rreit (ist ri 1411 sil is kno14wni.

'Ihis piarticutlar appiroachi has a special as% antags' inl the ease ws itlt wltisli it sail lbe
e'xtendedI's ts sit her soe t ris's. It mu lst be4 sa ut I ilnt'sI thItat. a It It su g th Its't iis N is stra i guCs r-

siars. there' are allile oippo(rtuntities to losce s'.~iolui il writlinu thei pirogrami.

T]t is repo4 rt wa-,s rest ricteds to th Its' iii (1 of414 i siltgls' i'ls'ittsit iitrsst rip bi esautsse the

speifIic' Fill Iicat isn fi Cr wh Iicit it wsas s s' tlpes rs't irel sin1l% thItis. It cosid 14144 sxt4ll(ls's ts
ess'n t14Is anids cmlllint, g ials'uIat isn i if thIte tost a I snrret't s san Ie is'(I' i ittl iii suffic'ient

ex~atnelss toI altiw solutlioni (of the( miatrix esqnatiotis. The' results alrsaos shownt htere s'all

hasvse sit ilitN ill 1lrs 4(1 i tg isrs st rip Iiisith Iintit iliaI silt nis' los'es a nI retl('tIice iost Iy r l at'-
ing, low rt'sistalt(e miate'rials ( "sill sir silver) silv inl ths' are'a sif tilt' co'441to'~rs with highl-
culrre'it sde'isi tis's. liIt th It'case' siC tis't l %I wi litnIic ri s1rilo thItis lii'all- a Cs' msil Ii nsts'rs til
Itse soute'r s'sigs's of C lih l tlts smllesr es lit is'tosr.

VII1. PRO(RXM NOTES

']'his ils'thIt Is has I es'it irsss lts'I irsv iisis lv . I mt to sillr kitsow ls'dIge' Iis lii t I i'5ll list's ill

ths' 13 years sint'e publllic'atisin. IPerhaps tlts' o iti mlivs'rsl availabiility sif largs' high-

1s''ed comtelilrs arid thes inc(re'asing a('('('tanc of' siiinirii'al s4IitiE)Is wiill plroviide ll-
s'slirags'lls't Cur its list'. It is inl tltis spirit that tlhv prors'ain is iirosiflt'. App~enix Ci (-o'iit-

tains sample runs to assist in program checkout.

The lorogr nuts interac'tively thtrougI necn oliCD 600os gSop 3.tTh

codlte piroidedu make's a mlodlest atttflift tf) miimliize' iir' rs'sjiired antd 1s) rsesus's runl I its'.

bust wse e'schew hesrics sefforts whichb itiake moisica ust ion ansd transpiortablity iffls'll.

Subprogranis Not Provided:

Theis followinig subpifrogramls ar' s'alledI froin siilrineis tlII ansI ars' foindis in I illrarN
3 (of tis' IMXSI, Fifth edsitiomn. Nsvi'nilien 1975:

7R. I.. lirook,', C . A. I locr, and C . It. I ove'. 'I nductance and (ia ractLvristuc Imuupeda ne ol a St rip-Iransinission line.''

Journal tit Rew~archu of NBtS. Figinri'ing and Instrtumntlation. Vol 7 It No. I. Jan-Mar 67,
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1.14 'I'2F Solhtitii otf linear l'.quatitt'.

from t ibfroitil- ( 11 i. 10.1 neve ar i to inue IA )IAN (or PIA (II tit ti- the
'rttgr iii hte u, Ii rii t 1t i' i j ir . i. t'e 1i rt rt vie t ft ir I-il' I1 A )T \ N art' ii c lilt f.t o-

t hat tilh- umt'r mta' initerptret tilt- ciiil it aiiilr cttmpfatilei it tIlk iii tt graphic

teriniial if t d~ et Id.

Funclltiont Scound - Sev note. blou'':

Sit I irt ti t (: IIEet file it altke I"'.t ov ate#'. I het ii file m i Ilk I~ hit e feriniia I tIe'-. ittw a Ii
nia' b~e an iilee-r.fiine'tittn ill -ttnie1' iil-tallatitii-.

Svtent Specific Siubprogramt:

NI ERA. W)A )NI ait %%ill itornial rrt 1 ire aIajttatimi ttr rt'i. .

h~i nci olt Second ( - (lii, (inti it i ret tariv I- e ct ral It t e--e Jr Ililt' V01Ct H4 bl-t it t het~t

jo inee start.

Subhrouitine' (ITTIME - 'li?i it a tttmha!.- -ttftjregramt c'alltet frttin Fl'i.uit
'IIEL.. It rettaral- the tlite ren' inllg btefore theil t, l .e %ill abotrt tilt jttb.

bet usetd tto lanagt' titt' e'tniiitjtptittn (t' ret''tre't'. A~ hetrt r-tihire'. ,are' no.t it tttlramll.

tltimim iiv dolroites ha% lite pro'.itiet or the taillig !.tateilielt reiiieet. Reteiiittin tof

thee t'ict it t i- ,tviitvra Ik' rt''ttil il' m4let for both it iit atid prtogramU mflt i ciaiti a hie

Iriit) statemenitst Mith a-, READ) *. IN art' frtt'l iriterntiwt'I uili iormiteii WI. If' lit

lt'eii ret aine it'ta tttlll' co mets~.
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F'ile' I I age. T[le jariaei I le otpuI)tt file is ( )t 'o TI. %haich is e4jpik aleIit Itoa TA FEl'. aiinl
is the terinial foir iiterd'tie tiaer-.

The 4aias. ilajaut file is Mo TlI. VIili 4 'h is the teriiiiiial f'or iiateractiie usrs TAIE2 is ai
alIte naate om ip att file iisel I4 siaw ic ; er'i ie I resl ts Ii r later prn at ing midOe r inEteract~ -ieeal-

trol (Iint the ternial).

Program Usae. The ;irogramii i narls c -'jaIna~a it hea runi in teraa 'iiieli. The.

liaer entlers at least tht( first two c-haravcters of* a keN word. If the kei Aord ailrsnsi

ijariale. the ialuc %%ill lie requiestt-d. If the ke iworal rtoeja l.eit. a command..eisl,
arjatle,. Print resualts.. GO( calculate. STOP.j) Itii-tiin(11. SiAVE). that funeitionl is pr-

fo rlmed . Sa napt (ofea op e rat n are in11chit 1I ( Apj i itIx ( :1. V hen paramiaetri ei 4 gn it id ies

are iiiadobi. I lie user would h loe i to4 cernserm re4 iii r4e IAI aejj I Ii it Ii4 104i 'Ali h

i arialilt, reejaine which c'alcuilationis. C hianges (of' basic geoiinr require a'iiiiaetely new-

StAtIitjis. while l'reepiaeiac- tape thickniess and re-istl fit) d not nec lii e realcul Iatio 1441

the( inattial iiiutaace inatrix. Chlanges of' alieectriv co(anit. pJiei4r f'actor. and coin-

niand inlits are' tri~iai. Ilac uaser is imr411iotedl bi tnvsage ind~icatinig CP imtoe

Specific. Suabprogrtam Noates:

hPnogrcian ST HI PZ N initi 4Ic n411 I ri valctd 4'ii t im is a il(I31 nral oI tpu t. built inot the14

nlp it func14t io ns. A -a iiiiew Iat ('4 an i e miio'4I io 1 d otf' siwc i kiii a rrays is~ iat rod41a4ive. Ta
inetlaiie is hlcliul dulrinig jrogralal d1e0liviia and~ ini4441ici4'dtiiitsa it piermlits fi'xih
crevatii ofei a rraNv anid co re inmaei e vinI w~oit t sail st anlt a'i al anp- if 4444dI. 11111 at ex-

ecitioll tialiae VcNeMll. 1w44 dimnin array, oif imaeiisioi 0 M"N. lN are- storeld ill

ordler iii lan~k commoniiai. N is 114' inpt i %ariaale pev4'ikima tle niilier 441 sualdi iion- ill
at Iaaht-tape. NI =I. 2. L. 8. 12. l6. T[he numbaaler of' arra.,- of, (NM*N. NI*N) diiiieasioa is

staired inl %e4't(4 N.A where, [te indaex to N X~ coarrespondiis to ft(e %I implied FA % M 1411:
N A 2. 1. 0I. 0. 3. 1) inealis:

2 arrai- of DIniiaesioan INN faollimedI li
I arra (of' Diiinioii 12*N. 2*N) feaII4aed bi
3arra- s of I iineaisiean 112* N. 12* N)

A si 1i Ilar scheme foar the stoiragei' 14 itcrs of' diiiiei ia (N * N )is ia-d %% ita ItI he ia illiiher oif
%e4'tars (of olimniiiion (NM*N) storvil inl vvetiar NV. Vectcir stcira,4' space4 feilfomi- the4 arrai
stiara''4' Fia. the piarticualar arra% fii it .... a rui (of' arrai- (oir .aa..,,,. o,'di same
ilili4i 111.1% lo4' iillirf-e'IIl slie'4ifie41. Vctar ISA is ia-cd t44 ;ierl'orni 1is liaiicioi.
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Subroutine l() contains the input code and may be replaced ly those who prefer only

batch rocessing. The logic provided attempts to reduce execution time by requiring only
those calculations which are ieessarv. Subroulitie CURR contains the priiciple code
which achieves the purpose of this paper. Note that double precision is used itt the suni-

mations required for the solution for E and F. This subroutine uses eore beyond the work
area niatrix as nted in the 1program. If N ,eetor space is required to survive execution.
storage allocation must be modified.

