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ABSTRACT

The properties of symmetrícal 4-port microwave junctions are

considered. The symrnetries of such 4-port Junctions nay be utilized

to effect a reduct.ion to an equivalent network consistíng of junctions

wlËh two-porÈs interconnected*by a network of ideal transformers. A

virtue of this presentation is that it a11ows one to trace incident

and reflected waves through the internal structure of the original

junction. Enploying the scattering matrix representation, the match-

ing criteria for the case of general-ized lossless natching tvro-porËs

are introduced and thus ultinately an anal-ytical closed form solution

of the impedance transformation locí is derived. Since in practice

it 1s almost impossible Èo manufacÈure ídeally syurmetrical E - Ii

junctions, both the theoretical (ideally synuretrical) and the practical

(slightly asyrrrmetrical) cases are Ëreated separately. Transformation

loci for E - H junctíon are plotted theoretically as well as experi-

mentally. Furthermore an automated electronic tuning devíce (general

outline only) is suggested with the help of the analytical transfoæ

ation properties of the E - H tuner.
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Chapter L

1.1 INTRODUCTION

The ultÍmate aim is to deriveo an analytical closed form soluËion of

the impedance transformaËion loci of varíous mícror¿ave junctions and

to use it for the design of automaËic tuners.

The concept of complex conjugated inpedance uatching (Megla,L961) is

briefly broached ín context with the basic approach to the problem.

Consíder Fig.1, (which represents the gross siurplÍfied equivalent

clrcuit of Èhe príncÍpal seÈ-up as shornm in Fig.2). Here Vo denotes

the open-circuited voltage of the generator, ,g = *, * jX* the h:mped

generator impedance at the input transforoation plane of the

llnear devíce, and Z, = RL * j5 tfre transformed load impedance

the entire

be defined as

gÍven by

linear mícro¡¿ave device. Since the load current

I, = v^(z- + Z,)-L, the receíved real load powerLogL

of

may

is

if the optirnizaËíon conditions

satisfíed subject to the condition

v2ROLP, = Ll2 ne{rrvf }= 2 (zs;+zL) (zs+zL)* (l-.l-.la)

srhere the superscript tc denotes the cornplex conjugated quanËity.

Maxímum real

ft.'r, = o

that RL # 0,

pohrer is transferred

""afrtel)=o are

i. e"

R =R and X =-[ orZ =gLgLg z*
L

(1.1.lb)
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Assr:mlng that a critical maximum of the 1-oad power ls obtalned

from knor¿n power-dependent changes of the llnear device, the ínput

lmpedance of the entíre non-linear devíce can then be precísely deter-

mined from the matching condition (1.1.Ib) if the transformaËion prop-

erties of the tunable lumped generator impedance are known (Boerner,

1963). To enploy the concept of complex conjugaËed impedance match-

fng at extremely low power densities, it is sufficíent to ísolate the

load-dependent generator íupedance (AltschulerrL962) and to eascade an

impedance transformer between the isolated generator and the load so

that the generator side input ímpedance of the transformer is matched

to the characteristic waveguide impedance as ís shown in Fig.2. Since

it is anticipated that the output impedance of the inpedance trans-

for"mer may require any possible passive value t.o match the conjugated

transformed l-oad impedance, the transformaËion junction musÈ be de-

signed such that the entire passive ímpedance can be transformed.

A microwave device for which iË ís knor^m that it satísfíes these

transformatlon properties is the lossless hybrid T junction of Fíg.3"

The illustraÊed E-H junction is a commonly employed íunnittance tra.ns-

former in microwave technol-ogy and it consists of a symetrícal

series (E-arn) - parallel (H arm) - junction of rectangular waveguides

wlth identical cross-sections which are operated in the fundamental

TE'O node (Montgomery and GríesheimerrLg4T). In particular, 1t 1s

assumed that the junction is isotropic and lossless and that the

äesfgn is geometrically symmetric, 1.e. the E and H arms have a cornmon

symmetry plane about which the t.ransformatfon planes I and 2 are



ü
e+

s)nnmetrícally spaced as ís indicated in Fíg.3. Under these idealized

assumptions, the E and Fl arms are decoupled (Stösserr1961) as is veri-

ffed by the unitarity conditions derived in Appendix I, where the

slíghtly asymmetrical design case ís treated as we1l.

In applying the E - H junction as an immíttance transformer, the H(3)

and E(4) arms are Ëerminated in tunable short-círcuited plungers and

by proper choíce of the equivalent Ëransformation lengths 9.g and 9'+

from the central symetry planes, iË is possible to transform the load

dependent reflectíon coefficient fz (plane 2) into the input reflec-

tion coefficient fr = 0 (plane 1) as defined in Fig.4. In practice,

the transformaËíon problem is solved by either measuring 11, employ-

íng directional couplers, or by measuríng Ëhe absorbed maxímum

power P, of the load device by changin1 Ls and .0a until f1 = Q or

P- = p . The exact functional dependence of 12 on 94, I'a and theL max

desígn parameters of the hybrid junction may commonly be of líttle

interest to the experimentalist, though the transformatíon behavíour

is knor"m to be highly non-uniform in the case of unmatched E - I1 Ëuners

(Sucher and Fox, 1963). However, íf the hybrid T junctíon ís to be

employed as an automated, controllable impedance transformer in a

measurement procedure based on the principle of complex conjugated

impedance matching, Ëhe analytical transformation propertíes must be

defined in a closed forrn mathematíca1 representation in dependence of

the seattering parameters of the four-port as derived in Chapter'3.

ofTo properly analyze the transformation properties symmetrlcal E - H
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tuners, the properties of varlous symmetrlcal designs have been deter-

rnined by measurement. Measurement procedures as described in detall

(Choptez. 5) and illustrated in the self-explanatory Fíg.5, have been

ernployed using the Owens I method (Owens , 1969) to l-ncrease the measure-

ment accuracy in regions of high VSI^IR. MeasuremenL data courpiled ín

Chøpten 5 for symreËrical E - H Ëuners show that if port 1 or 2 is

matched and one of the tunable short-circuited plungers is held on fixed

posítion whereas the oËher stub is moved over one-half wavelength and

vice versa, círcular transformation loci for the input impedance results

at port 2 or L, respectively. NeglectÍng the slight losses, ít is found

thaË any one of these transformation loci íntersects the matching point,

i.e. I = S2z = 0¡ and all loci are tangenÈ to Èhe unit mismatch circle,

i.e. lll = 1, as is shown in,Fig.6a. Thus Ëwo farnil-ies of circular

Èransformation loci result ín the Snith Chart, i.e. locus L3(93 =

consË. , L4 = turnable) whose intersection point defines the load-side
*

reflecËion coefficient S zz = l, as shown in Fig.6b. In particular, it

is found that for Ëhe lossless case the entire passive region of the

lmpedance plane can be Ëransformed if Ëhe E and H altns are decoupled

and not enËirely mismaËched in whích case the Ewo families of circular

loci are explicitly independent of one another.

In order to anaLyze these experimental results, the matching criteria

for a generalízed lossless reciprocal matching two ports are gíven in

Chaptez, 2, employing the scattering matríx approach (Carl1n and

GÍordano,L964). Although the general properties of hybrld T junctl-ons

are rather well established in the llterature (Kahn, Oonor...1956;
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Brand 11-969), the unitary properties are careful-ly revier^red ln Appendix

I. The resulting identities are then employed in Chaptein 3 and in

Chaptez. 4 respectively, Ëo defí¡re the general expression for the reflec-

tion coeffícíenÈ S2z =fI of isotropic, loss1ess, symmetrical (as well

as slightly asyrmetrical) hybrid T junctíon and t3-db short slotl

dírectional coupler. Based on the analysis of Chøpter 3, the analyt-

1cal transformatíon equations requíred for conjugate impedance match-

lng are established in Chaptet 6. Both the matching conditions of
*

definlng the stub lengths 0, and 'Cu for a given f, = S* and of deter-
¡

rnining Tz = SIz for known stub lengths f,, and lu are deríved. The

detailed analysís of the closed form solution of the intersecting im-

pedance transformation locÍ presented in Chaptez' 6 was not found in

the Líterature. In addition, the analysis of matchÍng errors due to

slightly coupled E and H arms as well as losses in the tunable stubs

seem to be novel- to the best of the authorrs knornrledge.

These properËíes are effectively applied ín Chapter 7 to general de-

sign problems of automaËed and controllable ínput po\¡7er natching

devices. How these properties can be used in general desígn problems

of microwave technology is su¡urnarized in the conclusions.
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Chapter 2

MATCTIING CRITERIA FOR LOSSLESS TI^/O-PORTS

AND

REDUCTION FROM FOUR-PORT T0 TI^IO-PORT JIJNCTION.

2.r MATCHING CRITERIA FOR LOSSLESS TI^/O-PORTS

Since the ultirnaËe aim is to derive an analytical closed form solution

of the impedance transformation 1oci, the matching eriteria for the

case of generalized lossless matching tr,¡o-poïts are introduced employ-

ing the scattering matrix represent,ation (Carlin, Oono, Kahn, Bele-

vitch, 1956). UsÍng these criteria, it must be shovm that for a gÍven

slmetrical hybrid T junction an arbitrary load side reflection co-

efficient I 2 for which I f l.f can be Ëransformed in all cases into

lr = o.

The symmetrical hybrid T junction r+hose decoupled E & H arms are term-

inated in tunable short-circuited plungers, oây be considered a loss-

less tr¡o-port between the transformation planes I & 2. In Fig.4, the

equivalent two-port configurati.on is presented, where t.he associaÈed

scattering matríx ís defined by

wi Eh

lurl = [sr] t\l

rBrr rfir, r\l = r:lr, rsrr= r:;l 3l;,

(2 . 1. la)

(2.1.lb)

and

a2 = 12b2, bt=ftat (2.1.lc)
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The input. reflection coeffl-clent f, resulting from the cascaded trans-

fornatíon tvro-port and the load one-port thus becomes (Carlin and

Giordano, L964).

fz.SrzSzl Srr - fz.Det{[ST]]
11 - C- - J 

-

r1 - "rr ' 1- f zsæ L - 12s22
(2.L"2)

(2.L.3a)

(2. t_.3b)

(2.1.3c)

(2.1.5a)

which must vanísh for matching condiËions. Assuming that the tr¿o-

port Ís lossless, the scaËtering matrix must be para-unítary (Carlín,

1956), í.ê.

lsttl2 + lsrrl2 = t

lsrrl2 * lstrl2 = r

**SrrSrz*.SzrSzz=0
&

where S',v denotes the complex conjugate of t'u. For a lossless,

reciprocal two-port the following condiËions fo11ow from (2.1.3)

Szz
Det {tsrl} , lstrl = lsrrl' Sr r e.r.4)

and lst, I lsrr I

If conditíons (2.1.3) and (2.I.4) are resubstituted i.nto (2.L.2), ít

is found Ëhat the input reflection coefficient of a lossless reciprocal

h{o-port reduces to *Szz Szz - Tz
F--

'1 ^?t 1 -f zSzzùt l

resultíng in the following matchíng criteríor

tz = sXr , lr .l + 1 (2.1. sb)

whlch Ís a necessary and sufficient condition for a lossless, recip-

rocal matching transformer. Furthermore, condltion (2.1.5b) saEis-

ffes condítion (1.1.Ib), 1.e. complex eonjugated lmpedance matchlng,



4f\
_t_L

vrhere

i" e.

with

Since the

ports are

lBsl Iss] [As]

the

lr,

criteria for matching any

l.t, follows directly from

o<lsrrl<1

0<Arc(Szz)1 2n

arbítrary passlve load lmpedance,

(2.1.5b) and ís given by

(2.1.6a)

(2.1.6b)

It is well knor+n Èhat the transformatíon condition (2.L.6) is not sat-

isfied by many of the conrnonly enployed microvrave devíces (Kahn, 1956)

and only a restricted douraín of f2 can be transformed, e.g. double-

stub matching. Thus it wíll be shor¿n that the lossless, s¡rurretrical

E-H tuner and 3-db coupler do, in general, satisfy condítion (2.1.6).

2.2 REDUCTION FROM FOUR-PORT TO TI^]O-PORT JUNCTION

To determine the restricËion on the transformatj-on properties of hybrid

T junctions, the Ërvo-port scatËering paramet.t" SUu as def ined in

Fí9.4 must be expressed in terms of the scatËeríng four-port para-

meters S,_.. Thereforerthe equivalenË transformation circuit of the
uv

hybrid four-porË as defined ín Fíg.7 is introduced, where the Ëunable

short circuited sections of the E and H arm one-ports are combined into

a separate two-porË defined by

[As]

E and

r::r and lBul =

arns are adjusted

decoupled, i. e.

.Sss 0'Lo s.ul

.b5tl;;r Q.2 "Lb)

independenEly, the E and H arm one-

556 = Sos = 0, and therefore

(2.2.La)

Is.] = (2.2.Lc)
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1.4

Although, for all practical design reasons, 1t may be assumed that

the waveguide junction ÍËse1f ís loss1ess, the losses due to lmperfecÈly

tuned shorts as well as those due to wear of the stub guide ¡^¡all-s

must be consídered Ín the definition of S.55 and S5,5. These Ínternal

one-port reflect,ion coefficients are straightforwardly obtained from

transmissíon line theory (Xing,1965), where ít is assr:med that the

waveguide sections of the respective stubs and arts are matched Èo a

conmon characterístic impendance. The normalized one-port input Írn-

pedance may therefore be defined as

Z, * tanhyt" tanhu * tanhv
= tanh(u+v) (2.2.td)o_-in L+Z-tanhy.Î, 1f tanhu tanhvL

Where Z. = tanhv represents the normalízed complex load lmpedance-L

of the tunable short, and'( = v/9' = ct + jß the complex propagation

constant with o the attenuaËion constant and ß the phase constant

of the stub guide seetion.

The inÊernal reflectíon coefficient tuu(u = 5,6) is
7-1"ín ' tanh(u+v)U-l_ u . =_UU ,ín_.*l tanh (u*v)U+l

u

= -exp-2(u+v)U

thus given by

(2.2.Le)

(2.2"Lf)

the equivalent four-

that the material

(Carlin & Giordano,

towhich for the lossless case reduces

tUU = -exp -2jßUlU = -exp -2jQU

The formulation of the scattering matrix tSH] of

port hybrid T junction is based on the assumption

constituents are isotropic, irnplying reciprocity

1964), i.ê. tru = tu' "rU therefore
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I sHl t rrlt

where the superscript T denotes matrix transposition.

Furthermore, ít ís

are negligible and

(Carlin & GÍordano,
*T

lsHl ' Is

where tEl is a diag

conditions and empl

following resulËs;

IrnrtI

l,'o,J=
where

(2.2.2a)

of the hybrid T junction

isfy the unitarity conditíon

(2.2.2b)

I^Iíthout introducing symtetry

ons of Fig. 7, the

assumed that the losses

Èherefore ISrì must sat

1964) , i. e.

Hl = IEI

onal identity matrix.

oying the r¡rave definití

(2.2.3a)

t\l = I:ir, [ur] =

The submatrices [Q], [T], its

(2.2.2) and (2.2.3) by

rQr =r:l;::;r, rrr = r:l: :lirandrRl = r::l :;ir Q.2.3c)

The desired scattering matrix ISf] of the equivalent transfo:mation

two-port, as defined by (2.1.1a) and in Fíg.4, can be obtained from

(2.2.3a), where

lBrl tal t\l + [r] [AA]

lBel trlrtArl + tnl tAol

However, since at the transformatlon planes 3 and 4

L'l f:i,l [ï]' ::l] I:::t
fflf and [A¡,] =

transposes IT]T

rïr, IBa]=tl;r e.z.3b)

and tRl are defined with

(2.2.4a)

(2.2,4b)

the following



J_fi

ldentities must be satísfied accordlng to the defínítíon of Fig.7.

lAol = [Bs] and [ua] = [As] (2.2.5a)

1È follows that [Oe] = [SS] [BA] or

luol = tssl-ltAAl Q.z.sb)

Substituting (2.2.5b) into (2.2.4b) and solving for [aOl yietas

lAol = {lssl [R]] -l.trlrl\l Q.2.5c)

which when substituted into (2.2.4a), results in the desired forrula-

tion of the scattering matrix [Sf] defíned in (2.1.1a)

[rr] = {tal + trl. {tssl tRl}-ltrlr} Q.2.6a)

where with I = {,+ - "rr)(* - soo)- szu}
55 66

g =s +{s2q-Å--" )*2s s s +s2 ql -" )}+(2.2.6b)
fj lt t3-S 44 13 14 34 lt+ S 33'u66 55

s -S =s +{s s $--" )-s (s s *s s )t2 2t t2 t3 23 s 44 34 14 23 t3 24
66

*s " 1-!- -" )Ì ! 
(2'2'6c)

14 24's 93" D
55

s =s +{s2 1-r- -" )+2s s s +"2 1-1- -" lr*Cz .2.6d)
22 22 23's 44' 2324 34 24s 33'D66 55

Since ín practice it is almost impossíb1e to manufacture ideally symmet-

rical E-H tuners, both the theoretical (ideal1y symr¡retrlcal) and the

pracEÍcal (slightly asymnetrical) cases are Ereated separately in the

following chapter, utilizing the unfÈarity identity derived in

Appendix I.
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Chaptez, 3

HYBRID T-JI]NCTION TI]NERS

3. 1- IDEA].LY SYMMETRICAL E-H TI]NERS

If it is assr¡ned thaË the oropert.íes of the E-H junction is geometrically

symmetric l.e. the E and H arms have a common symnetry pLane about

which the transformation planes 1 and 2 are symmetrically spaced and

no dents or obstacles are perturbing the fields in the junction, then

thesymmetryconditionsgivenin(I-7)rnustbesatÍsfied'i.e.s22=

stl, s23 = sl3r s24 = -s14 and s34 = 0, where ses # 0 and s,*,* # 0

for an unmatched s¡mmeÈrical E-H tuner.

Subject to these conditions, it is found that the equivalent tr.7o-port

is s¡rmmetric, where

811 = Szz = St1

and

s2 s2
_r_ 13 ,_ 14
'1/Sss-Sag L/Ses-S++

(3.1.la)

(3. l-. 2a)

s2 s2
sr2 = s2r = srz * Tf,uu-* - jßj+il (3'1'1b)

substiËuÈing expressíons (I-9a) and (I-9b) for stl and s12' resPective-

ly, a more convenient representaÈion of the Ër^Io-porË scattering para-

meters is found

.I^s [1-=]l 13 ' sss' ,l Sr,tsrl = s2z =2 S- TfS;._S;I'?z --t3 
L¡' -JJ vJJ' 

Sl,*

*
s tr*ul s

I 13 - ù55' I lrlsr.2 = s2r =2 F- ltF;;_ J -2 --ic
Sf g r-'-JJ -rJ' SIU

*
rr#rù66

[1/Sso-S+q]

&

rr{fr
IUsee-s++]

(3.1.2b)
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Employing the notatl-on S

pressíons of s55 and s55,

less tuners, i.e. S__ =
uu

Óe and $5s= 0q.

For further analysis it is convenient

of the adjustable stubs 1, = 9-s and 9"

P

reference planes of the H and E arms

uv |tuulexp jÓuu utu substitutíng the ex-

as defined in (2.2.Lf) for the purely loss-

-exp-2jQ', into (3.1.2a), yie1ds with ôss =

s2z = -å{."p jz(þt-0,1ffi
* exp j2(ôr,*-0q) 1+l sq'* lexp+j (?0'--Öaa)'t

@r
to

s

SO

oi = or$ and oi, =quiï (3. 1. 3b)

which when substítuted inÈo (3.1.3a) results in

s2z = -l{.*p j (e}3¿03 (O:,1s33l)+exp j (or,{-20+(O;,lsuu l)}(g.1.3c)

r"rhere 013 and 014 are defined by (I-10d) and (I-10e) of Appendix I,

and

9s(0s = Const.,0q adj)=[Orq-2Oq(O;, Isqq I )-n]

(3. 1.3a)

define Lhe zero-setting

.?,+ with respect to the fixed

that

ll = 3, 4 (3. 1.3d)

Inspecting (3.1.3), iÈ ís obvíous that for a 1oss1ess, symmetrical

hybrid T junction the entire complex plane of the reflection coeffi-
*cÍent s22 = 12 can be transformed, as long as the short-cÍrcuíted

tuners are lossIess, l"rrl<1 and l"uul.t, and Q3 and $a are independ-

ently adjustable over the ranges 0<Q3<n and O<Sa<n.

IntroducLng the abbreviatíons

0=
u

r- lc It"r,-l{ffir"' o;},

(3 . 1. 4a)
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Yq(ôq = Const.,0a adj)=[Or s-Z)e(Qe, lssa l)-ï'

(3.1.3c) can be then rewritten as

sz2 = å{."p jrla+exp'jrf3}

(3.1.4b)

(3. 1. 4c)

properties (3.1.4)

ímpedence matching

as related to the

are derived and

3.2 SLIGHTLY ASYMMETRICAL E-H TI]NERS

Since in practice it j.s found that slíght coupling of the transforn-

ation arms exists even for optiraized designs, perfect symmetry can no

longer be jusÈifíed íf the E-H tuner is Èo be employed as an accurate

immittance matching device. Therefore, first order perturbations

fron the ideally synnetrical design case must be anaLyzed which re-

present eiËher a slight shíft of the E and H arm symmetry planes with

respect to port 1 and 2 ot a slight of_f-axis dent in the maín junctíon,

or angle of E or H arm plane different from 90o with respect to the main arm.

Denoting the scatËering coeffícients of the perturbed case by opy,

and Ínspecting the symmetry constraints given ín (I-5) and (I-6) of

Appendix I, tt ís shornm in (I-13) and (I-14) that a slight asynrmetric-

aL phase shift 1n the transformation coefficients o¡3t az3r ota and

o24 results in coupling of the Èransformation arms. Narnely, if 1t f-s

assumed thaË,

=| ¡exp : tøfbl*exp-j ,e#,lexp j ,øP,
= cos,ft#rexp j cftfltl=ri

The analytical Ëransfornation

concept of complex conjugated

lnterpreted ín Chapter 6.
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Sr aSr4sin(st 3-stu)Sfrcos s1 Io34 = -i '.i,,ffiiffiÏffii4äã;T ' srsl sr4(r-lsa)

and o33 and o3a will change in modulus and phase as is shor,rn in (I-15c)

and (I-15d).

Org = S13exp jô13 , A23=St3exp jOl3

(3 .2 . l-a)
Ot4 = Slaexp jô1a , Az4 = -S1r¡exp-j61q

and

Ott = S11exp jðrr, Orz = St2, Õ22 = Sl1exp-j611 (3.2.lb)

then the coupling coefficient is finite for sr¡ I s14, where

Enploying these asstrmptions, Ëhe above stated perËurbaËion require-

nenËs are satisfied and iÈ ís possible to obtain an estimate of the

Èransfomatíon error. In order to analyze the first order perturba-

tion effects in the most general way, both the two port reflection

coefficient a22 and the *ear õ22 = å(ort * Azz) are evaluaËed, where

in terms of O33r O34 and O44

Õzz = {srrexp-jorrt(* -oss),* -ouu)-o?ul

+ Sf 3exp (-2j6 r s ) (1/S e e-o+ u )+s?u exp (-2j 6 I 4 ) (1/S s s-o g g )

- 2sr3slaexp-j (ôr¡+ôr+)os-){(,{; -o¡s),* -o- ò-o!r}-1 (¡. 2.2a)

and

6zz = L@tiozz)={s11cosô,, t {fr -o: g) Cf -ouu)-o!u1

+ S?scos 2ôra (1/Sse-Õqu)+S?qcos 26rq (1/Sss-oes)

+ 2jsr gsr,+sin(61 3*,5'1,,)oeqtt (3f, -osq) <fr -o-+)-o?u]-1 (3,z.zb)
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erhere oggr O34r o4a and ô¡1 are defined in (I-15) and the modulus

and phase constraints of the unpert.urbed scattering coeffícients Sp'

are satísfÍed by the relations gíven in (I-B) to (I-12).

It is to be noÈed thaË Ít was found more convenient to express the

resulting t\,¡o port reflection coefficients Oz2 arLd úzz Ln terms of

Srt, Srz, S13 and S¡4 as will be further pursued in Ëhe error analysís

of Chapter 6. Furthermore, it follohrs from (3.2.2a) and (3.2.2b) that

the larger the Âô =6rg-ôrr+¡ the smaller is Èhe ÈoËal transformation

domain.
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Chaptez, 4

3-db COTJPLERS AS T1JNING DEVICES

4.1, INTRODUCTION

At hígh po\,rer levels the type of tuner most commonly used is a "3-db

short-slot " (coupler), which is a hybrid junctíon vrith short circuits

in the two output arms as shown ín (Fig.B). Earlier it r¿as demon-

strated that the E-H tuner ís effective over a wide range of wave

guide wave'leingths, limited only by the effectiveness of the short

circuiË, losses and defects in s)mnetry and not by basic operating

prínciple. The 3-db short-slot's Èuníng actíon is limiÈed in fre-

quency by its ability Ëo maintain a 3-db porùer split, although it has

Ëhe advantage of being usable at high por.rer levels.

A general approach to a quanËitative analysis of the operaÈíon of the

r3-db short-slotf ís possible by utilízing the special relationships

for the scattering matrix of a four po-rt, reciprocal lossless juncËion

and the speeial properÈies associated wlth 3-db directional couplers.