Function SZINI) performs the mutual induetanee ealculalion. Execution time is poor

and evaluation requires high precision as the difference between similar values occur.
When installed on a machine with less precision. care must be exercised in determining
tile range of input variables to be permitted. (It is possible to increase N, subdivisions.

and decrease the precision of the result.) Subroutine MI)X takes advantage of the half

plane symmetry and the equal width subdivision of tapes to permit a reduction of the

number of mutual iiductance calculations.

Subroutine MUT vails function SZINI) to fill a work space with the umique mutual
calculations required. and then fills the complete mutual matrix with appropriate values.

Function IN. provides the index to the location of any element in any array specified
in the manier described. The function also provides an entry which determines the max-
inun number ,f subdivisions based upon the amount of blank common available and

tie arrays defined by vectors N A and NV. These values are passed in labled common
STI )R.
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APPENDIX A

BASIC EQUATIONS FOR INDUCTANCE IMPEDANCE

The mutual inductance per unit length between two long, thin, parallel tapes
such as shown in the figure below can be obtained from equation 8 of reference
( 0) and is

Al, 0.2 [P _2 1n(- + , V2+= ln/'2 x 2 -vP Tan - ' x  Wx

ad 4 P d-a. E

+0.21 In 21+ Y21, pli/mn (AI)

where the limits, which have been retained for compactness, are substituted as follows:

lff)j (T) - j (-1)i*/f(s)
s 14 = I

The origin coincides with the left edge of one tape. If the left edge of the second
tape is in any quadrant other than the first as shown, one or both of the values of
E and P will be negative. The self-inductance per unit length of a long thin tape is

L, - 0.2 In.I +0.2 1n21+1 21,il/m. (A2)
a

In both of these expressions it is assumed that the current density is uniform through-
out the conductors.

10 C. A. Iloer and C. II. Love. Exact inductance equations for rectangular conductors with applications to more com- [

plicated geometries, J. Res. NBS 69C2 (Engr. and Instr.), No. 2. 127-137 (Apr.-June 1965).
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E
P

Cross sectional view of two long parallel thin tapes.

Note that the term

0,21 In 21+ /1 (A)

appears in both At and L as the only term involving length. However, if MI and t
are substituted into (8). the terms involving length will exactly cancel. Substituting
(A I ) and (A2) into (8) gives

8n 2

VA = rkik +jiWEMA7 I, +j. IO.2(In 21+1/2)] It  (A4)
I= I =

where the M 1 are the expressions in (AI) and (A2) with the (A3) term excluded.
But the last term is zero because

0.

That is, the total current in the outer conductors is equal and opposite to the total
current in the inner conductors. Therefore, the M k in (8) may be calculated from
(Al) and (A2) with the (A3) term excluded.

28
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APPENDIX B

PROGRAM FOR CALCULATION OF APPROXIMATE CURRENT

DISTRIBUTION, INDUCTANCE, AND IMPEDANCE OF MICROSTRIP

29
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DROGRAM STRIPZM(TAPE2=:5, INPUI=o5,DUTPUT=6/14.O,rAPE6=
COUTPUT)

C THIS PROGRAM USES THE METHOD PRESENTED I INDUCTANCE %ND ;HARACTERISTI
C IMPEDANCE IF A ST iP TRANSMISSION LINE, R.L. BRO3KE E[ AL, JOURNAL OF
C REStARCH OF THE NATIONAL BUREAU OF STANDARDS- ;.ENGINEERII; AND
G INSTRUMENTATION VOL. 1C, NOI, JAN-MAR 1967
C

C MATRIX INVERSION AND LINEAR EQUATION SOLUTION SUBROUTINES ARE !OUND IN
C LIBRARY 3 OF THE INTERNATIONAL MATHEMATICAL ANJ STATISTICAL LIBRARIES
C FIFTI EDITION, NOVEMBER 1975. IOGT=O WILL PERF3R4 ITERATIVE IM3ROVEMEN
C T OF THE SOLUTION AND REPORT THE NUMBER OF DI3ETS UNCIAGED AFTER
c NOV ZERO ON INPUT, THPROVEIENT, IF REQUIPED, IS
C ATTEmPTED TO IDGT DIGETS.
C THE PLOT SUBROUTINES ARE MACHINE SPECIFIC AT MERAOCOM AND NOT INCLUDED
C
C THE FUNCTION INA PERMITS SPECIFICATION OF ANY (I,J) E.EMENT IN ANY (KI
C SPECIFIED (N*M|I 4 2 ARRAY Oc N*M VECTOR, WHERE M MAY BE 1,2,4,,12,16.

C STORAGE IS IN 8LANK COMMON, ARRAY A(IZDREI WITI THE SQUARE ARRAYS
C FIRST. THEN THE VECTORS.
C
C THE NUMBER OF EACH ARRAY TYPE DEFINED IS STORED IN NA(IM) AND 1V(IM)
C WHERE IM=1,6 (SPECIFING THE M IN ORDER ,IVEN AB3VE)

C

COMPLEX RPJWL,GPJWC,ZCOMPGAM
;OMMON //A(Z7626)
COMMON /STOR/N,MAXN,ICORE,NV(bI,NA(6),MMI6)
EXTEPNAL INA,INV

C

G THE ASSIGNMENT OF SPACE FOR ARRAYS IS MADE THPIUSH THE VECTOR ISA AND
C IS AS FOLLOWS
C ISA IS A VECTOR SPECIFING THE MATRIX NUMBLP FOR VAPIA3LES AS FJLLOWS:
C
C m MUTUAL INDUCTANCE MATRIX IS INA(2,ISA(1)
C PHI MATRIX INA(2,ISA(2)
C PSI(INVERTEO) MATRIX INA(2,ISA(3)
C PSI MATQIX INA(2,ISAt4)
C WORK AREA MATRIX INA(2,ISA(51

C THE W3RK AREA EXTENDS 6*N OEYONO INA(2,1SA(5),N2,Z!2 AND IS PROVIDED
C BY 3 2N VECTORS aEFINEO BELOW, IF N VECTORS ARE OE:INEO
. ELSEWIERE, THEY WILL OE WRITTEN OVER, THE AREA MAY SE USED
C FOP VOLATILE STORAGE.
C
C TWO 24N WORK AREA VECTORS
C THE TIIRD ?N AREA IS USED FOR I/R INV(2,ISA(5)
C
C A VECTOO INV(2,ISA(Tl
C B VECTOR INV(29ISA(8B
C C VECTOP INV(2,ISA(9)
C

DIMiNSION ISA(9)
COMMON /STRIPS/FPEQSEPW(2),EW(2),rHK,SKD'S,ETHK
CvHO,EDCPOW,IDGTIERPI2
DATA lJ/

DATA ICORE/2?826/
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')AT A NA/09 ,o 4 ' 0/
flATA NV/,bp. /

DATA IU,IUPR/2-6/
JATA rON)/C./

C
DATA ISA/l,2,3,-#,5 ,3,'.,59b/
CALL CONNEC(5LINPUT)
CALL CONNEC(6LOUTPUT)
PRINT ,1ENTFR I FOR INSTRUCTIONS, 01 FOR JE:AULr VALJES
TP=3
CALL ISETN(N)

2 IR = _
3 ALL 10( IR)

C RETUONS AFTER VARIABLES ARE READ AND A [:OMMAND iIPUT 2RDVIDED IN
C SUBROUTINE 10. VARIABLE Ik IS RETURNED TO CONTRDL TIE EXECUT134
C REQUIRED.

C NO CHeANGE ,REPEAT BASIC OUTPUT
1i63 COTO 1;01
C DO ONLY LnCAL CALCULATIONS
1.01 S'OTO lZ02
C 00 CJRRFNT'S BUT SKIP MUTUAL
102 ISK1l

O Tn 133
C 00 CURRENTS
1 3 rSK=C
1003 TIN=SEOOND(CPI

CALL CURR(N,ISAtSNA,SU4,IS()
TREQ=SECONO (CP)-TIN
PRINT 913,TREQ
NPM=TIMEL( IL)/TREQ
IF(NRM.LE. 8) PRINT 911 ,TL ,NRM

-ill FORMAT(* YOU HAVE *,F8.3,- CPU SEC04nfS LEFT-/
C * ABOUT ENOUGH TImE FOR *913,* mORE RUNS LI<E THIS *fi

93 FORMIAT(* THIS RUN REQUIRED *,Fb.2,- SECONDS-f)
SOTO l.02

C PRINT CUR9ENTS

LOC=INV(2,ISA(7),l)-l
L0C2=eINV (2 ISA (8), 1l)-
WRITE( IU, 0)( AILOC+I) ,A( LOC2+ I) ., MOCC* II,A( LOCt' +I),
CA(LOZ2+I.NIA(LOCC+ItNIIl,N)

903 FDR.AT(T3Z,CURENTS/T1G*LOWf TAPE~,T.C,
C*UPPER TAPL*/T3,*PEAL',T15,*-J (IMA;)*,T27,4AGNirU)E*,
!CT399*REAL~vT5i,--J (IMAG) *,T63,*MAGNITUlE*/

TF( IU-IUPR) 1 62,2
C
C DO SOME TRIVIAL CALCULATIONS
C
1002 CONTINUE

WF=012*FREQ
SA P=3UASUMA+SUMB*SUMB
CLEFF=SJMi/(WF*SAB)
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F EFF=SU4A/g SAB)
VELC=2 .97925E8/SQRT LEOC)

EFF~ 1./(CLEFFVELC**Z)
COND=WF*CCEFF' POW
ZIMPz VELC*CLEFF ____ __________

Il~w1 Wk ITE (C v96 0 )CLEFT , REfJF,ZINP5,GcC6-FF,,ONZ-
96L FORMAT(* EFFECTIVE INDUCTANCE= ,I1PGIL.4,* HE4IERYS/M~f

; EFFECTIVE RESISTANCE= 6,1PGII.49* OHMS/M*/
C* CHARACTERISTIC IMPEDANCE= *,1IPGII.4,4 OH4S*/
C# EFFECTIVE CAPACITANCE= *,IPG11.4,' FAIRADS/4*/
C* SHUNT CONDUCTANCE= *,lPGII.49*_MH3S/t4/

RPJWL=CMPLX (REFF,WF CLEFF)
.,PJWC:=4PLX (COND,pWF*CClEFF)

C PRINT','WF,REFF,CLEFF,RPJNLGPJWC- ' 9WF9REFF9 CLEF--tPJWL 9G3JWC
C Pi~INT ,9WFVELC,CLEFFWF/ICLEFF*VE-C*2),M:,VEL,,CLEFFWF/(CLEFF
L; CGVELC*42 )

ZCOMP:CSQTRPWU7PJWCY
3AMICSQiRT CRPJWL*GPJWC)
AITE(IU,9721ZCOMP,GAM,8.686*REAL(GAM),360.-IAMA(GAN)/PI2

,372 FORMIAT(* COMPLEx IMPEDANCE= *91PG13.'i,10H 0141S J,iPG13.16,
C5H OH~MS/* PROPAGATION CONSTANT= +9lP313.4,i04 NEPERS14 ,iPGL3.4,
C,10H RADIANS/M / _____ _____

IF(IU-IUPR) 106i,2

G PLOT CURRE'4TS
104 CALL PLOTI(A(INV(2,ISA(9) ,1,133,A(t'EACZ,2,1LI I,2zN,wI

-- GOTO~ __

C SAVE ON TAPE2
106 IU=2

GOTO 1301
14~61 GOTO 125
106Z ENUFILF-2------____ -__________________

IU=IUPR
IR=c
GOTO 2
END
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SUBPOUTINE IO(IR)
C
C RETURN CODES AS FULLOWS
C IR=3 NO CHANG17
0 1 ONLY MAIN PQOG CALLS NECESSARY
C ?ZULTRENT NECESSARY, BUT NOT ?4tJTtALS

S 3 COMPLETE CALCULATION NECESSARY
C -# PLOT CURRENTS
C 5 PRINT CURRENTS
C

EOUIVALENCE (FREQ,V(1))
COMMODN /STRIPS/FREQ,SEP,Wt2 ,Ct2) ,T4-K,SKDPS,lETMK,R40

CqE)C9POWI3GT,IER,PI2
OMMON /STOR/NgIDUM(201

DIMENSION W1N(2)
DIMENSION Qf21),KW(i.) ,UNI21),VI 12)

C
DATA 4E/12/
DATA 0/15HELEMENTS vl HFPEQUFN;Y ,1O-iSE2ARATION ,bHWI]rH1,

CbIITI12,IJHELE.wlOTH1,1OHELE.WIDT$2,ljHTHIC<(NESS ,104SKIN DPTHS
C1CHEFP.THICKS,3HPHD,2.OHDIE.CCNS I

C110HPOWER FACT 10HR~ESOLUTION v2H6O,9.HPLDT9
G354PRTNT, 4HSTDP 9 CH DISPLAY IIDHIST-RU-r-- -AZ-AP-~-
DATA K'/lHN92HFR,2HSE,2HWI92HWI91H ,1H q2-4rT,2HSK91H ,2H41~2HED,2H

CPD,2HlD,2HGO,2HPL,2FiPR,2HST,2HoIslNI,2HSA/
DATA UN'IH ,2HHZq6-(6lMETERSq1H 6-1ETERSl0HOHMS*4ETER

C,1:HRELATIVE p5H(SIN)96HDIGETSv7*(lH 3
DATAV/u.

D'ATA ItJGT, IERqPI2/.v.,6.283185303/
D)ATA IP/O/

5 PRINT *qfENTER KEYWORDI
9EAD 911,IA

39c1 FOT t A Z)_

DO 1J T1,L
IF( IA.EQ.KW(1I) GOTO 15

10 CONTINUE
30OTO 5

15 T-FIT.-EIQ.61TO 5 -

IF(I.EQZIGOTO 28
IF(I.GT.1#NE)GOTD 25
IF(I.EQ.4IGOTO 2t
PRINT ',o#ENTER VALUE
READ ,sV(I-1)
IF(T.E2. 311R:3
IF( I.LT. 12) GOTO 17
IF(IR.LE.1) IR~l
GOTO 5

17 IF(I,?.LE.2)IR:Z
.,OTO 5

?i PRINT **'ENTER BOTH STRIP WIDTHS
READ *#WIN
w(j)=AMAX.CwIN(jjWIN(2))
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WI 2) =AMIN1( WIN ( ) ,WIN( 2))

-OTI :3

1: IGT 13 AN INTEGFR
-PIN *91NTE D Ir.tTS OF RESOLUTION XtSIPEJ-
D EAD *,IDGT
"0T r) 13

OR ~"IN T , 'ENTEpi .N
QFAD ,N
,3ALL ISETN(N)

3C :)FTUQN

0 PLOT PEGUEST
-. TF(Ik<.NE.,)GOTn 90

IP=4.