Expressions for Ëhe reflected rvave at Èhe input terminal will be

devel-oped. Again the range of the reflection c.oefficient Ehat can be

matched wíll be determined by deriving the range of the input reflec-

tion coefficient (impedance) that can be obtafned with a match on the

output terminal.
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4.2 PERFECTLY MATCHED 3-db COUPI,ER (ID]14I, CASE)

Ref [11] gi-ves Ehe expression for the input reflection coefficient

when it is possible to choose a symmetrical reference plane with

respect. to r^7ave guíde ports, such that the scattering matrÍx elements

take on the following values,

SÌt = Szz = S33 = S4+ = 0 (perfectly matched)

Si2 = Ss+ = 0

-11_and Sts =ñ. ; S t+ = j¿

and Ir is given by,

(infínite direcLivity)

lr = sin{Èf) expti (&* +n/2)l ( 4.2.L)

where 0s is a linear measure of the distance between the short in

arm 3 and Èhe reference plane of port 3. 0q is a similar measure for

the short in arur 4. The same reference has also analysed the in-

fluence of the coupler imperfectíon. However it was assumed that

symnetry is sti11 present and the junction is still matched and de-

coupled, but Ëhe coupling is not exactly 3-db. So,
1_

sts =,Ë. lI + L

whence,
1_

St+ =ñ. lL - L

where A<<1 and thus the expression for the input reflection coeffi-

cient becor¡ies

11 = [Â cos,U=*r* 3 "t'fk])l.expf:<hrelf
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This shows that all values of the reflection coefficient rnay be

generated except Lhose having a magnitude less Eiran A, or ín other

words, loads having a reflection coe.fficient magnitude less than Â

caÐ.not be matchecl perfectly. The wor:st effect is tbat a perfectly

mat.ched load will not permit a reflectj-on coefficient less than A at

the input.

4.3 TRANSFORI"ÍATICN LCCI 0F l"iISy,-ATCFiED AIÐ

IMPERTECTLY COUPLED 3 -db TT]I'IERS

So far the ca.se w'hen all four ports are perfectly nratched r,u=as dÍs-

cussed. This is a condition whích is difficult to achieve Ín practice.

In Ëhis section transform.ation properties are analysed wh-en th.e terrn-

inals are noË perfectly uaËched. However the asstruptíon of syÍmetry

and infinite directivity sËill holds true. I-lnder these ccnCitions

the scatËering natrix elements take on the followíng values,

Slt = S2z = S33 = S,*,* # 0 (iuiperfect matching)

Stz = Ss4 = 0 (inf Ínite dírecti.vity)

r-1-
Stz=fiy'l+^r ; Srh = jfi/7+ Lz

(4.3. 1)
1 

-_ 

1 

-

Sz3= jfi/1 +t, i Sz+=¿v'1 +Ar

where A1 and [,2 are snral]. perturbations in polrer spliÈ because of

imperfect c.oupJ,ing. IE is also assr.rrued that

Ar<<1 ' Â2(( |

and Âr # Ae



.-.:i:..:;.i:-:ì::

26

subje,cLed to ccnclit.ions (4.3.1), eqo. (2.2.6c1) bec:onies

Eqn. (I-6b), gives 522 of the four port in terms of tU,

| = L, 2, 3, 4l anci their ccnjtrgates:

522 =

SZ2 = SZZ *

but, also because of synnetry

Slg = Se,* and

and infinite directivity,

Sru = S* and Sru = 0

1 _l* ?k * rs r szgsiusä3-(sî3srr-sï'usru)sïu
SrsSz,*-SzsSl,* L

sÈ. s7,
11Æ'-fi) - GTsrr-t- (4.3.2)

"tU t'u [where

-¡ ^ òl3 Str24 44 Í

Sor

szz

from eqn.

¡JcàÂ424

c*2
"zg

Sor

(sl12

r¿here A 
t

= -L=; {s,1 lsrrl2-s¡olsrul2 }
ò24-J23

(4.3.1) ,

= s?, = å(1 + ar)

=-s¡^ =-L(L+Az)23

- sil) = 1+ å(¡r + Az) = 1* À'

ís the average of the t\^ro perturbations A1 and Âz i.e.

^'= å (ar * az)

substituting all these in the expression for the four port $2 ,

szz = (sä.lsrrl2-slulsru12)/(r+¡') (4.3.3)

and thus equation (4.2) for equivalent s, becomes

"22

+

(4.3.4)
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From expressíon (4.3.1), ít ís found that

lsr.l2 =-s7, and lsrul2 =sïu
and thus

szz = ls* I 
2 

1sl,/,gq:- lsl, I 1-cr+¿'>-,
1+^r @r

(4.3"s)

. lsru 12 ,t*t r+lsuu l2-sf u/sse .,

';;16r

Eqns (I-4b) and (I-4e)give, lafter puttÍng Ss,r = 0]

ls,rl2 + lsr rl' * lsrrl2 = L

and lsrul' * lsrrl2 + lsou 12 = t

Putting values of lsrrl2, lsrrl2, lsrul2 "nd lsrul2 ío.o these two

equatíons, it is found

lsrrl2 = -¡'

lsuul2 = -L'

which imposes anoÈher condition on Â1 and Â2 í. e.

Al*Az<0

1+^r ' l/sss-sg3' l+^, 'l/see-sqq ] (4" 3.6a)

**
s2z = å ëel ¡?q#Þ-s:{1 -¡ dtArl r$*/q#l (4.3.6b)

1+^r r/ùss-Þ33 1+^r r/ù66-ù44

according to eqn (2.2.lf ), def ine

sss = -exp(-20e)

s66 = -exp(-2i0',)
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r¡/here ö: = ß.0s and Qa = ß9,,,.

Here ß is the imaginary part of t.he propagation constant i.e.

ß = 2r/\9, Àg being guide wave length.

writingi Sss = ls33le*p(j0ss)

and S+4 = lsuul"*p(jóq,-)

Ëhe expression for sz2of eqn (4.3.6b) becones,

s2z = effil riiffil exp(-2jôs)

-affiltffil"*p(-2jöq)
For the convenience of

of the adjusÈable stubs

reference planes of the

further analysís,

9, = l,q and .0 =p-s
H and E arms. So

(4.3 .7)

the zero setting

respect to fixed

(4. 3. B)

(4.3.9a)

redefine

.Q,4 vrith

define,

I

ós

I

0+

= ós - þss/z

= Ô,* - þ++/z

Then eqn

s22 =

(4.3.7) becomes

r,1*Az, .1*
2 r'l+N / L1+ #å$*rexp(-2jog)

äËffi-lexP(-2jo'+)
1,1*Ar,- 25TÃî/

now define,

-10s=tan-

and

0,r = tan

then,

Sss

-1*lSr,r.t4t1+ 
| s44

.lss¡lsin 2Lçþ;;E

-1,1s,*qlsin 20+
t r+ ["îT"o" zo]

(4.3. eb)
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s22 = å ffil expf\(os-Qg) f- å(++þ)exp[2j (0+-ô+) ]

Let,

V,-(0+ = const, 0g = varíable) = 2(0s-0a)

üs (Öa = const, Q'+ = variable) = 2 (0+-0q )

so that,

sz2 = å (#F)exp (i{,4)-å ffi>."p (jüs )

after replacíng Ar by (2At-Lz) and readjusËing

r L,szz = å'ffi[.*p(jtfh)-exp (jV3) ]

. az f ,., \. ¿., ^r 
(4'3'10)

+ ffi[exp (jü'*)+exp (jtps) 1- t1foro.p (jüs ) ]

This can be rer¿ritten as

s22 = afitf (az-Â')"o" (Èfb)+j (1+A')"i'ClrfLr) I exp : ffuffi
when Âf is replaced by aajer, thís expression becomes

rf; - "22 = tnfi"o"cefhl*5 "i,,(þ;tr)lexp : ckf¿ul (4'3'11)

where ¿" - Âz:At

From eqn (4.3.11) variation of the nagnitude of the s22 of Ëhe

equivalent two port junctj.on is found ouË to be

#þ t l"rrl : r (for a lossless junction) (4.3.12>

Eqn (4.3.L2) shows that loads havÍng reflection coefficíent magnitude

less Ëhan ¡tr can not be matched perfectly. Also, sínce Ëhe mag-

nftude of s22 can not be less than (Á"/1+^r), a perfectly natched

load at the output w111 glve rise to an lnpuË reflection coefficient

of (^"/1+A').
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4.4 COMPARISON oF TRANSFORMÂTION DOMA]N FOR A

MATCHED AND AN IMPERFECTLY MATCHED 3-db TUNER

In secËion 4.2 it was shornm that for perfectly matched and ímperfect-

1y coupled cases the load reflect.ion coefficient cannot be less

than Â. I^Ihereas in the case of an imperfectly matched juncËion iË

cannoË be less than A"/1+Âr. The conditions imposed on Â1 , L2 ãre

LttLz

a¡rd Âr*Az<0

now if it is assr¡med that imperfection in power is 0.1- db i.e.

s13 = 3-db I 0.1 db.

then l¡l = 0.023.

In the case of an imperfectly maÈched 3-db tuner, 1et

lÂrl = 0.023 (corresponding ro 3 t 0.1- db)

and lAzl = 0.031 (eorresponding ro 3 t 0.12 db)

Here there can be tv¡o cases:

Case (i) Ar and Az boËh are negative

sor Ar*Az<0

novr A" = 0.004

Ar = -0.027

and rhus h#l = ls$tl = o.oo4Lz

Case (ii) A1 = positive = +0.023

Â2=negative=-0.031

hence Az * Ar < 0

norü, Âtt = -0.027



sJ"

and 
^t 

= -0.004

rhererore l1s,-l = l#ffi| = o.o27t

This shows that the perfirrmance of an imperfectly natched 3-db

tuner could be better than that of a perfectly maËched 3-db tuner,

provided the ímperfection in power splít (coupling) is such that,

Ar and Âz both are negative. This is true only at one end of the

band.
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Chapter, 5

MEASUREI4ENTS

5.1 PURPOSE OF MEASUREMENTS

Although the term "neÈwork parameters" is usually associated wtth

lumped equívalent circuit ïepïesentations, it will be taken here to

refer also to the elements of any descripÈíon which characteríze the

ínpuË-output behaviour of the structure, and in particular, matrix

representations. The choice of the scattering maÈrix representation

was j-nfluenced by the followíng considerations

(a) ultímate use of the structure; the neÈwork operates as a

complex conjugated load matching device.

(b) type of informaÈíon required directl-y, i.e. locus of Ëhe szz of

the equivalent two port, as the transformaËion angles Q3 and {a are

varied.

5.2 GENERAL PROCEDIIRE

The strucËure to be measured is inserted into an experimental seË-

up (see Fig.4) with whích Ëhe appropriate measurements can be taken,

and the data is then analyzed to yíeld the desired properties of the

experÍmental structuïe. The equipment musÈ be capable of measuring

the VSI,IR and l-ocation of the voltage minimum, from which the deslred

quantÍties can be calculated. The VSI^IR and locatíon of the voltage

minlmum can be neasured wlLh a slotÈed line. The structure to

be investigated is of transmÍsslon type. Of the transmi.ssfon type
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structures the t\,io port Ís of greatest imporËance slnce the measure-

ment of the equivalent network parameters of multíport junctíons

can be reduced to the measurement of an appropriaËely selected

serj.es of two porÈs.

5.3

€

HTGH VSI,TR MEASIIREMENTS

Self explanatory Fíg.5 shor¿s the cornplete measurement setup. Since

the output is terninated Ín a sliding short, high VSI,trR i.e. expected

in the sloÈted ru-ave guíde section. The detection of Vr.r, for hi8h

VSIüR values is difficult" In order to have sufficient accuracy of

measurer¡ent, Owensr method [Owens, 1969] was followed. Owens

proposed takíng two d measurements in the vicinity of a nu1l (see

Fig"9)" Vref is selected to be some convenient level above Ëhe

noÍse. For a particul-ar k value of Probe-detector, measurements

are made to find dr and d2. It may be shotn'n that;

VS¡R. = (5. 3. 1)y' - sin2lS¡-¡'"i"CSl

For k2= 2 (square law derecror), and when S ""u Ë 
.. 1, the

above equation simplifies Ëo

vslrR= r+,r-C#åary (s.3.2)
2l

The main advantage of the Osrens nethod is thaË the measurements are

concentrated around a standing wave minimr:m where the line voltage

Ls low (low lnpedance) and the probe influence is then small.
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k Vref.

Vm¡n.

\ \-_.*

Fig 9 Owens' Method of Meosuring High VSWR
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5.4 DESCFIAMPS METIIOD (Measurement of scattering

parameters of linear, reciproca.l Èv¡o ports)

Deschanps method Ínvolves a graphical solution of the equation

fr=srr*#
for the situation rnrhere fz is

napped (by measurement) ínto

system follows: (see Iíe.10)

(s.4.1)

a pure reactive termination. fz ís

the I¡ plane. The usual measurement

l, = -"'jOt i" the unit circle Ín the reflecËÍon coefficient plane.

In the experimental mapping, sample poínt.s of Iz are taken so that

0z is some subnultiple of. ),g/2, i.e. Â02 = \g/t|, which gives B

unique fe values. 12 maps into a circle with poinËs Lg/A apart beíng

l-inked by diameters, i.e. dt, du, are l-inked by a dianeter (see Fig.

1-1a). dl correspond.s to 02 ='tt/z and dl corresponds to 0z = 0.

In mapping f1 it is useful to recall the following conformal napping

theorems

(a) A circular loctrs alu'ays maps into a circular locug Provided

transformat:'-on is gíven by eqn. 5.4.L

(b) Angles between intersecting lines are preserved upon transformation.