0PPINT :?EQUEST

7, TF(IP)72,71

4j rr('i'rc. r'-L MPECANLE OP TWO T'IrN PAkALLLL. STP'I-1 CtL4Tt,(E5 WITH P
~SiPL l/* TO T-iEIP MIiULINF IS CALCULA&TED.*/

P7,4* -r P~'tA-~A-ILTE; 9k FUNO'TION -(YJ)FONL:U ST TC PiTL

7/' (USUAL.LY THEs F:f<ST TWO CHAk ,F DFSC-lIDTI:'))/
40i < .4ur] INJIL.ATES AN OUTP-UT VARIAPLE*/
Pr O3LJTIDN 10 OFTIIvIZED WHFN IC,..T=., 'iAY 6E ;rEDJ E: TJ I15T*/

3' DIGFT~o IF IDGT IS NuN-ZEQO .... */
C- CISPLAY WILL PkE3ENT CuRmENT VALU-": /

'2 0D'Ilif (QI, (I U(IIL

45 Fl 4 -T( rDFS'-IPTIIJ. KEYWORD ,T22, J'IIT0#?/5(IW,A1,rLl5,A5,TZLe,Ai;

C :LCAT(I1OCT),2.H
351 kU;riaT( ' ttI.tdLL ,Tie,- ALUz Pi: .LA-

-SOTO t;

-3 'IfT 1, 'N OUTPUT wITHOUT A GO !

C SAV- QtV4UfT
35 ZF(I?.Jr.)GC;Tl 9.

wPI IF I '96.

,#FLOAT (IDGT),1w

34
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RETURN
END
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SUBROUTINE CURR(NtISAtSUMASUMBISK)
C CURRENT IN ELEMENTRY STRIPS FOR THE HALF PLANE SYMMETRY CASE
C ARE CALCULATED. ARRAY ALLCCATIONS ARE MADE HERE FOR 3LANK COM0N
C IN THE MANNER DESCRIBED IN FUNCTION INA, OTHER SUBR)JTINES
C REQUIRING SPACE MUST OBSERVE THE NOTES BELOW.
C ISA IS A VECTOR--S -P-I- TT RI I-OR--VAPI"LES-AS -FLLOWSI
C
C N MJtUAL INDUCTANCE MATRIX IS INA(2,ISA(l)
C PHI MATRIX INA(2,ISA(2)
C PSI(INVERTEO) MATRIX INA(2,ISA(3)
C PSI MATRIX INA(2,ISA14)
C WORK AREA MATRIX INA(eS-(..

C THE WORK AREA EXTENDS 6*N BEYOND INA(2,ISA(5IN2,N2I AND IS PRDWIDED
C BY 3 2*N VECTORS DEFINED BELOW, IF N VECTORS ARE DEFIIED
C -LSEWHERE, THEY WILL BE WRITTEN OVER, TiE AQEA MAY BE USE)
C FOR VOLATILE STORAGE*
c

C TWO 24N WORK AREA VECTORS
CTHE THIRD 2*N AREA IS USED FOR L/R INV(2,ISA(51
C
-C-A V7TOR INV(2,ISA(7)
C 8 VECTOR INV(I2ISA(81
C CVECTOR INVIZ,ISA( ... .
C

EXTERNAL INASZIND
DOUBLE PRECISION SPSISPSIPHSPSIRsSPSIPHRtDENOM

C

COMMON //Ail)
C

COMMON /STRIPS/FREQOSEPW(Z),EW2),TiHKSKD SET4<
C..RHOEOC POW, IGT, IER,PI2

C
C

DIMENSION RESDCI2),NDIA(.)

DI1ENSION IA{91
C

C-THIS VECTOR DESCRIBES THE ATTRIBUTES OF MATRI:IES FOR THE IMSL
C DIAGONAL MATRIX TIMES A FULL MATRIX FUNCTION.

DATA NIIAI/*O/
C
C

C PRINT 49 NCURRO
C SET MATRIX LENGTH

NOIA(IJ=NOIA(2)zN2=^'N
C FILL THE MUTUAL INDUCTANCE MATRIX

TREF=SECONO(CPI
IFIISK..TnOTO T
CALL NUTIA(INA(C2ISA(Iltl)IA(INA2,ISA(2l3 .i, ,N2,2tN2,SZIND)

7 CONTINUE
TNUT=SECONO(CP)-TREF

IF(ISKEQ.OIPRINT 96g46HMUTUALTMUT
900 FORMAT(lXA8, SOLUTION TIME= *,Fb.2** SEC)NJS*/)

C COMPUTE PHI=WNM/R
C
C STUFF A BAND ARRAY WITH I/R USING THE SMALLER OF THE TAPE
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C THICKNESS O)R A MULTIPLE OF SKIN DEPTH.
WF=P1 2*FREQ

C I1OJIFY' UR frELATIVE PERMEABILITY) IF TIF Cu4DU:T)R IS !'A34ErI mATERIA
UR=1.
SKDP=SQR~T(RHO/(FREQ41.E-.7*UR))/PI2

T'ETHK-=A7TN I UTRtKSKI) PS*SKDP)
IF(ETHK.NE.THK)PRINT *,'EFFELTIVF TAPE 1H131('dESS ADJUSTED
00 13 T=192

1 RESOC CD =RHO/(EW( Ii ETHKI
C

RINV=I./RESDC (ii
RINV?=l./RESDC (2)
00 12 1=19N
A(LOCtI) =RINV

12 A(LOC2+I)=RINV2

C
C PRINT -,#-/R ,s(A(LOCo-IlI=1,N2)

G COMPUTE PHI DO W*M FIRST

C

CPHI =W#M/P

CALL lpULF5(A(TNA(ZPISA(4)vi,1P) ,N2,A(LOC.11 ,N29,4)IAAIINA42,ISA(2

C ..ALL MATP(A(INA(2,ISAf2) ,1,11),N-e
C
C COMPJTE PSI(INVERTED)
C NOW 10 (W*PMfR)*W*M

3ALL V'ULFF(A(INA(2,ISA(2) ,1,iflA(INA(2,ISA(.+),1,1liN2,N2,N2,N2,
-- tFeTwrtrAT21-SA-3t-,,)),N2,IERI -

IF(IER.NE.O)PRINT -,ERROR IN PSI(INV) MULTI LICArION, IER: e
CPMOO(IER,32)

C
C
C PRINT -,* PHI-W-M

L --- t ATP f kiTNA ( Z, ISA ( 3) , 1 , I T t - ___

C ADO R

LDC2INA(ISA(3)qN.1,)-i -

00 2C I=I,N
J=4( I-i)*N2

23 A(LOC2+J)=A(LOC2#J)+PESOC^(2)
C PRINT *,**PSI(INVERTED)=
C 3,ALL MATP(AILOC+11,NZI
C
G INVERT THIS TO OBTAIN PSI, T4IS DESTROYS THE 1/R VFCrJR

'- -S-TrEEXTENDEDo WO"~1 AREA TS USED.
IDGT2=IDGT
CALL LINV2F(A(INA(2,ISA(31,I13I),N2,N2,A(I'4A(ZISA(41,2,l1,IGT2,

CAC INA I?, ISA (5) .1,1) J IER)
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IF(IER.NE.J)PRINT *'ERROR IN INVERTING PSI(I4VD, IER it

PRINT *'*IDGT IN INVERTING PSI= l.IDGT2
C PRINT *,@*PSI
C CALL ".ATP(A(INA(2,ISA(4),i,1))_,N2) _________________

C NOW DO PSI#PHI INTO WORK AREA
CALL VIULFF(A(INA(2ISA(41,ijI l,A(rNALZISA(2),I,1)),N2,N2,N2,N2,

I42A1A (2, ISA (5) ,l,i) ,N2, ZERI
IF(rER.NE.)PRINT *,'ERROR IN PsI 4 r4, IER= 8,MOD(IER,32)

C PRINT -,*PSIP1:______ __________________

C

C PERFORM SU4S OF MATRIX LLEMENTS FOR E AND F SOLUTIONS
C
C sum PSI

- CALL -SIMAL&L(W(TRA (2,9 ISA14) ,91-9 171THZ SVSTI-
C SUM PSI*PHI

CALL SUMALLA(rNA(2,ISA(5)i±IIJN2,spsIp-ii
C SUM THE RIGHT SIDE OF PSI

CALL SUMiRT(A(INA(2,ISAI.I ,1i)),N2,SPSIR)
C SUM OIGHT SIDE OF OF PSI*PHI

C AL L SU. YA I MAU2, ISA (5) ,i19 1 9 N2,S;FSIP HR1-__ ______

C

OENOM~spsI**2tspsIPH*4 2
=(PI(SSR+SSP -PIH)/DENOPI
F=(SPSIi-E*SPSI) /SPSIPH
PRINT- q VOLTWGE UROP It! aoT~om (WIDJE) TAPE=~,7

C PRINT *91*Ei= *,Z.*SPSI
G PRINT ',"E2= ',2.*SPSIR
0 DRIT ** 'E3= %92.4 SPSIPH
C PRINT 8E4= lt2.*SPSIP4R _____

PRINT 9J0,7HVOLTAGE9TEAF

tC SET UP SOLUTIONS FOR A AND B IN THE FORM OF IPISL(AX=B) OR
C PSI(INVI*A=IE+PHI*F)
C PUT RIGHT SIDE IN SOLUTION VECTOR

LOC=INV(2, ISA (7) ,l,)-i
LOC2=L(IC.N
30 31~ I1,N
a (LOC#-II=A (LOC.I) .E

3L; A(LOC2+I)=A(LOC2+I)*E-1.
C
C
C JO SILUTION

r IDrT2=TOGT
CALL LEQT2F(A(INA(2,ISA(3) ,1,i)I ,1,N2,N2,A(L3C~tI,IOGr2,A(INA(2,IS

GA£5) ,191))tIER) ________________________

IF(IER.NE.J)Pf<INT -,ERROR IN A SOLUTION, IER= 0MODIIER,321
PRINT *%#IDGT IN A SOLUTION= ,9IDST2
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C NOW 00 FOR B
c Psi(rNV3*B=(PHT*E-F)
C ALL MATP(AIINA(2,fSA(2),1,13 J,N2)

CALL VMULMPIINAI2,ISA(2) ,1,1)) ,E,42,A(I4V(2,ISA(81 ,1iii)I

40 A(LOGB+I)=A(LOCB4I)-F
IOGT2= IDGT
CALL LEQT2F(A(INA(2,ISA(3) ,1,1)) ,1N2,N2,A(LO^6.1) ,I!JT2,A(INA(2,

CSA (5) , 1, 1:) 1 9IER)
C PRINT *9* SOL= l(A(LOCB4II,I~l,N2)

T-FCI~q*FHE_7R-IKT w'91'RWR -IN 8 SOLUTION, IER= ',IDD(IER,321
PRINT @*IDGT IN B SOLUTION= %IDI2
TSOLI=SECOND(CP) -TREF-TEAF-TMUT
PRINT 9ijOYHCURRENTqTSOLI

C SUM REAL AND QUADRATURE CURRENTS
C A REAL, 3= QUADRATURE CURRENT, C= MAG41JTUDE

LOCC= INvTIr~Y~vv
LOCC2=LOCCtN
SUMA=SJM8= 0.
SUM A2=SUM02=0
D0 5 I=19N
SUMA=SUMA-A LOC.!)
A(L OG+I A (LOU I I An-0UCTTT+A(LOC B+I1 WFAI(UTB T)
A(LOCC2+I)=A(LOC+I#N)*A(LOCCI+N)+A(LDCB3+I+NI'A (LO',.I.N5
SU4A2=SUKAZGA(LOC*TGN)
SUM82=SUNB2+A(£LOC BGItN)

50 SUNB=SUM1B.A(LOCB.I)
S?4AG=SQR(SUMA**2.SUM8 4 *2)

SUMA=2.*SUMA
SUHB=2. *SU48
00 52 1=19N
A (LOCC+I) =SQRT (A (LOCC. I))

52 A(LOCC.I.N)=SQRTIA(LOCC+I+N))
PRINT TorFUTFFIRENCE T47 CURRENTS= *,ABS(51AG1-S'A)21/3MAGI4SMAE,2

C42OL.9 PERCENT#
C PRINT ,'8SUMA=19SUMA96 SUMB=',SUMB

PET URN
END
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SUBROUTINE V4ULM(AvVqN9O)
i SPECIAL PURPOSE SQUARE MATRIX TIMES A VECTOR w433E ELEMENTS
SARE IDENTICAL

DOUBLE PRECISION SX,S2
DIMENSION A(N*NIOIN)
-00 -2CI~i,N
SI=G.
0O 10. J=1,N

2dO SJIS1'A(vJ

RETURN
-- NTRY VMULMP _

C SUBTRACT ONE F.(0M THE LAST N12 VECTOR ELEMENTS 44 MJ..TIPLY AS ABOVE

DO 163 I=19N

0O 150 J=1,N02
Si=-Sf+A(ItJ) -

15 Se=S2*A(Iqj+NO21
160 Otl)=VO(Sl+S2)-S2

PET URN
ENO
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SUBROUTINE SMULM(A,B,N.S)
C SPECIAL PURPOSE SQUARE MATRIX TIMES A SCALER

DIMENSION A(N9NlB(NqN)
DO 100 J=l*N
DO 10C I=1,N

lUU 9f1lJf=AtIlJI
J

w

RETURN
C

END
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SUBROUTINE SUMALL(ANS)
DMRJLE PRECISION SSUM
DIMENSION A(NqN)

C-SUH-IL-L ELEMENTS OF A SQUARE MATRIX
JS=1

1 9 SUm=D.
00 2UO J=JSN.... . -2-uZ = i, N

200 SUM=SUM#4A(I,Jl

RETURN

C SUM ALL ELEMENTS IN THE RIGHT SIDE OF SQUARE MATRIX
ENTRY -SUHRT
JS=N/2+

. .OTO 199
ENO
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FUNCT ION SZI'4O(PPEPqEwPqIER
C THIS FUNCTION RETURN THE MUTUAL INDUCTANIE FOR rl1N STRIPS OF 4IOTH
C EwP METERS SEPARATED djY PP, AND DISPLACED BY EP JSIN3 THIE METiOD OF
C BROOKE .. ET AL IN 'INDUCTANCE AND CHARACTER13TI; IMPiOAN;E...'
C 25 OCTOBER 19669 (APPENDIX) WITH THE LEN(6TH TER~1 RE'IOVED.
C OUTPUT IS IN UNITS OF MICRO-HENERY-S PER METER, THIEN Ai.E- 6
C LIMIT3 ON CALCULATION ARE PROVIDED WITI AN ERROR FLA;, IER, TO
C INSURE TIEt INTE(3PITY OF THt. ANSWER, CO0JSISTENT WITH TIE C)C
C 6C- COMPUT. (2 SIGNIFICA4IT DIGETS 1-4l THE - L;ULATIO4)
C

J)OU3LE PRECISION Al ,dl ,C,DP,EEW,9EL
DIMENSION EWP(21
DATA STO/1.Ell/

C
C

TST=SQRT(PP* Z+EP*'-2)/ABS(EWP)
IFtTST.LE.STO)GOTO 4 1 -TI F( IER.E(4.6)PRINT 951V WP;P E,TS T 9

951 FORMAW( ERROR IN MUTUAL INDUCTANCE CAL3ULAriON#/TlOq
C A WIDTH OFvl.9 PETERS AT SPACING OF4,2(1X,.. .42.-I,9
C/Tlj,*YIELDS A SPACE TO WIDTH RATIO lF4,rlJ..,- EKCEE)ING TIE
C*ALLOWABLE OF*,610.4/)

-__ --- IERI R+
RET URN

4 CONTINUE
P=PP

EW=EWP(l)

A1=81=3==3.0
IF(PP.cQ.0..ANO.EP.EQ.0.) GOTO 910
IF(PP.EQ. 6.Gl GO TO 900
AI=P ((EW-E) DATAN2((E-EW),P).EE-DELI*DATAN2((E-)ELI,')+

CE*OATA42 (E , P Et EWP (2)J*DATAN2 ( E+EWP (2I3,')

900 CONTINUE
IF(E.EC.Ew)GOTO 902

401 91= (P*P-(L-EW) 4*2J*DLOG(P*P+(E-EwI*2) /4.
302 CONTINUE

___ C(E*E-P*P)40L0& (P*P4E*E)/4.
(E-9EL (E-GEL) (DF~ PP E-EL) E-EL) f.

953 CONTINUE
0=(P*P-(EEWP(2))42)*OLOG(PP+(EEWP(2)l#42)/4.
ANS=(AI*B1+C+D40.2/(EW*EWP(2))
GOTO 50

911 ANS=0.2*OLOG(l./EW)
C
C. PRINT -,#-SELF'
0 CHANCE TO UNITS OF HENERYS
C
50 SZIND=ANS*1.E-06
C PRINT -,P,E,EW,ANS %vPEEWvANS