An lmportant point to be noted here is that the f2 circle encloses

all possible passive output termlnations of the network and there-

fore the fr cf-rcle encl-oses all possible input lmpedance values.



dt

(o)

¿3\*I ,l

Ï) circle

(b)

Ij çi¡çtg-

Ii circle

'iq. ll Deschomp' Method for Meosuring Scottering
Porometers
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From Ëheorem (a), lr maps into a circle for 12 = -"2i02 (see lri.g.

11b). Or is called the iconocenter of the f1 círc1e and corresponds

to 12 = 0, i.e. a matched load terminaÈing the network.

The Graphj cal. method useci for locaÈing the iconocen.ter follov¡s:

(see Fig.11c)

(a) Connect two "f2 diameter-connected" sets of frequency points

by straight lines in the 11 plane; call Ëhe intersection A.

(b) Draç' a radÍus from C through A and drop perpendiculars to

the circle circrm'-ference from C and A ; call the trnro poinËs so

locaËed B and D.

(c) Draw a straight lj-ne fron B to D. The intersection i,¡ith the

radius from C is the iconocenter Ot. Once the iconocenter and

the center of the f1 circle are determíned the scattering coefficients

are obtaÍned by Ëhe follor¿ing constnrction: (see Fíg.11d)

l"ttl=oo' , l"trl=cor/R

l"rrl=+ or l"rrl2=R(1-l"rrl\
,Æ,

If the phase of the scatteríng coefficients referred to the specific

nechanícal reference planes ís required, then f1 must be known for

fz = 1 . 12 = 1 for a shorÈ circuit located \g/2 fron the specified

output reference p1ane. (see Fig.11e).

P corresponds to fz = 1, Pt corresponds to f1 for f2 = 1

Ort=<oP'Oot , þzz= <CorrCK

and 0rz = <KrPrKrC
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In the practical measurement

as fo1l.or"s:

setup reference planes are deternrined

(a) Match term.inate ttre output and locate a rninirnum on the input

line. At this plane stl = -l"rt| and one has Lhe input reference

plane located.

(b) Terniinate the output with a short circuit. and obtain th.e f r

circle. Locate tbe center and determine 11 for lz = L.

(c) lviove the output shcrt until f r = OPt. The output reference

pl.ane is Xe/4 away from the short.

5.5 ÐTPERIME}ITAI RESTÏ,TS

The measurement of l"rrl and 0zz car- be accomplished in the foll-ow-

ing manner. The output pcrt is terninaËed in a sliding sh.orË. A

series of measuremenËs of îSI^IR and shift in position of minimum from

the input reference plane are made correspondíng to the positions

of the output short which gives 102 = r^e/16 (n beíng an inËeger

up to B) . This was re.peated for different settings of shorts in E

and H arms Í.e. for different values of transfornation angles t!3

and rf a. Iieasurement clata f or syînretrical E-H tuners shorv that if

port 1 or 2 is matchecl and one of the tunable short-circuited pl.urrgers

is hei-d. on a fixed position r,¡hereas the ot,lier stub i.s moveci over one-

half wave length and vice versa, circuJ.ar transformation Loci for

Lhe input ímpedarrce resul.ts at port 2 or 1., respectively. Corupj.1ed

data is given in Table I, and the correspondi.ng ploL of the trans-

formation locl Ls as shovm in (ffg.fe).
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Chapter, 6

APPLICATION OF ANALYTICA], TRÄNSFORMATION PROPERTIES AND ANALYSIS

OF PARAI'IETERS REQUIRED TO BUTLD AIITOMATED TUNING SYSTEMS

6.1 ANAIYTÏC-GEOMETRTCAI, ]NTERPRETATION OF THE

e

TRAN S FORMATI ON PROPERTIE S

It must be shornm thaÈ the load side reflection coefficient II = sz2

as gíven by (3.1.4) does indeed satisfy the experimental results

described in the Chqtez, 5 and illustrated in Fígs. (6a) and (6b).

Therefore in Appendix II, the load side reflection coefficíent fi

fs expressed in terms of either tr¿o intersecting circular or ellipti-

ca1 loci as derived in (II-3c) and (II-6c), respectively, æd ill-us-

trated in Figs.13a, 13b and 13c. ComparÍng these resulting express-

ions wíth the experimental data and the derived expression for s22

as gÍ-ven ín (3.1-.4) in terms of the Ëotal transformatíon angles rf3

and tpa, 1t follows that (II-3c) does satisfy both (3.1.4) and the

idealized experimental results, where

r - lrl"*p jrf=cos,È#rexp jak#b, (II-3c)

Before the transformation properties of E-H tuners for particular

desl-gn feaÈures are interpreted j.n relaËíon with the phase constraínËs

gíven in Appendix I, the general matching procedure for Ëhe total

transformatíon angles rJig and tf+ are analyzed and derived. In parË-

ícular, tvro classes of natching problems musË be solved.

(a) Given ,1" "Tz tor whÍch matching occurs, 1.e. f1 = 0, find

the assocfated transformation angles, üg = üs* and V+ = ü+".



(b) Civen

6.2

Ür" and ú+* for which fr = O, find fz" = tL

TRANSFORMATION PROPERTIES FOR THE LOSSLESS,

SYMMETRICAL CASE

The explicit

cient fz is

*M
rrM = "ät=

dependence of tf3 and tfa on a given reflection coeffi-

determined by (3.f.4) and (II-3c), where

*"o"c$)exp i(jl-E) g.2.La)

wÍth tJ;3* and rfa" defining the ËoËal transformation angles for match-

ing conditions, Í.e. 11 = Q.

If the complex loadside reflection coeffÍcient fz" is gíven and

characterizeð, by its modulus lf"l and its phase ú2", it follows fron

(6.2.Ia) thar

üt" -ü2"(t) lOrrl (6. 2. lb)

(6.2.lc)üu" = -rlz"(+) lOrrl

where

lOr"l = larc cosclrr*l) 
I

(6. 2. ld)

Reinspecting the generalized form of (3.1.4) and (U-3c), it is

obvious Ehat the total transformation angles Ü:" and ú+, are not

distinguishable and may be interchanged as is verified ín (6.2.lb)

and (6.2.1c) and shor,¡n in Fig.13b. ThÍs inherent degree of freedom

1s also evidenE from the definitions given in (II-4)and (II-5).

Therefore, two pairs of solutions are obtalned 1n additlon to the

43
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sets of períodÍc multÍples.

Since 0r* = arc cos(lrrMl) d.efines, for 0

of a circle, CrNr, in polar coordinates as

possible to introduce a sirnple analytical

üa" and qu*.

6.3

: ¡rr"l Í 1, the equation

defined in Fig.L4a, it is

procedure of determining

GRAPHICAL PLOTTING PROCEDIIRE FOR THE DETERMINATTON

O¡' úsu AND rf+", GIVEN fz" (i.e. lfr"l and rf.r2r)

(Fígs. 14a and 14b)

Plot the lfrUl circle, centered aË the origin and havj-ng a radius

of lfzyl, onËo the polar f-plane. Drarrr Ëhe radíus vector A makÍng

an angle o¡ -üzU r¿íth the real axis (0"). The resultíng intersection

with the lfr¡ll circle defines flu = "lr. The circl. lcqr¡ll, defined

as lOrrl = larc cosC[fr*l) l, is ploËÈed such that its synmetry axis

is the radius vector A. The intersection points P3 and P4 of cÍrcles

lc0r¡tl and lfr"l Ëhen define the desired total transformation angles

tlta" and tþa". Thus associated radíus vectors B and C represent the

symnetry axis of the círcular transformation loci Q3" (ü. = const,

rpa = adjustable) and Su" (rlru = const, üg = adjustable), whose inter-

section point defines fl" = "f, """otdíng to equation (6,2.1a) and

is shov¡n in Fíg.L4b. It is evident that the Èotal transformation

angles are indístinguishable and do not, in general, represent Ëhe

eLectrlcal transformaEion length Q3 and 0+ as defined in (3.1.3).
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6.4 GRAPHTCAL DETERMTNATTON OF l2yt "TI, atVE¡'t úrM

*¡ ü+u (Fie. 14b)

If it ís assr¡ned that the generator side

are provÍded to establish that f1 = 0 and

properties of the employed E-H tuner are
M*¡zM säz is determined by definition of

lrzyl = cos,l*,

ür" = -(Ú'4vt")

is match-isolated or means

Ëhat the transfo::uration

precisely established, then

(6.z.La) as

(6. 4.Ia)

(6.4.lb)

The anal-ytical determj-nation employs the inverse steps of the plot-

ting procedure described in Section 6.3, is illusËrated in Fig.14b,

and therefore uníquely defined. It is to be noted that a unique so1-

utíon for the deternination of f2 can always be obtained as verífied

by (6.4.L), although {3 and if.ra are indistinguishable. However, in

the case of thÍs particular matching problen, the desígn of such an

E-H tuner must, be sought for r^¡hich Ëhe dependence of üs on S4 and

rl+ on 0e is most stable, í.e. línearly proporËional.

6.5 ALTERATIONS OF THE TRANSTORMATION DOMAIN DIIE TO

LOSSES TN THE TRANSFORMATTON STI]BS

Slnce for al-l practlcal design reasons

wave gulde junction itself is lossless,

tunable shorËs as well as those due to

must be considered 1n the definl-tion of

it rnay be assumed that the

Ëhe losses due to imperfect.

r,¡ear of the stub guÍde walls

s55 and s65,. The result,Íng
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lnternal reflectlon coeffícíent for

(2.2.1e) by

sss = -exp (-2o3).exp ç2iþs)

s66 = -exp(-2oa).exp(-2Þ+)

this case may be defined with

(6. 5. 1a)

(6. s.lb)

To obtain a straíghtforward understanding of Ëhe resulting altera-

tions, the eff ecËs on the idealized matched slrr¡rmetrical E-H tuner

and the maglc T junction are consídered, in which case (3.3c) be-

comes:

MT irsïä = -å{exp(-2cr3) .exp (-2iQ3)+exp (-2oa) .exp (-2i 0q) }

= -¡{ (exp-2o3texp-2ca ) cos (0g-ó,* )+j (exp- 2a3-*p-2q+) . sin

'

(ôs-0,*) Ì exp+¡ ç4s+0+) (6.5.1c)

From inspection of (6.5.1-c), it follows ÈhaË the transformatíon

domaln for 0s # a4 * 0 is reduced to

å | exp-2o.e-exp-2oa l: | "H l:å | ."p-zcx3+exp-2CI,4 
|

and for this particular asyumeËrically lossy case, no unique solu-

tion exists as is shown in FÍg.15a. However, for the symmetrically

lossy case, for which o3 = c[4 = c! ) 0r the solution is as illustrated

in Fig.f5b. In particular, it is noticed that perfect matching is

no longer possíble, crs # o,* # 0, which leads to a rather Tnpcrtant

deslgn requlremenÈ, namely that preferably all tuners are of fdentical

properÈfes to reduce unavoidable mismatch. Only if this requirement

is satfsfled, 1.e" o3 = o,+r mây the transformation procedures derived
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in 3ectioo 6.2 be employed. Otherwise no unique solution is obtainecl

as illustrated in Fig.l5a.

6.6 ANALYSIS OF PARAMETERS REQUIRED TO BUILD AUIOMATED

TUNING SYSTEMS

lühen the actual control circuit is designed, it is required Ëo

determine a readily measureable quanËity which could be used Ëo

provide a control signal for automatically adjusting the position of

shorts in E and H arms.

One well known teehnique for moniËoring real and irnaginary conponents

of the reflection coeffícient consisËs of sampling and detecting the

r.f. signal at four points in the wave guide which are separaËed by

USth of the guide wavelength. llhen Ëhe outputs of alternate

detecËors are subËracted, Ëwo signals are obtained whÍch are prop-

ortional to real and imaginary parts of Èhe reflection coefficienË,

referred to the plane of the fÍrst detector. So in order to drÍve

the shorts in the E and H arms Ëo tuned positions, there should be

an expression for transformation angles üs" and tf+, in terms of

available control signals. (here it is real and imaginary part of

Ëhe load side reflection coeffícient)

Rewriting the equation (3.1.4c)

,î* = "Tr= "o",S,exp jJ'4u'")
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,úa"-ú+", . üa.r+ú,**
cos (---Z-l sl-n(-t

part of fz*, and f. is the imaginary part of fz*.

identiËies and equat.ing real and imaginary parËs

cos tf s, * cosrf+, = 2fR (6. 6. la)

(6. 6. 1b)sintf a* * síntf +" - -2t f

squarJ.ng both the equations

co s 
2r¡ 

a"+" o t2 r1r, ¡Z "o 
srJ.r a*cosrf +"

and

+j

Here f* is the real

Using trigonometric

on both sides,

Adding eqn (6.6.lc) and (6.6.1-d)

from eqn (6.6.lc) and readjusting

ür**ü+*=cr1

ü." - üu" = t2

where CI¡ = arc coS I

c!2 = arc cos [2 Crfr+rl>-rt

= orl

and then subtracting eqn

the result.ing equat.ions,

s in2rJ.r ar+s in2rf +r+2s inrJ,r 3*s inrf +" = 4I ?

(6.6.lc)

(6. 6. 1d)

(6.6.1d)

q c?-r?> .f(a

a<rfr+r?r-r

hence -,. 0,r*üz
9tM = -T
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and üu" = ,#

These expressions will be used during description of the control

círcuit ín Chøpten 7.
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Chapten 7

CONTROL CIRCUIT DESCRIPTION (E-H TUNER AS TI]NIiIG JI]NCTION)

7.1 MONITORING THE LOAD REFLECTION COEFFICIENT AND

GENERATING CONTROL SIGNALS (Fig. 16)

Since transformation angles ú:" and ü+" have been expressed in terms

of real and irnagínary parËs of Ëhe load reflection coefficient,

volt.ages equivalent to real and imaginary parts of the load side

reflection coefficient are Ëo be generated. These volËage levels

in turn will be used as input for the circuiËs, which will generate

voltage levels equivalent to transfornation angles üs* and tfa*.

The r.f. signal is sampled and detected at four points Ín the T¡rave-

guide which are separated by one-eighth of a guide wavelength (these

four points are as near as possible to the load end). Outputs from

these four detector probes 1, 2, 3, 4 are fed into preamplifiers

I, II, III and IV respectively. The preaurplifiers present a suitable

input impedance and provide adjustable amplification to compensate

for differences in the deÈectors and probes.

Outputs from pre-amps I and III are used as inputs in differential

A, whose dífferential output gives the real part of the reflection

coefficient existing on the waveguide (referred to the plane of the

first detector). SÍmilarly the outputs from pre-amps II and IV are

fed into differential anplifier B and the imaginary part of the load

reflection coeffÍcient is generated.
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The suggested circuit for the differential amplifier is a four-

stage differential amplifÍer. IRef: Texas Instruments Inc. "Tran-

sistor circuit design" McGraw Hill, N.Y., L963, P.138]. An available

circuiË (which could be modified and ímproved upon) is designed for

maximum open loop amplificati%n of the differential sígnal. Series-

shunt negative feedback provides high input impedance and lovr out-

put ixnpedance. The circuit responds to a differential signal o f.25

microvolts superimposed on a common leve1 that varíes from 0 to 5.0V"

The voltage gain is continuously variable from 100 to 500. The

frequency response is flat within 1% fron d.c. to 1000 Hz.

7.2 SQUARING AND FUNCTION GENERAT]NG CIRCUITS

The expression for transformatíon angles rfs" and ü+" contains square

terms of l- the real part, and lr the inaginary part of the load
R

reflecËion coefficient" So the output from differential amplifi-ers

A and B musË be squared before they can be used in other function

generating circuits" This is done by squaring círcuits. Suggested

references for the squaring cÍrcuíts are gÍ.ven in the block diagram.

However, Ehe reference no. 3, t'Square law output" seems to be better

for the present applÍcation because of its flexibÍlity, no critical

or expensive components are used and it could be extended to large

dynamic ranges if required. In this circuít a diode network and

detector provÍde output proportional to
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the square of the inpuL voltage. The input range of 40 db is split

into two 20-db segments. Each stage saturates and gives constant

output for voltages above operatíng range. For voltages below the

operating range the stage is cut off and has zero output. The com-

bination of two stages gives the desired square-law characteristic.

Function generators are in fact the heart of the whole system.

Efficiency of the system depends very much on how accurately the

function generators produce üa, and rpu*, the transformation angl-es

required for complex conjugate matching. Again references for the

funcËion generators are given on the block diagran. trIithout looking

at the performance practícally, it ís difficult to suggest any part-

icular circuit over other circuits. BuË in this particular case, the

idea of "photo elecËric function generators" seems to have more

potential than any other circuit.

An "open loop photo electric function generatoï" can generate any

single valued functíon with an accuracy of better than one percent.

Functicns of a function can be produced wiËh slight operating urodifi-

cation. Many of the problems conmon to closed-loop operation have

been eliminated.

FuncÈion generators are followed by averaging circuits whose outputs

give voltage levels proportional to the values of the transformation

angles Va" and V+" required to match the load reflection coeffÍcient



P
re

ar
np

lif
ie

r 
I, 

II,
 

III
, 

IV

P
re

se
nt

 a
 s

ui
ta

bl
e 

in
pu

t

im
pe

da
nc

e 
an

d 
pr

ov
íd

e

ad
ju

st
ab

le
 a

m
pl

if 
ic

at
io

n

to
 c

om
pe

ns
at

e 
fo

r 
di

ffe
re

nc
es

ín
 t

he
 d

et
ec

to
rs

 &
 p

ro
be

s.

F
ou

r 
S

ta
ge

 D
íff

er
en

tia
l

tu
np

lif
ie

r

T
ex

as
 I

ns
tr

um
en

ts
 I

nc
.

tr
T

ra
ns

is
to

r 
C

irc
ui

t 
D

es
ig

n"
,

IIc
G

ra
w

 H
íl1

, 
N

.Y
. 

19
63

, 
p.

13
8.

F
un

ct
io

n 
G

en
er

aË
or

S
qu

ar
in

g 
C

irc
uÍ

t

1.
 E

B
B

 1
1 

N
o.

7 
p.

6-
7

2.
 A

ud
Ío

 F
E

T
 S

qu
ar

in
g

C
lrc

uí
t, 

"F
ie

ld

E
ffe

ct
 T

ra
ns

is
to

rs
",

M
cG

ra
w

 H
ill

 
N

.Y
.

1.
E

le
ct

ro
ni

cs
 3

3 
N

o.
13

,

p.
75

-7
6

P
ho

to
el

ec
tr

ic
 F

un
ct

io
n

G
en

er
at

or
, 

E
le

ct
ro

ni
cs

32
 N

o 
.2

, 
p.

52
-5

5.
 (

19
59

)

¿
.

19
(r

5,
 p

. 
83

.

3.
 S

qu
ar

e 
La

w
 o

ut
pu

t,

E
le

ct
ro

ni
cs

 3
9 

N
o.

18
,

p.
e5

-9
7 

. 
(L

96
6)

S
er

vo
 C

om
pa

ra
to

r 
C

l-r
cu

it

1.
 C

ho
pp

er
 ,T

ra
ns

is
Ë

or
si

m
ul

at
e 

sP
D

T
 S

w
ítc

h,

E
le

ct
ro

nf
cs

 3
7 

N
o.

22
,

P
.7

5-
76

. 
(L

e6
4)

M
ot

or
 C

on
tr

ol
 C

irc
ui

ts

1.
T

w
o-

S
ou

rc
e 

C
on

tr
ol

,

E
le

ct
ro

ni
cs

 3
3 

N
o.

41
,

p.
76

. 
(1

96
0)

T
rla

c-
D

ia
c 

R
ev

er
si

ng
 S

er
vo

C
on

tr
ol

: 
va

rie
s 

sp
ee

d 
an

d

di
re

ct
io

n 
of

 5
 a

m
p 

re
ve

rs
ib

le

se
rie

s 
a.

c.
 m

ot
or

 in
 a

cc
or

d-

an
ce

 w
iÈ

h 
d.

c.
 c

on
tr

ol
 s

ig
na

l.

P
ol

ar
ity

 o
f 

co
nt

ro
l s

ig
na

l

de
te

rm
in

es
 d

ire
ct

io
n 

of

ro
ta

tio
n.

C
on

tr
ol

 E
ng

in
ee

rin
g 

11

p.
75

-7
6.

 (
L9

64
)

2.



o @ o @

D
IF

F
E

R
E

IJ
C

E
IF

IE
R

S
Q

U
A

R
IN

G
C

IR
C

U
IT

D
IF

F
E

IìE
N

C
E

A
IIP

LI
F

IE
R

S
Q

U
A

R
IN

G
C

IR
C

U
IT

A
V

E
R

A
G

IT
!G

C
IR

C
U

IT

F
U

T
{C

T
IO

N
G

E
¡I

E
R

A
T

O
R

4(
P

É
-P

¡')

A
V

E
R

A
G

li,
lc

C
IR

C
U

IT

or
*O

o
r-

lL
ltt

-- Y
3M

 2

4(
 P

*2
 +

 e
f 
l-r

,, 
=

 ol
-

'3
r.

t 
2

F
U

N
C

T
IO

N

G
E

N
E

R
A

T
O

R

z(
P

R
z+

 P
2)

-l

sc
A

Lt
N

G
 O

F
 V

¡r
,r

O
N

I 
B

A
S

IS
 O

F
R

E
E

 V
O

LT
A

G
E

F
U

I'J
C

T
IC

II

G
E

hI
E

R
A

T
O

R

A
R

C
 C

O
S

S
C

A
LI

N
G

 O
F

 {
zn

r
O

N
 B

A
S

IS
 O

F

R
E

F
. 

V
O

LT
A

G
E

tt

F
U

N
C

T
IO

N

G
E

N
E

R
A

T
O

R

A
R

C
 C

O
S

P
re

se
nî

 p
os

lfi
on

 o
f 

sh
or

l.
R

ef
er

en
ce

 v
ol

tc
ge

 f
or

f9
=

* 
de

pe
nd

s 
on

 p
os

iti
on

\ 
of

 s
ho

rt
 in

 o
rm

 E
\

q.
 v

d.
to

 fs
ir

pr
es

en
t 

po
si

îio
n

of
 s

ho
rt

S
E

R
V

O

C
O

IIP
A

R
A

T
O

R
C

IR
C

U
!T

F
ig

" 
L6

 B
LO

C
K

 D
IA

G
R

A
M

 0
F

C
O

i,Ì
F

A
R

A
T

O
R

C
¡R

C
U

IT

S
E

R
V

'

R
ef

. 
V

ol
to

ge

T
o 

se
rv

o-
m

ol
or

 c
on

lro
l 

ci
rc

ui
t

dr
iv

in
g 

th
e 

sh
or

t 
in

 H
 o

rm

T
o 

se
rv

o-
m

ot
or

 c
on

tr
ol

 c
irc

ui
t

dr
iv

in
g 

th
e 

sh
or

t 
in

 H
 o

rm

E
q.

 v
d.

 o
f 

V
qy

R
ef

. 
V

ol
lc

ge

P
R

O
P

O
S

E
D

 C
O

N
T

R
O

L 
C

IR
C

U
IT

$r *J



lo 9 B 7 6 Ã
. vt 4 3

I I

Lr
J

(9 F J o j o U
J F
is

 1
7

E
xp

re
ss

io
n 

us
ed

 f
or

 c
om

pu
to

tio
n

eq
u.

(3
.1

.4
a1

l\o
rm

ol
iz

in
g 

vo
lto

ge
: 

to
V

 =
 tB

o 
el

ec
.d

eg
.

V
or

io
tio

n 
of

 T
ro

ns
fo

rm
ot

io
n 

A
ng

le
 ( 

E
q.

 V
ol

to
ge

 )
w

¡t
h 

P
os

iti
on

in
g 

of
 S

ho
rt

 C
irc

ui
tin

g 
S

tu
b.

.6
 

.7

Lt
a

(n ñ'
ì



5$

existing in the wave guide. Averaging circuits may be I'differential

amplifíers" preceeded by an inverter in one.

7.3 R.EFERENCE LEVEL

!üithout the information about the present position of the shorts in

the E and 11 attns, it is not possible to operate the servo-motor,

and bring the shorts to the tuned position. So a reference level

is used and this reference level is controlled by the shorts in the

E and H arms" This reference 1eve1 is a vol-tage leve1 which ís

equi-valent to a transformaÈion angle Ús or üq correspondíng to the

original posítíon of the shorts. A study of the variaËion of the

transformation angle with the posítion of the short (in wavel-ength)

glves the curve of Fig. 17. Again this voltage profile could be

generated by a functÍon generator. The input to thís circuít could

be controlled urechanically by the posiËíon of Êhe tuning shorts.

Thus the reference 1evel gives compleËe information about the current

position of the shorts. This leve1 is compared with the level

generated by the circuits r^rhose input is controlled by Èhe load side

reflectíon coefficient (i.e. levels corresponding to üs" and i1.ru", the

transformatíon angles required for matching the load to the input).

The difference gives a measure of the dÍstance, as well as the direc-

tion in which the shorts are required to be moved by the servo-motor.
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7.4 SERVO COI'ÍPÂRATOR CIRCUIT

In this circuit, the generated control signal is compared with the

reference voltage and thus a control signal for the pervo-motor ís

generated. The suggested circuít for this purpose is a "Chopper

transistors simulated sPDT switch" whose reference is given on the

block diagram. This circuit controls up to 50 volts r.¡ith an absolut.e

error betr,¡een reference and control voltage of less than Ër¿o rnilli-

volts.

The circuit operates like a simple mechanical comparator system. The

comparator chopper stage, drÍven by Ëhe oscillator, senses Ëhe

difference between Ëhe reference volËage and the output signal of

the systen, but draws very little current from Ëhe reference.