-PINT '0A199144, lAiB1,CO
RETURN
END
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SUBROUTINE tOX(IIJIIIJJ)
C CONVERTS A REFERENCE lIJ) TO ELEMENT NUMBERED PER OR30KE ET At.,
k; TO EJUIVALANCE ASSUMING HALF PLANE SYMMETRY. :O4SEQUENTLV,
C 2*(N**2+21 MUTUAL CALCULATIONS ARE RLQJIRED, RAT4IER THAN L6*N"fZ
C

-OMMON /STOR/N,MAXN,ICCRE,NV(b),NA(6P ,MM(6I
C
G THIS FUNCTION WILL TEST 0 IF LOWER TAPE, 1 IF UP2ER

I TOP (K)z (MOOD(K-192*N))/N
C
Cr-PUT--SWALtEJR ThTT7--

JJ=MAXO (I9j)
C LOCATION FLAG FOR I

IT=ITOPC II)
JT=TTOP(JJ)

C" IMiIS VLAG KILL iLbi 0 IP JJ !Or AND LI 8011049 - I LL eireJ 90u5U0I.
IOP=JT-IT

C
C SET THIS MULTIPLIER TO 2 IF BOTH ARE TOP, 1 OrAERWISEe

IM=ITwJT*1
C

r-FrrUPJ5-9 1u , 1u
C I TOP, J BOTTOM

5 JTEM4:JJ ___

JJ=II42*N"
rI=JTEM-2*N
RETURN

-ClEST--F- 11 IN LEVI H1ALF LP

C LEFT
15 IF(I0P)21,21,16
C LEFT, II BOT, JJ TOP
16 RETURN
GU UiIM IN KlU~,M ?1ALI-9 t'UI IN LLI1

If II=II-2*N
JJ=JJ-2*N
;0T0 15

C BOTH ARE TOP OR BOTTOM
21 ID=II-TT*N-1

IF(JJ.GT*2'N)GOTO 25

RETURN
25 JJ=JJ+TD

IF(JJ.LE.N*(2*II) RETURN
TJEIWrW1I-MUUTJJ,1 N - (2t 911
RETURN
END



SUBROUTINE MUT(AMAWN2,N4,FUN)
C
G. STUFF A 2N*2N MATRIX WITH MUTUAL IMPEDANCE USING FUN,
C REPRESENTING A 4N4'.N MATRIX WITH HALF PLANE SYMMETRY, THE
C LOWER HALF IS IGNORED AND THE UPPER HALF FOLDED.

txTERNAL FUN

C FUN IS THE IMPEDANCE CALCULATION, twc2) :ONTAI4S THE INCREMENTAL
C STRIP WIDTHS FOR LOWER (THE AIDER) AND JPPER TAPE RES2E;TIVJELY.
C

DIMENSION AM(N29N2) ,AW(N'.,13
3IMENSION EWB(2),EWT(2)

C
C AW IS A WORKING SPACE, MUST BE (2N3**2+4N LONG, MAY BE' SJPPLI=D
C BY A 2N4 2N ARRAY, BUT CAUTION THAT THE 4EXT 44 L)CATI)NS WILL
C BE USED.

C NOTE THAT STORAGE IN AW IS ROW AND COLUMN REVERSED
C

COMMON /STRIPS/FREQSEPtW(2)tEW(2),TI4KSKDPSETH<
CRHOvEDC ,POW, IOGT, IER,PI2

C PRINT ,q@MUT'
C- - -UN (UT A _____________________NE

C RESET ERROR COUNTER IN FUNCTIONFU (UTA 4JAESJOTNE
IEP=J

C COMPUTE ELEMENTARY STRIP WIDTHS
DO 1 1=1,2

1 EW(I=W(I)/N2
C _____

u. LOAD E WIDTHS PAIRS FOR FUN CALLS
00 2 1=1,2
EWB (I)=EW( 1)

2 EWT(I)=EW(2)
C
C

N=N2/2
N3=N2.N

C
C OFFSET OF TOP SMOKT TAPE FROM ORIGIN

C OFFSET OF -iIGHT EDGE OF TOP TAPE FROM ORIGIN
E2=E1#W( 2)

C
C STUFF THE AW MATRIX
C ,RrNT *9tAW ELEMENTS 094.(N**2.N)

9O l~. J=19N

AWIJ.N,1I=FUN(SEPEIEW(2)*(J-1) ,EW, IER)
AW(JN2,13=FUN(uW(1i-EW(i)(J)EA3,IER)
A WI JN3, 1)=FUN (SEP ,E2-EW(2141 J) EWIE R)
AWIJ.NN.I)=FUN(0,EW(Z8*(J-11,EWTIER)

ii AW(J*N3,N.1J:FUN(u,EW(21IIN2-J),FWTIER)
C 6-RiNt --9N#S='N,N2,N3,N4,NPl

D0 30 1=20N
EO=EW II) 'I-I)
DO 33 Jz1,N
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&W(J+N, I)=FUN(SEP,ABS(E1*Ew(2I*(J-1) -EOI ,EwIER)
30 AWIJtN3,I) =FUN(SEP,E2-EW(2S*(J)-EOEWIERI

C DRINT *91AW PRINT LIMITS= ',N4,NP1,((AW(JilIJ=:IN4d,I:1,PI)
C PRINT ',AM@
C
C NOW STUFF AM

30 1tJ Il11,N2
DO ICO JJ:2,N2
CALL MOX(IIJJsI,J)
CALL 1OX(IItNZ+JJsIAiJA)

.100 AM(II,JJflAW(JII+AW(JA,IAI
C
C PRINT *, (IAM(IJ) ,J=xN2b ,I=2,N2)
0 PRINT *,#MUT DONE#

IF(IER.EQ.O~i IETURN
PRIN13 5a,IER

9~5G FORMAT(* MUTUAL INDUCTAN E ERROR COJJT= *,171
RET URN
END
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PUNCTION INA(94,K, I,J)

C THIS FUNCTION PERMIITS SPECIFICATION OF ANY (IJ) ELEIENT IN ANY (K)
C SPECIFIED) (N*t4)*2 ARR~AY OR N*M VECTOR, WHERE M MAY 3E 19294,8912,16.

iC -SOQA 7T N * L AN K C-0MON- PV -A -CY T WlITI THm SQUAR(E ARRAYS ii-
C FIRST. THIEN THE VECTORS.
C
C THE NUMRER OF EACH ARkAY TYPE DEFINED IS STORE) IN NAC [41 AND 41V(It4)
C 1pHERE 1N1,b (SPECIFI~v THE M IN ORDER SIVEN ABOVE)

;DMMON f/At1)
,OI4MON /STOR/N,MAXN,ICORE,NV(b),NA(6d ,HM(6)
DIME-4SI3N IEtAT(21

GATA IEN'1T/bHVECTOR,5HARRAY/

C ENT-RV FOR ARRAY INDOEXING
TT=2
JJ=J-1

C SET INDEX OFFSET TO ARRAY NIJ4BERS
NO= 6

C 
I=

C SEE IF M VALID
3 DO 5 IM=196

IF(KE.4M(IMllGOTO IC
5 C-ONTINU-E

7 PRINT *,'CALL TO INDEX ERROR, CALL= 1,M*KIJ
PRINT *9IENT(ITj,' ENTRY POINT#
INA=l
RE TURN

0
INiJEX TO NO OF M ARRAYi OF VECTORS

13 CONTINUE
C. GET ADDRESS OF FItKST M~ ARRAY -1

IF(IM-Il 12,3C
!2 L=IM-1

33 15 TM=19L
5 IXrIX+NV(NO+IM)*(N*MH(IPH)**y

C
G. CHECK FOR VALID K

3 ~IF(K.LE.J.OR.K.GT.NVCNU+IMflGOTO 7
C
t. CHEC;K FOR VALID J

IF(CJJ. LT. C.OR.JJ.GT.N*M) GOTO 7
t;
C CHECK FOR VALID I

TF (I.LE..OR.I.GT.NMLDTO 7
C
G SET I-EQUtST INDEX

-?ETURN

C ENTRY FOR VECTOR INDEX
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97NTRY INV
IT=l
JJ=NO~l
TX=IN2
SOTO 3

ENTRY ISETN
4l=MAXC (M 2)

C THIS ENTRY COMPUTES A MAX N BASEO UPON 4A9 NV A43 C34PARES
C THE N REaUESTED TO IT, SETS TO MAX IF MORE RL2UE.STEO.

C SUM THE NUMBER OF N**2 SUBARRAYS
NNZA: 0

131 NNZA=NN2ANA(IM)#M(IMI)*2
C
U UM HENJN R OF N VECTORS

NN4V=0
DO 110 IM=196

l11l NNV=4V(IMI*MM(IM)+NNV
C
C QUADRATIC SOLUTION FOR MAXN

IF(NNZA.EQ. L)MAXN=ICORE/NNV
115 TNZ=NN2A*N*'2

IUSEO=NN2AN**2NNV*N
PRINT *,'N MAX= ',MAXN,' UNUSED ;3RE= %,I);RE-IUSEO
IF(M. T.MAXNIGOTO 203
N=M1

INA=N
C NURNAL RETURN

RE TURN
C
C ERROR
200J lLNNNV N*NNeANN --

N=MAXN
INA=~4
PRINT *91 ERROR, REQUEST FOR SUBDIvISION TOJ -AR3E, SET T3 *,MAXN

C,' CORE REQUIRED 1,ICN

LNU
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SUBROUTINE ?ATPCAtN2)

DIMENSION A(N2,N2)

3IME'4SION IFOR(2)

C LIMIT PRINT WIDTH TO CARRIAGE SIZE

N:=MIN1113,NZ)
ENGOOE (16 j9 UO IF OR) NC

F3PMA T (H( ,I81HiMC

R E TURIN
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SUBqJUTINt PLOTI(A,PN2,W)
C A CJ.TAINS BOTTOM TAPE CURRENT (MAGNITUJEI IN TIE FIRST N L3CS,
C AND THE TOP TAPE IN THE LAST N, THE TOP TAPE IS SALLER OR
C EQUAL TO THE TOP IN WIuTH. OUTBOARD ELEMENT FIR3T.
G W C014TAINS THE TAPE WI3THS, LARGER FIRST

C
C AN ALLOWANCE FOR P SHOULD BE MADE,
C THE FOLLOWING METHOD USES, AS A MAXFOUR N2##? A4D STK N ARRAYS
C

jIMENSION A(N2),P(l),SC(2),W(2) -
EQUIVALENCE (AMXSG(1))

C THL FOLLOWING IS FOR TmE PLOTTING ROUTINES
C

2OMMON /CKTBUF/IPPMBUFF(iC24)
DATA IPD/1Z24/

DATA SC(2)/C./
3ATA IP/Ji

IF (In)?, ±

2. IP=1

410 FORMAT(* PkOGRAM PAUSES WITH CURSOR AFTER EA>I PL3T, ENTER 4 CHAR
CTO CONTINUE*/* AFTER THE SECOND PLOT, ENTRY 3F THE FIRST LETTER OF
; THE 3ELOW DESCRIPTION*/ WILL CAUSE THAT RESULTlf/
CT5,-REPLOT BOTH TAPES-/T5,-FULL WIJTf SMAL.ER TAP- - REPLOT'/
CT59,PLOT SIZE CHANGE (TWO CURSOR INPUTS DEFI4E FRAME SIZE)*/

2 N=N212
ISPC=4 N2*N 23*N2
ISPC=MINu(ISPG91991

0 FIN' THE LARGEST VALUE FOR SCALING
AMX=0,

1 AMX=AMAXK(AMXABS(A(I) I)
t SCALT VERTICAL SCALE TO CURRENT DENSITY

NPI=N4.
00 12 I=NPiN2

12 AMX=AMAXI(AmXABS(A(114W(I/W(2iII

C PLOT LOWER TAPE
15 D0 2C I=19N
210 '7(If=P( 2+1-Ii=Afll
C

C SET S;ALE
CALL PLOTXY(SC,2,IR,4)

C
C

,ALL PLOTXY(P,N2,IRI)
C
C
C ATTEMPT TO SENTER SMALL TAPE FOR-aE -A'NISPLATAWWEXP'D -

C TO 1.3 TO 2kO POINTS

M=I
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IF(AOO.NE.w.IM=(ISPG-1)/(N2-1+ADJ))
I=MAXG Ci M)

C CHECK To SEE IF UPPER TAPE SHOULD BE ZER3 FILLED
IFCADO4+N2*M.GT.ISPC)GOTO Z2
IF(%(I)/W(2l.LE.16)GOTO 30

IF(W(i)/W(2) .NE.I.)PRINT 902
902 F3RMATC4 TOP AND BOTTOM STRIPS PLOTTED TO l)UFERE4T wIUT-i 3,ALE

C C)-

STUFF ZEROS IF REQUIRED
3u NA =(A Or]/2. 1 *

0O 32 I:1,NA

C MOVL -AND POYT UPPER
35 NM14-I.

D0 '.. 1Il,NH1
DO t J=I,M

L; PRINT -, #*P IN f, IP(IJ ,I=INT)
C
C FILL IN CENTER

DO '42 I~i,M2
..2 P3CNAN-1)M4I)zAIN2)*W(1h /WC2)
0 PRINT -,'P OUT= ",CP(II,I=1,NT)

043 OTINUE
;ALL PLOTXY(P,NT,IR,l)
IF( IR.CQ.IHP)GOTO 15
IFCIP.EQ.jHP)tOTO 5C
IF( IR.EQ.lHF)GOTO 22

RETURN
52 ALL PLOTXY(P9N2919,2)

-?ETUQ,4
END
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UNCTION TIMEL(TLI
,ALL rPUTIME Q ST)3

C -"RINT bj3,ISTFLOAT(ANOI.NOT.MASK(351 ,SHIFT(IST,-36)3I,FLOAT(ANO(.

lgj FORIAT(X,O2G/* AVAILABLE, SEC NUY19 MILE 4Jof*/1K,3F6o3)

'1&SK1463 ,SHIFT(IST,2.23)) ,.I4lFLOA(ANO(.~r.M4(48J,ISTJ))
')ETUiRN
E 4r)
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IDENT CPUTIME
ENTRY CPUrI14E
USE

I CPUTIME BSSZ I
1'.,1.SX6 Al

51b LZ701i + SA6 APGL
rlro 2'u111 tIME ST,RE:ALL
-51zaQJok.1. SA2 ST

311 JII + SAl. AkCL
5311: SAI Xi

0~2 X6 X2

5361: SA6 X1
~%~JJL.: *EQ CPUTIME

I ST 3SZ 1
1 APGL tSSZ I

END

5123Q36 GM STORAGE USED Z4 &TATE4ENTS '. SYMBOL&S
MODEL 74. ASSEMBLY : i ECO4)S 1^ REFERENCES



SU39aUTINE PLOTXY(YNP,IRIP)
C PLOTXY
C A PROGRAM TO PLOT A SIMPLE REAL VARIABLE IN A SI 4GLE PLANE
C INTENED AS TOOL FOR ENGINEERING PROGRAM DEVELOPMENT. IT REQUIRES A
C MINI4UM K43WLEDE OF THE GRAPHICS SYSTEM AT TiE EKPENSE OF SOME

-T-NICE TO HAVE FEATURESI NO EABLY LABELING, BUT IS EASY TIO USF
C WITHOUT HAVING TO LEARN GRAPHICS.
C
C TriL PROGRAM CARD MUST BE MODIFIED TO INCLUDE GRA241C FILE
C DEFINITION AND THE FOLLOWING ADDITIONAL CARDS:
G PROG-A 4 YOURS(TAPE11,TAPE1Z=97/971'
C DOMMON /CKTBUF/IPP,MBUFF(14021 CKXBUIF/MDUI87)

'IATA IPP/1:24/
C
C
C THE FORM OF THE CALL ISS
C
C; ZALL PLOTXY(YNPIR)
C
C WHErE Y IS AN ARRAY OF NP ORDINATE VALUES TO BE P.OTTEO.
C THE AR-AY WILL BE AUTOMATICALLY SCALED TO FIT IN A DE=AULT SPACE
0 PRGJI9ED ON THE SGREEN. WHEN THE PLOT IS COMPLErE, TE CJRSOR MILL
; APPcAF9 PROVIDING A PAUSE. ENTERING ANY CHARA;TER WILL RETURN
EYECUTION TO THE CALLING PROSRAM WrITR-E C'AIAEm " tInEtr

C 9ETJPNE3 III IR.
C
C THAT IS ALL R.QUIPEb TO UBTAIN A PLOT. A FEW ADDITIONAL FEATURES

HAVE .EEN ADDED,F]UT MAY BE IGNORED. THESE FEATURES ARE A;CFSSEO WITH
C THE POLLJWTNG CALLS:
C

CALL PLOTXY(YqNPIRIP)
C

WH. -ALL PARAmETERS ARE AS BEFORE AND IP SPECIFIESS

, IDrNTICAL TO PREVIOUS CALL
C I PLOT Y, BUT USE THE SCALING CAL-ULAtED B THE EVtIftS :,LL.
, 2 SFT THE PHYSICAL AREA ON THE :ZREEN TO TIE AEA OJTLINE) BY

C TH- NEXT TWO CURSOR INPUTS.
? SET THE PHYSICAL AREA TO THE DtFAULT AREA PR)vIDE3
*- SCALE TH:" DATA IN Ys BUT DO NOT PLOT.