7.5 MOTOR CONTROL CIRCUIT

Many kinds of motor control circuits are available. Specific

advantages or disadvantages of a particular circuit could be under-

stood only after practical study of the circuiÈ under the condition

which will prevail in practíce. However a relatilrely simple, effi-

cienË and reliable circuít is " triac-diac reversing ,8ervo contro1",

whose reference is given on Èhe block diagram. This circuit uses a

component called "triac" for a.c. povrer switching. This is a gate-

controlled semiconductor switch which reduces Èhe number of components

required for a.c" porùer control and needs no protection from voltage

transfents.
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This suggested circuit is a reversing drive pervo-control circuit

that varies the speed and direction of a series motor according to

a d. c. control signal (which will be the output from the Bervo-

comparator circuiË in this case). The polarity of the control

voltage deÈermines the direction of motor rotation, and there is

a gain pot that adjusËs the slope of the speed versus the control

volt,age curve.
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Chapter B

SUI'MARY AND CONCLUSIOI.IS

An analytical closed form solution of the impedance transformation

loci of various microwave junctions was derived. This solution was

used to find out the transformation domain of the lossless, reciprocal
fhybrid T-junctionsr as well as t3-db couplerst. These transforma-

tion domains allow one to deËermine the restrictions on the trans-

formation properties of rhybrid T-junctionsr and "3-db couplers",

used for matching purposes.

It can be concluded that for a given ideal, synrnetrical hybrid T-

junction (or r3 db-couplerr) an arbitrary load side reflection

coefficient f2 for which I f l.f can be transformed in all cases into

lr = 0. In applying the E-H Ëuner as an ímittance Ëransformer, the

tI(3) and E(4) arms are terminaËed ín Ëunable short-circuÍted plungers

and by proper choice of the equivalent transformation lengths 93 and

!,r+ from cenËral symneËry planes, it is possíble to transform the

load dependent reflection coefficíent f2 (p1ane 2) into the input

reflection coefficient f1 = 0 (plane 1).

Measurement data compiled ín Chaptez, 5 f.or symmetrical E-H tuners

show that if port L or 2 is matched and one of the tunable short-

circuited plungers is held on fixed position whereas the other stub

is moved over one-half wavelength and vlce-versae circular trans-
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formatl-on loci for the input impedance results at the port 2 or I

respectively. In particular it was found that for lossless case the

entire passive region of 
. 
tI-re impedance plane can be transformed if

the E and H arms are decoupled and not entirely mismaËched. Slight

asymmetrical phase shift in the Ëransformation coefficients ot3, ozs,

6r,* and Cz+ of the E-H tuner results in coupling of the transforma-

tion arms. Furthernore, it follovrs from (3.2.2a) and (3,2.2b) that

the larger the Aô = ôrg - ôr+r the smaller is Ëhe total Ëransforma-

tion domain.

For an imperfectly coupled 3-db tuner eqn.4.3.12 shows that loads

having reflection coefficient magnítude less than (4"/1 +A') can

not be matched perfecËly. A1so, since the rnagnítude of s22 can not be

smaller than (4"/1 + 
^t), 

a perfectly matched load at the output will

give rise to an input reflecËj.on coefficient of (A"/L + 
^'). 

It was

also shovm Ëhat the performance of an imperfectly matched 3-db tuner

could be better than Ëhat of a perfectly matched 3-db tuner, provided

the imperfection in porrer split (coupling) ís such that, Â1 and A2

both are negaËive.

In Chapter, 7 an electronic circuit is suggested r+ith the help of the

analytical Lransformation properties of E-H tuner, <leduced ín Chapten

6 " A four probe sensor is used to provide control information and

display the system match acl-rieved by the tuner. Hybrid T-junction

is to be ernployed in future as an automated, controllable impedance
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transformer in a measurement procedure based on the principle of

complex conjugated impedance matching. One typícal exarnple of com-

plex conjugated impedance matching is the measurement of the input

impedance of non-linear, active microv¡ave devices built into a rec-

tangular waveguide supporting the dominant TEl s mode. Specifically

this technique will be very helpful in the case for which the ampli-

tude of the modulaËion signal must be held extremely small due to

Ëhe non-linear behaviour of the active device (e.g. tunnel diode).

Therefore, standard technique of employing slotted line measurement

procedures must be excluded, since the resolution could be insuffi-

cíent to obtain accurate measurement daËa.

The automated tuning device of Chaptez' 7 would have great application

in many microwave circuits. Because, although many systems maintaín

proper tuning for extended periods of time duríng operatíon, operator

adjustment of the Ëuner is ofËen required during start up procedures

and ís occasíonally necessary during operation. When the system is

detuned, fu1l por,rer transfer to the load is not achieved and effícíency

of the circuit goes dor,rn. Consequently for most consistenË resulÈs

and operaËionaI conveníence ít is desÍrable to automate Ëhe adjust-

ments of the system tuning mechanism
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RECOMMENDATION

The suggested tuned microwave circuit wíl1 offer a convenient

means to efficiently couple microwave energy to widely varying loads.

A typieal example is microwave pov/er transfer in a radar system'

where the radíating or receiving antenna offers a varying inpedance

to the circuits. Another example of variable load microv¡ave por¡rer

applicaËiôn of Ëhe above círcuit. is in microwave heating. In mícro-

wave heaËing the suggested circuit could most efficiently transfer

rnÍcrowave energy to conÈinuous thin web and fílamentary types of

material. This will noË only be economic buÈ also offer consistent

product quality and operational convenience.
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APPENDIX I

T]NITARITY IDENTITIES

It is assumed that the hybrid junction is lossless and

but not a priori symmetrical, Eherefore the submatrices

satisfy the following unitarity identities according to

tqlolql+trloIr]t=tEl
J-¿

lal [r] + [r] [n] = tol

lrlortal + [n]olrlr = tol

*T*trl 'lrl + [R] [R] = tEl

Evaluating Ëhe submatrix

l",rl2 * l"rrl2
&¿

StlStZ * Stzs2l

**
St2St t * SzZstZ

t12rt2lsrzl + lszzl
¿J-

sItSlS * sl2523

¿¿
SllSt,r * SL2SZ+

**
st2sl g f sezses

**
St2St4 * s22524

identities, yields

+ l",rl'* l=rul2
J^L

* s13s2S * Sl4S2k

JJ

* s23513 * 524514

.rt2r12+ lszsl + lsz'*l

*Js
* s13s:: * slqs3q

J. J.

* SrSS:,* * StqSqE

**
* szgsag * Sz4Sg+

**
f s23S34 * s24s44

reciprocal

of IS"J must

(2.2.2b)

(r- l-a)

Ç-2a)

(r-3a)

(I-4a)

(r- lb)

(r- rc)

(r- ld)

(r- 1e)

(r- 2b )

(I- 2c)

(r- 2d)

g- 2e)

where tE] and tO] represent the identiËy and null r:atrices, respect-

ívely, and the submatrices [Q], tTl and [R] are defined in (2.2.3c).

=l

-0

-0

-1

=Q

=0

=Q

=Q
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Since (I-3a) represents the complex conjugated transposition of

(T-2a), no further useful identiÈies are obtained

l.rrl2* l"rrl2* l"rrl2* l"rul2=t (r-4b)

¿&&¿
Slgst4 * sZ¡sZ,+ t S33S3q * s3+s,+,* = 0 (I-4C)

tr***
slhslg * sz+sza * s3hss3 * s44s34 = 0 (I-4d)

l"rul'* l"rul'* l"rul2 * l"uul2 = t (r-4e)

These identities are employed to derive the necessary and sufficient

set of expressions enabling straightforward symetry reduction, where

from (I-lb) and (I-le):

(1"r, l'-l"rrl2)=tl"rrl2-1"r, l2l*cl "rul'-|",u l2) (r-5a)

(I-lc) and (I-ld)
***tr

st2 = -(stasza*sr¡+s-z¡+)stt*(gtoszg*st4sz+)sz2 t- 
1

_ tr_5b)

(r-4b) and (r-4e):

( I ", , I '- | ",- ul2)=( I ", u | 
2+ 

| ", ,3)-( I ", , | 
2+ 

| ", , | 
2) (r-5c)

(I-4c) and (I-4d):

***re
s34 = (r-s¿)

In addition, further explicit expressions for srrr stz and szz in

terms of s- and s.. ( U= 11 21 31 4) and for s33, sa4 and s4q inl-ta Uq

terms of s -. and s ., (v = l, 2, 3, 4) are required to siurplify the1V 2v

expressions of the equivalent Èrnro-port scattering matrix paraneters

s,u Bfven ir (3 .L.2), where frorn (r-2t) and (I-2c):
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I.**:t**t(*.Sll#tslgsz4sgg*(sl3S23-Sr4sà4)sjq+si¡st+s'+q}(r_6a)
(srsszq-szssrq)

(I-2d) and (I-2e):

1 * * * * * * *.
s2 2= -;Ë-i--;--_*-t sz : s r r+s s a- (s r ¡ sz 3-s r 4s 2 + ) s i q-s i s sz,*s a + ] (I-6b )

S13S2h-S23Str+

(I-2b) and (r-za):

I * * * * * * *.
s 3 3= --E-ï---T--;--t -s 1 3 s 2 a s 1 1* (s r s s i ,*-s z s s i ,* ) s f 2*s 2 s s 1 ,* s â z ] (I-6c)

(srasz¡+-szssr+)

(I-2c) and (I-2e):

a¿¿&¿&¿¿Lr
s ¡+ h= 

-:jF-_-i 
sz g s I 4 s 1 1- (s r ss I +-s2 3 s2 4) s 1 2-s l 3 s2 4s 4 4 j (f-6a)

(sr sseh-s23s14)

(I-2b) , (I-2c) , (T-2ð,) and (I-2e) :

1¿LLIst2 = ffit(sr gstq-s2sszq)sss
2(srasz4-s23sr,+)

+t ( I sz. I 
2-l 

sr 3 I 
2)- ( I ", u l'- | "ru I 

2) l"Tu-("Tr"r +-slsszu)"fu] (r-oe)

and,

l***s34 = * * * * t-(sr3s23-sr,*sz,*)srr
2(slssz4-s23slh)

-t ( I "r, I 
2- 

| =,, I 
2)- ( I ", u l'- | =ru I 

2) l"ir+("T,", s-sT+sz u)"TrÌ (r-6f)

SYI'ßÍETRY REDUCTION FOR TTM IDEAL SYI'ßÍETRICAL CASE

If it is assumed that the design is geometrically synuneËric, i.e.

the E and H arms have a common syunetric pl-ane about whfcl¡, the
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I -.t_

Ëransformation planes 1 and 2 are syrmnetrically

dents or obstacles are perturbing the fields in

following symnetry conditions must be satisfied

Substituting (I-7) into (I-6f) and (I-5d)

constraint ss+ = 0 and thus Ëhe unitarity

1",,12 * l",rl2 * l",rl2 * l",ul

sTrsrz + sTzsrr * l"rrl2 - l"rul
¿¿&

(srr * srz)sre * srgsae = 0

¿&¿
(srr - srz)srq 1- slr+su4 = 0

spaced and that no

the junction, the

(r-za)

(r-7b)

szz = srl = l"ttl exp j0rl

I I 2L ,H arms coupling.,s23 = sr3 = lsrsI exP JQr¡ L in ptase -l

s24 = -sr4 = -1",u I op jô,u I|""iirliilll"t, (1-7c)

s12 = l"trl exp jQrz r s33 = l"rrl exp jôse

and sr+4 = l"uul exp j0++

l"rrl2

l",ul2

l"r,l2 = r

l"uul2 = L

+

+

results in

identities

2-
-I

2 =̂u

the decoupling

reduce to

(r-Ba)

(r-Bb)

(I-Bc)

(r-8d)

(I-Be)

(r-Bf)

(r-g a)

and similarly equations (I-6) result in

lr. * sl: * sl,*Sll = s22 = -2tS33-;- -r sqq 
:,c

Sl3 slt+

sr2 = -åt"lrft: - "i*# ]
Stg slr+

cr-9h)



Employing thc triangle in-equality

l'l-lul latul :
(r-Bd)

l"l+lul

it follows from (I-Bc) and

and

that

l"rrl - l"uul lt 1",,1 s lq*t.lt+ I

(r-ed)

which are very useful relationships for rechecking measuïemenË data.

Since the internal reflection coefficients sll, s33 and s44 can be

measured more accurately than Ëhe transfomation coefficients s12,

s13 ând s14, the relevant phase constraints are expressed in terms

of the modulus and the phase of srl, s33 and s44.