C SET IPr 2 SET PLOT SIZE ON SCREEN
0 AUTO SCALE AND PLOT

C 1 PLOT TU OLE SCALE
3 SET DEFAULT SI7E

C 4 AUTO SGALE, NO PLOT
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APPEN DIX C

SAMPLE RUNS
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SAPPLE COMPUTER Pj ,-f,
ser alpha input i lower case for clarit.)

ENTER I FOR INSTRUCTIONS, DI FOR DEFAULT VALUES
N MAX- 37 UNUSED CORE- 27722
ENTER KEYUORD

THE IMPEDANCE OF TWO THIN PARALLEL STRIPS CENTERED uITM RESPECT
TO THEIR MIDLINE IS CALCULATED.
ENTER PARAMETER OR FUNCTION KEYUORD FROM BELOW LIST TO OPERATE.
(USUALLY TkE FIRST TuO CHAR OF DESCRIPTION)
NO KEVUORD INDICATES AN OUTPUT VARIABLE
RESOLUTION IS OPTIIZED UH4EN ID4T7-, MAY BE REDUCED TO IDGT
DICETS IF IDGT IS NON-ZERO....
DISPLAy UILL PRESENT CURRENT UALUES

DESCRIPTION KEVUORD UNITS
ELEMENTS N
FREWUENCY FR NZ
SEPARATION SE METERS
UIDTHI J1i METERS
UWDTNS td METERS
ELE.IDTHI METERS
ELE.DI THa METERS
THICKNESS T1 PETERS
S(I% DPThS SK
EFr.T41CKS METERS
R440 RN 3NMSIPETER
DIE.CCN5 E: RELAI'E,
POWER rA T PC (SIN
RESO..!TI h F: DIGE'S
G 00 I
PLOT PL
PRINT PP
ST)P ST

DI5rLAY
SA!.E TAPE? SA

ENTEP KEYUOFD

VARIABLE VALUE
ELEE-ITS - 2.1000
5E=oFAT!CN- 1.00eE-e2 ETEFS

-I'4 i .000E-92 METERS
UIDTH2 * i.0009E-OZ METERS
ELE.WID 4 0. METERS
ELE...IT 2 - e. METERS

S .SOMe-04 r!ETERS

E:.ThI~l.. b. IMETEPS
R 0 * 1. 241E-08 .MM'1ETER

. 1.000 RELATIJE
FXER rC' , 0. rsIN
RESOLLTION" e.

ENTER KEYWORD
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AUTUAL SOLUTION TIME- .62 SECONDS

VOLTAGE DROP IN BOTTOM (WIX) TAPE.
• S 6.
VOLTAGE SOLUTION TIME- .01 SECONDS

IIDGT IN A SOLUTION- 13
SIDGT IN I SOLUTION* 14
CURRENT SOLUTION TIME- .61 SECONDS

*DIFFERENCE IN CURRENTS' 0. PERCENT
THIS RU REQUIRED .84 SECONDS

EFFECTIVE INDUCTANCE' 6.211-E7 HENERVS/M
EFFECTIVJE RESISTANCE' 1.3793E-f OHNS'M
CNARACTEISTIC IMPEDAC- 181.4 01S
EFFECTIVE CA PITANCE- 1.7701-11 FARADS/P
SHUNT CONDUCTACE- 0. R4S/M

COMPLEX IMPEDANCE- 793.6 O.S J -77S.1 OHMS
PROPAGATION CONSTANT- .63S3-N NEIPERS.#M 3.23S*-$ PADIAhS/M

?.s*06-05 DD'M S.491X-04 DEGREES,

Em lt KEVORD
Pr CUROENTS

LOWER TAPE UPfE4 TAPE
REAL -? lINAG) PF.CiITUDE REAL -J rINAG) MAGNITUDE
1.3t1E.01 4.76S7E-01 I.111-61 - .11U#4O2 -4.76S7K-0X 1.8118tfI[
1.81*o 01. S.60SE-01 1.811eOi -1.826ES2 -s.661SE-61 1.11$E61

ENTR KEYMOUD
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ENTER N

N MAX- 3? UNUSED CORE* a6998
ENTEP KEYUORD
f r
ENTER UALUJE
10g
ENTER KEVUORt

ENTEP BOTH STRIP UIDTI4S
W.e .041

ENTER KEYVORD
ENfERt VALUE

ENTER KEWIORD
&jTuAL SOLUION lIIE. .6 SECONDS

EFFECTIVJE TAPE THICKNESS ADJUSTED
SlOG? IN INVElING PSIG to
VOLTAE' DROP IN BOTT'OM WUIDE) TAPE*
.SooeolmWW.I:.58864004779al-14

VOLTAGE SOLUTION TIME- .34 SECOND$
xtGT 14 A SOLU'IONe 10
lOG? IM 1 SOLUT:0t4. to
CURRENT SOLL.TI'N 'lIt. .00 SECONDS
00IFIUENCC IN CURRENTS- 6.lSSSW44IIZE-It

PEOCE4T
THIS Rfvi REQUIRED .63 SECOMS
You HAVE i.a14 CPU SECONDS LEVY
ABOUT ENOUGH4 T?~E FOR 3 MOVE "US LIK:E TRIS

EFFECTI-iE 1IWOUCCKEu I.4t6E-07 ItHEPS/
EFFECTIVE RESITADEs 17.16 OI4NS/fl
CNAPACTtRISTIC IfPEDANCE. WAS6 OHM1S
EFFECTIVE CAPACITANCE. 1.60349E-1S FARADS/'N
SHNJT CONDUCTANCE- 0. P04OS/M

;OPPLjEX IMPEDAKNED 32.SS ONS J - .4494 ONRS
PROPA(ATIO4 CONSTAtiTo .2636 NEPERSli 2e.g6 PADIANS-

a.ago Ol'N 1201. DECREES/M

ENTEP KEYUORD

----8..
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print
CURRENTS

LOUER TAPE UOPER TAPE
REAL -J (IMAG, MAGNITUDE REAL -J :IMAG:~N~:
6.a929E-06 1.2716E-04 1.2731E-04 -6.292SE-06 -1.V 16E-04 127'!E-e4
2.6SSE-67 7.6la3E-05 7.6123E-05 -2.655SE-07 -7.612!E-05 7.6!23E-05
2.O44BE-06 7.364KE-OS 7.867SE-85 -2.0448E-86 -?.864HE-05 7.9675E-05
1.619?E-06 7.6337E-OS 7.63S4E-O5 -1.61g7E-06 -7.6337E-05 7.6354E-OS

1.6733(-gg 7.SS~aE-OS 7.5601C-@S -1.6723E-06 -7.SS82E-05 7.5SIE-05
1.6437E-06 7.SS4OE-*S 7.SOSUE-O6 -1 .6437E-06 -7.5049E-05 7-SSE-05
1.636K-N 7.471Kf-OS 7.473KE-OS -1.636@E-" -7.4712E-06 7.4738E-05
1.6a9S-K 7.4S17E-OS 7.4S34E-OS -1 .629SE-06 -7.4517E-OS 7.4S34E-65
1.6a67E-K 7.44a1(-OS 7.4444E-OS -1.GWE67- -7.44a6E-OS 7.4444E-OS

ENTER KEVUORD
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tt
ROGRAM PAUSES UITH CURSOR AFTER EACH PLOT. ENTER A CHAR TC CONTINUE
AFTER THE SECOND PLOT ENTRY OF THE FIRST LETTER OF THE BELOC DESCRIPTION
WILL CAUSE THAT RESULT:

REPLOT B0TH TAPES
FULL WIDTH SNALLER TAPE I REPLOT
PLOT SIZE CHANGE (TWO CURSOR INPUTS DEFINE FRAIE SIZE)

ENTER gCYUORO
stop
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