I+r-BIt1",,1 :Il'#.ry|

The phase of

s12 = l"trlexp iôrz = |

ís defíned from (I-Bb) with

å(1"r, I 
2*l"ou 

i2)-1"r, I 
2lå"*p jo*

(I-Ba), (r-Be) and (I-Bf) by

(T-9 c )

(I-10a)

72

cos (0r r-ôrz) =

The phase factors 0rg and ólq can be determined from (I-Bc) and

(I-Bd) with (I-lOa) as:

ran(2Q¡s-Qas¡ ='lsrils.inOrrtlsr?lsinÓr2 ¡'rrl*
1", , I cosQl r+ l" r r-iõ 

= rsr r rs (r-10b)
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ran(2Qrb-oqu, - lsrrlsitrÞrr-lsrzlsinÔrz = [srrrsrz] (r-10c)
|"r t Icosþ1r--l"rz Icoso12

Thus

0lg = (2örg-0ge) = arc tan [srr,slz]* = const. (I-10d)

l",t I l"uul

and therefore

tan(gr,,-0r r, - z I"" I' Iå ( Igt t I2+l"ur |2)- I"r' I2 |å'"i"(0"-ot')
I zl ", r12-L( I ",, | 

2+l 
"uu I 

2l 
I

0r+ = (2Ôrq-Ôqq) = arc tan lsrrrsrz] = const. (I-10e)

The ÍnterrelaÈed phase constraínt of all the six scaËtering para-

meters is obtained from (I-9a) and (I-9b), where vrith (I-10)

2l"ttl.*p iór1 = -{l".tlexp jers*l"u+lexp jêr,,} (r-11a)

2l"rrl."p iþtz = -{l"rrl"*p j0rs-ls,*,*1"*p j0r,*} (r-1lb)

SubtracËíng the squared moduli of these equations yields

^r t2 r¡ t2 r¡ ,2
cos(ora-orul =ffi (r-L2a)

Multiplyíng (I-11a) by the complex conjugate of (I-11b) and equating

Ëhe real and imaginary parts, results in (I-10a) and

sin(0r+-0r s) =
2 I sr r I' I å c I "r, I 

2+l 
"uu 

I 
2)- 

| "r, I 
2 

| 
å'sir(ô, r-ôrz) (r-12b)

= [stt, stz] (r-12c)

(0r+-0ra) = arc tan [srr, srz]
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where Q12 is determined by (I-10a) and thus (0r,*-0r:) is indetermin-

ate by a factor of 1. However, according to (I-9), all phase angles

can otherwise be uníquely deter¡nined.

SYMMETRY REDUCTION FOR THE SLIGHTLY ASYMMETRICAL CASE

Inspecting the symmetry constraints of (I-5) and (I-6), it is obvious

that a sinplified closed form solution cannoË be given for the gen-

eral asymmetrical desÍgn case. Therefore for purposes of error

analysis, the first order perturbations from the Ídeally symmetric

case are consÍdered only where the scattering coefficients are de-

not,ed by O_ -.. Couplíng is encountered whenever'uv
osg*o++* 0 , ott*ozz#0

and azs * atz , a2q I -or,*

Therefore, it ís logical to treat the slighËly asyuunetrical mis-

matched case for

lor.l = lo,rl and lorul = lotul (r-13a)

so that

Ot3 =s13exp jô13 , O23 = s13exp-j613
(3.2.La)

Orq =slaexp jô1a 624 = -slaexp-jô1a

and thus from (I-5a)

lo,,l'- lorrl2 = o (ï-t3b)

and from (I-4b) and (I-4e)



7S

lo,rl2= l"rul2- lo,ul2 , lorrl2= !"uul2- lorul2

where

orl = -å{+3"îrt'+roi-1 [ lsrg l2expti26rs-lsrq l2exp+2j6rq] (r-t3c)
sr3 ' "Tu-"' (1"r,l2 - l"ru l2)

6!2= -å{+oT, -}oT*l (r-13d)
sl3 st4

a22 =-åt"*roî.+ +5fu1 [ lsra I 
2'*p-j20r g-lsru I 1op-2iô,q] 6r-*.)sr3 sr+ (l"rrl2-l"rul2)

o3,+ = i sin($rg-ôraL ("Tr"r+ogs*srssf+o,*,+) (r-13f)
(l"trl'-l"rul')

or

o33= t+t{d'l"it ll",r12- l",ul2l +oîr} (r-14a)
sr3 ' tl"rrl2"o"2ôrs-l"rul2"o"2ôr+l

- i sin(ôrs-ôr+)srssru(oTr+olr)o3h=-Jv*.. (-14b)- rr 
2t I sr a | 

2"oszôr r-l "r+ | 
2cos261a1

ñ. - - srr+r (oTr+olr) [l"rrl2 - l"r,-12] *' ..üqq = - l-i 
-f 

_-utz¡ 1r-r+c7
st4 t I sr s | 

2coszôr 
r- | "r + l:cos2ô1a1

Inspecting the expressions of (I-13) and (I-14), it can be assumecì

tha t

Ol2 = sl2 , Olt = s11exptj611 ¡ O22 = fìrrexp-j6rr (3.5b)

and thus for qre I or+



aØI r,)

o34 = -i sin(ôrg-ôlq)cosôrtsresl'+sTr (r-15a)
I I "r, | 

2cos2ô, 
a- | "r+ | 

2.os2ô1 
a1

where

exp2jô 1 I =

and

I 
" 
r, | 

2exp+Ziô, .- | s., u I 
2exp+'i 

2ô r ,*

ô1r = ."rr-1{lsrgl3sin(2ôrg)-lsr'-l3sin(2ôr'*)} (r-15b)
| "r, | 

2"o" (2ô r s)- | "ru | 
2.o" (2ô rq)

and O3g and O44 change in amplitude and pbase

o33 = -+ {"TrIl"rrl2-l"rul2]"ogôr, +oîzL (r-15c)

"T, tl"rsl2coszôrr-l"r+l2"os2ô1a1' 
v¡¡

| "r, I 
2op-2jôr 

s- | "r+ | 
2exp-5261a

which when sÍmplífied gives

lo.rl2 = l"rrl2 - lorul2

St L rOb¡+=--#t "T, t I "r, I 
2- 

I "ru I 
2lcosôr 

r
s

* atzj
"lu t I ", s | 

2coszô 
r r-l "r+ | 

2cos2ô1a

louu l2 = l"uu l2 - loru l2
(r-rsa)
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APPENDIX II

THE TRANSFORMATION LOCI

To derive the transforuration equations of the circular loci Ls (üa=

consL., V,* = adjustable) and L4(úq = const., üs = adjustable), it is

found convenient to relate Ëhe polar plane of the complex reflection

coefficient I = lrl""p jú to the Argand plane as shov¡n in Fig.13a,

where

f = lf le*p jr! = u t jv (II-la)

The equation of a circular locus which intersects the origin f = 0,

is Ëangent to the mismatch circle ltl = 1, and is characterized,by

the Ëotal transformatj-on angle rl, for a fixed stub 1-ength, is given

by

(,, - åcosrlr)Z * (u - åsinrfr)2 = I/4 (ïI-lb)

r¿here tf, is defined in the positive mathematical sense as shoum in

Figs" 13a and 13b, and u and v depend on the adjustable stub

lengÈhs of the complementary arm.

Thus the equations

13b, are given by

the circular loci L3 and L¡+, shor.m in Fig.of

t))
L3 (rf 3=const. ) :f Fuí+ví=u3cosrf 3*v:sinirg

)22
L r¡ (tp a = cons Ë . ) : I,i=u füv,Fu 4 cosü 4+v q s inq/ q

(rr-2a)

(n-zt¡

where u3 = u3 (ü,r) , vg = va (úq) and u,* = u,, (ùe)
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vq = v,+ (Û: )

The intersection point L: and L+, which defines the reflecËion coeffi-

cient
| = szz = lf lexp ¡rl.r,

is defíned by

fs(ü4) = f,*(ür) = fCrr¡,ú,*) oï

us(ü,+) = u,*(ús) = u(üg,ú4)
(rr-2c)

vs(û,*) = vq(úe) = vCrfs,üq)

so that,
u(cosrrg-cosü4) = vCsinrf.r+-sinrlig) (rr-2d)

The argument of Èhe reflection coefficíent associated with (il-zc)

is then obtained from (II-2d) as

E¿. v .rlt ¡fr]iq 
1'np=î=Èan(3*l (II-3a)

Eliminating u and v for f3 - f,+ = f ín (TI-za) and (II-2b)

yields

lrl2 = "o"2é ,s) (rr-3b)

Since I f I defines the absoluËe value of the radius vector in the

polar reflection coefficient p1ane, f is defined by the intersection

point of tr¿o circular transformation loci L3 and L,*, where

r = lr lexp¡rf = tcos,!t#r.*pj CV+)

which uníquely specifies the matching procedures.

It is thus shorom that the loadside reflection coefficient ff =

s22 as defined in equation (3.1.4) does indeed represent the analyti-

cal expression of two intersecting circular loci Ls(üs = corìSt.r
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Úq = adjustable) and Lq (ú,- = consE. , ì!: : adJustable). llorvever, it

is to be noted that the adjusrable transformation angles do not, in

general , represent the tunable electric stub lengtb 0a = S.Q,3 and

0,' =ß[+ , which is evident f rom C3. 1. 3) and (3. 1. 4) .

If the E-H tuners are to be employed as automated, self-control1able

conjugate Ímpedance matching devices, it is found useful to derive a

procedure of detel¡rining cosrf 3, cosrpa, sinrp3, and sinrf,ra only in terms

of lf l2 "rra 
tanrf whÍch are obtained from szz, if the proper equiva-

lenË circuit of the microrvave junction is synthesized. Such expliciË

expressions in Ëerms of üe and r{,ra can straightforwardly be obÈained

by enploying trigononetric expansions ín (II-2) and (TI-3) and form-

ulating

0, = cosri;3cosr!,* = (lf l'-tl + 1

1 + tan2rl.r

ß = sinrrssinrla = lrl2 -

u,1, = siniJ;3 cosp4 =

(rr-4a)

(rr-4b)

lrl?G-lrl2l (II-4c)

(r r-4d)

(rr-¿e)

a positive or neg-

Èwo pairs of so1-

expressions for

1-tan 2.
tJJ

/
tanrl

I + tan2r¡

costþ3sintJ.ra =
tantl;

I + tan2rp

laß-Ë,ô.1, 1=o

It is to be noted Èhat the ambiguity of defining

aEive root in (II-4c) and (II-4d) indicates that

utions exisE as verified earlier. Thus explicit

;ô+=(-)
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tantf3 and taniJi'+ are obtainecl , where

ìJ+ ßtanÚ. =--¡:-- tantJ.t-*""g* ct, -ô+ ' 3-

or

=ô-=ßct v-

ß
6_

(r r-sa)

(rr-sb)tanrl.r
6+ß

4+cxV4'
,v-tanvu_ = ã-

For the properly synthesized equivalenË circuit of a lossless, re-

ciprocal E-H tuner whose E and H arms are perfectly decoupled, the

resulËing expression of tantp3 can only depend on 0+ = ß[+, [since

Ús = f (Óa = const., ó+ = adjusÈable)] and that of tanrf.ra can only de-

pend on Ôs = ß[g. lSince Ú,* = f(0+ = consË., Ös = adjustable)]. Other-

wise the measurement results of Figs. 6a and 6b cannot be satisfied.

ELLÏPTICAL TRANSFORMATION LOCI

Since experímenËal

case indicated Ëhat

vrhose minor axís is

the transformation

for the purpose of

results obrained for the slightly asyurmetrical

the circular loci degenerate into el1ipËical loci

the polar radius vectoï Clfl> in the Argand plane,

equatíons for slightly el1ipËical loci are derived

error analysis.

The general equatíon of an

the matching point f = 0,

and whose minor (or major

positive real axis u in

ellipse of eccentricity e, which j.ntersects

ís Ëangent to the mismatch circle f = 1,

axis) is inclined by an angle ile with the

the Argand plane, is given by

l_a
â

f (u, v, e, üe ) = { 17-e2 co 
" 

2,¡t 
¡rl2-2e2 cosrf 

eslnrpeuvT (l-e 2s 
tn2r¡e I
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I{here a ís the major

numerical excentricitv.

for:
-å . lel2 . o

lrl2 = o

o < Irl2.

represenfs

elliptical

= const. as

. 2 2 .2axl-s, e = a - Þ , and e =

IÈ is to be noted thar -å

,2-(r-.2¡ 
"o",¡e 

-,r-(r-e 2)sinrfe .vÌ = 0 (rr-6a)

e/a is the

. lel2 , l, where

I
2

elliptical loci with minor axis
parallel to radíant vector

circular loci

elliptical loci t^rith najor aris
parallel Ëo radiant vecÈor

Enploying simil-ar procedures of evaluation it can be shown that

,e ,s ,e .Ê

"o" {kfb) exp j Ck#kt
2 ^ ,e .e

[lérsi"zë-]2s¡ 1I-L- ¿

Ëhe reflection coeffícient
ÊÊloci tlã (tli adjustable) =

is shornm in Fig. 13c.

(II-6c)

in terms of the intersecting

const. and {f; (rf! adjusËable)
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APPENDIX TII

CoMPUTER PROGRAM FOR COMPUTION OF TRANSFORÌ'ÍATION LOCI OF EQN (3.2.2)

AND RELATED DISCUSSION

For the purpose of the verificat,ion of the closed form solution

(3.1.4c), the transformation loci are computed for the asymmetric E-H

junctíon using eqn (3.2.2a) and (3.2.2b). The plot thus obËained is

then compared with the loci., obtained from experimentally measured

data, to verÍfy the authenticity of the solution. Because of the

limitations imposed by the available equipments, it was not possible

to fabricate an E-H junction, accurately, with desired asymreËries.

This forbids the checking of measured data, point by point with the

computed data, hence only the general shape of the transformation

loci (insíde Ëhe unit mismaËch circle) ¡¿ill be verified.

EQUATIONS AND BLOCK DIAGRAM OF PROGRÁM

The equaËions to be calculated are (3.2.2.a) and (3.2.2b)

Input avaÍlable (assuroed) are,

srr = lsrrlexp(j4rr) = 0.3 exp(j60")

s33 = l"urlexp(jOrr) = 0.4 exp(j15")

s44 = l"uul.*p(j0uu) = 0.6 .tp(j205o)

and sl4 = -sl3 = 1o

For computing l"rrl and Q12, (I-Ba) and (I-10a) has been used.

l",rl = tt-1",,12 - (l",rl'* l'rr¡z)lt/z

=r@M-l",,l2lL/2
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INPUT
S¡ . SaaaS44

Mognilude I Phose

Compule
S¡2. S¡3aS¡a

Mognilude B Phose

Oulpul
S¡2 , S¡3, S¡4
8 12 

- ôr3, Ðr4
C33 a44 cf34

JJ = 1,37
= s(JJ-t)

Cornpule
rI22 a t22

Oulpul
oPs. ' oPe,
(,i22 a, îu!

DO

oP5
ll = 1.37
=.5(11-l)

FIG' lB BLocK DTAGRAM oF corvlpurER 
'R'GRAM
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Because,

2l",rl2 * l":sl2 = 1

zl"1ul2 + l"uul2 = t

CLjí.,lPLFX Sr Apt{l 1, Aplil3 rApHl4 rApH
S=Ct"lPLX(C. rl.'-l)
R=2'1.3.14 /3t,J
WGSI l=0.3
|rlc 53 3=0 .4
HG 544=0. 6
PHII f =OC*R
PHI3:i--15*R
PH I ¿r4=2C 5*R
SWS t 2 =0 . 5'r. (,¡,lGS33 ,kl,l CS 3 3 +l,lGS 44,¡WGS ¿r 4

(I- Be)

(r- Bf )

(f-Ae) and (I-Bf) were also used to calculate the rnagnitude of s*

and sl¡+ respectively. fhe pliase of s* and sr4 r¡/ere obtained by

using (I-10b) and (I-10c) respectively. Next slt was computed by

using (I-15b) . o* and o44 \^rere computed using (I-15c) and (I-l5d)

respectively. IÈ assumed that srz = 6L2, Fig. 18., shows the

bl-ock diagram of the computation.

COMPUTER PROGRAM

$JOI] HAT F TV
COMPLEX ZI 1

COMPLEX CONJG
COMPL EX CI.l PL X, PD ?3 IP D44 TFD ? 3 T FD44r SI G3 3 I SI G 44'CEXP ?S I G3 4 TEF55COMPLFX EF66I YUS I DINCI D INV IS I 1 I XE I I, XÊ 13r XE T4, XEr S I3I S I4 ¡Z L IZ2¡Z
CIIMPL EX Z4 T S IG?Z t PLX r hl rtr2 r h3 rlr4 r hll ¡ SGg2Z

)-þ,GStt*hGSll
HGSI2=SQiìT(S}.JS12 I

WGSl3=SeRI (Sl.lSt3 )

ShSl Lr=0. 5{. ( l. C-WG S44* hGSlr4l
l.JGS I4=SQRT ( Sl,lS 14 )

PHI I 2=lhcS33*l^tcs 33-tdcs44+hrGS¿+ 4 r / I 4+ii GS t t*t^tcs t z IPIIl2=ARCrlS(pHIlZl
PHII2=PHItt-pllf2
UP3=I,{GSI I*S TN ( PIJ I I I } +NGSI 2 {.S T N ( PIJ I 12 )
DOWN3=WGSI 1*C0S( pHI I I ) +hGSI Z,TCCS( pHI I2 I
UPl¡='ylGSt i{(S IN( pH I tt }-WGSt2*S IN( pHI l2 )



E5

' P I J3 3=ATA l'l 2( tJP 1' Dtll'lN ? )

PI44 4 =AT ÂN2 (t,P¿r D0l¡JN/r )

PHI 13=0. 5{,( Ptfl 33+Pl 3:j3 )

Pt_f I 1 4=O .5* ( P HI44+P L444 I
DELI3=1 .0r,R
DEL I4=-flFLl3
UPl=tJGSI3*hlGSI3*S It'J ( 2*DEL I 3l-hlcS1 4'rWGS I4* SIN ( 2'FDIL 14)
Dt-r|tN I =!iG S13'i.l.lGSl3 r.C C S ( 2,NDEL I3 ) -HGS 14*H GS l4*COS ( 2t'D EL I4 )

DËL I l=AT/tN2( UP I r DChNI )

Xll =l.rGS I Ir¡CCS { Pll I t I }

Yl1 =ticSi 1* SI N( PH I I I ¡

SII=CMPLX( Xll'Yl
APHIl=(-DELII )r¡S
API-lI3=(-2*DELl3) * S

APHt4=l- 2+DEL 14)r.S
APH=- (UELI 3 +DEt.t 4 ) *S
XEIl=CEXP( APHII l
XEl3=CEXP(APHl3)
XE14=CEXP( APHl4l
XE=C E XP ( APH )

Yl3=hGS13+S IùJ( PH I I3 I
XI/+;WGSI/+{.C.0S( pH I l4l
Yl4 =1.{GS 14*S I N ( PilI l4 I
sL3=CtüPLXf XI3,Yt3 

'sl4=cMPLX( XI4rYl4)
Aï;t*rGSII'"coS{pnIIIj;¡twcSÍ]*wcstSrb¡est¿*tics't+iÎ,cosiorlrr}/(hcsI3'¡HG

lS 13*CoS ( 2*DEL t 3) - hG Sl 4* hG Sl4*sCCS ( 2+D EL 14 l,
B l=W GSI 1 *S Iit ( PHI t 1 )'s ( lrG S I i'i l'lG S I 3-hlGS I 4'i<HG S 14 ) *CC S ( DEL I I ) / ( hG Sl 3'i'HC

2 S13*COS ( Z* t)ELI3 ) -i'iGS I4+liGS l¿r+CtlS ( 2'ì,D EL 14 ) )

AA l=- ( A 1+'.lG S t z'sC.OS ( PH I I 2 ) )

881 = g1+lì GS 12,:.S lll ( Pl-l I I 2 )
AA 2=-Â l+ lllG S l2Y¡Cil S ( PH I L2l-
B82= BI-l,i GS12*S IN ( PH I I2 )

PD33=CMPLX( AAI '3BI I l

PD44=CMPLX(AA2,:IB2) - 
'.

FD33=SI3/CO\JG{S13) i.

Ftt44=SI4/CCl'lJG(S141 ...._...._.. r
SIG33=FD33tPU33
s IG44=Ftt¡4*PDrr4
X33=RËAL( SIG33l
Y33=AIl.1AG( SIG33)
X41+= REAL (S IG44 )

Y44=AI|4AG( SIG44) :.

DFI-=DELI3-DELI/r ' j

PH I =PHI t 3 +Pl'l I l/r-Pl-r I I I
x34= ( lrc S l3'r,t'JG S I4{, S I N ( DE L l f,hG S l l*CC S ( DE L l l l *S t N ( PH I ) ) / DCt^tNl
Y34=- (WCSI3-"¡hlGSI4tS IN(DEL )*WGSll':,COS(DEt-Il)*COS(PHlll /Dt1HÍ',¡t
S IG 34 =C f'/PLX ( X34 tY 34 I

lüRITE(ó' t00l I,,JGSl 2rPlll12t l.¡GSl3r Ptll t3r hGS14' PllI [4
Itì0 FORMAT(tll0r5XrtSL2=rtF6.4rt(f rFB.3rlOXrrSl2='rF6,./+¡' (rrFB.3rl':,ìXrf S l

3514=t rf:t.4t rql r ¡l:8.3!
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WRITE(6,IOlI DELISI DELI4' DELII
IOI FUIIMAT(1H0 r[(.'X r t l)ËLI.J=r r F7 .3 r l'iXr 'DËL l4= t ,F7.3r lftXr rf)EL 1l= ¡ rF1.3l

t{RlrE(6r102! X33r Y33r X44¡ Y44¡ X34t Y34
lî.2 FORI,IAT( IHOr lCXr t S ICl4^33='r f:L0.5r'r rr t- 10.5r lCXr'SlGMA44=t tF t'1.5r I r I

4tFlO.5rlrlX rr SIGI'IAJ¿r=r rFI0.5r t r I r F10.5 I

!,tRITE(6, iC4)
104 FORMAT(IHCr5XrrRt(S22lr¡oXrrIM(522lt ¡8Xrrl*4AGrrBXrrAN(;(S221 tt 5XrrR(

5SB22lttbXttll','i(S822). r5XrrMÂG(Sts22lt r4XrrÂNG(Se22lt t4\¡t PHI3rróXr rP

6HI4 | I
D0 2 lI=1r37
DO 3 JJ =l 137
PHI3=5'k( II-l)*R
PHI4=5*(JJ-l)*R
E5=-( CO S ( Z,:PHI 3) + X33 I
F5=-( SIN ( zt^Dqf 3) +Y33 )

EF55=C14PLX(Ê5'F5 )

E6=- ( C0 S( 2*PH I4) + X44 I
Fó=- ( S IN ( 2*?HL4l +Y44 I

EF66=ClrlPLX ( E6 rF6l
YUS=8F55*EFó6
ANT= R EAL (YUS t

BNT=ÂIMAG(YUSI*" - **"-D 
IÑR'=ANT-( x34'FX3-4-Y ?A'xY'?4'l

DINI=BNT-12*X)4*Y341
DI NO=CMPLX ( DI NR' DI N I I
DINV=1.0/DINO
Z1=S1l*XEll'¡DINn
L 2=Sl 3* S 13'i. XE I 3* E Fóó

L4=2# Sl 3*S 11+*X E"r S I G34
Z l1= lL+72+Zl-24
5IG22=ZIl\kDINV
X22=REAL (S IC22 )

Y2?=A IMAG( SIG22)

HG S= X22*X22+Y22*Y 7_2

t"lcS22=SQRT( hÇS I

0134=DËL 13+DELL¿+
SI =2*SI N(0134)

, Wl=SIIì'C0S(DELll ) *DINC
W2= S I 3+S l3*Ctì S( 2*llÉ L I 3 ) *EF 66
W3=Sl 4,:.S 14*C{lS (2,r D EL 1 4 I * EF 5 5

|a4= S I 3'j, S [ /1ir P L X{, S I G34
l¡¡ I l=t/\l l+tJ Z+1.13+W4

Xt322=REAL( SGß22)
YD?2=ÂIMAG(SGB22 I

PHIJ 22=A TÀl'{2( Yß 22 tXB 221
WGB=X pZ 2*X BZ? +yL\ZZ*y ts,Zz

h¡G822=SQRT ( HGB)
PHI3=P!|L3/ R :



FtaÕt
PARA]'Í[TERS (angles ln

sl2 = 0.4123<-0.940

ôts = 0.017

o3 3 = -0.381-j0.111

Fig" L9

rad i ans )

st3 = 0.6481<0.039

ôlq = -0.017

or+4 = 0.54+j0.244

o .5657 <2 . 65r

o.253

0.037+j 0.0027

st4

6lr

osq

THEORETICALLY DETERI'fINEI)

TRANS}-ORI'IATION LOCI OF E_H I'UNER

each cfrcle correspgndo to
ìf3=const , ü'* -) 0 to 180 degre-es
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PHI4=PI1l4/R
PHI ?2=Ptt 122 / R

Pl-lii22=PHt\22/t<
HRITË(6'103 I X22t'Y?2¡ WGS22¡ PH'[.22t Xt\22t Yt\22t V|GB,22¡ PH?'2?-rPHÍ3

T rPHl 4
ll' 3 FOrìM AT ( I t-10 r 5 Xr F8, i ¡ 5X r F 8 .'l ¡ 5X rF I . 3 ¡5Xr F I . 3 ¡ 5X r F I . 3, 5X t FB .3 ¡5X, FB.3

8r5XrF8. 3 r5X rFf>.1 r 5X rF5. I )

tJRITE(TrtlC) HGS22, PHt22
I I fi FO flM A T ( I 0 X r F I C . 5 r 1 (l X , F I C . 5 I
3 CONJTINUF
2 CONT INUE

STCIP
END

Fig.19 sho\^rs the theoretically computed transformation loci,

which could be compared with Fig. 12 for experimental verification

of the theory.

DISCUSSION AND CONCLUSTON

As it \,ras pointed ouË earlier in this appendíx, it is not con-

veníent to chcck experimental resulËs poinË by point wíth computed

results. But the reverse process could provide a means for measuring

the asynmetry in fab¡icated junctions. Theoretically transformaËion

loci can be plotted for all possible values of s* and sru. The

experimentally plotted transformation locí of the juncEion could be

compared with t.hese theoretical plots Èo obtain a first order estim-

ate of the asymrnet,ry of the junction, (asymmetry in phase only).

Finally Ít is concluded thaL the plot of the transformation loci

obtalned from the measurement, [see Fig.12] do verify the closed

form solution of the t,ransformation loci of the E-H junction.


