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LIST Cg BTKBOLS 

Ijj   is the coaplex amplitude of a wave incident on HTB n of the tee. 

B    ia the coop lex aaolituds of a wave emergent from an n of the tee. 

3 .   is the coaplex amplitude transfer coefficient, which relates the 

amplitude of a wave incident on an n of the tee to that eaergent 

from an k. 

R    is the coaplex reflection coefficient of a terminating load 
n 

on an n. 

is power. 

An asterisk on any of the ccoplex symbols denotes a. cesplex con- 

jugate.  Thus, fox axaaple, S* is the complex conjugate of 3 . 
nk nk 

I 
s 
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* The waveguide side-outlet tee consists of an K-pisae tee and aa 

1 
I H-plane tee arranged as shown In Fig. 1.  If all four *rm» of such a tee 

were coupled to matched generators or matchedloads., then, by virtue of 

i 
I the symmetrical construction, a wave coupled into ana 3 will divide 
I 

between arms 1 and 2, but will not cross-couple into am k.      This 
f 

property enables vise of the tee as an impedance bridge. 

When the tee is used as an inpedance bridge, power is coupled into 

arm 3 or k free the r-f source, and out of in k  or 3 to the detector. 

A matched termination is placed on one vf the two side ana and the test 

piece on the other.  Since there is no cross-coupling between anas 3 

and k,  and since the reference terainatica is a reflectionless matched 

load, the only power coupled to detector is that reflected from the test 

piece.  Hence, the power delivered to the detector is a measure of the 

test piece reflection coefficient.  If the test piece wers a matched 

load, then the bridge would be balanced and no power would be delivered 

to the detector. 

It should be emphasized that the side-cutlet tee is not a bridge 

like the Wheatstone's bridge, which obeys the equation 

AB * CD.     .  (l) 

Sere A, By C and B are four isspeuaaees;, three of %'hich are knowa sad 

the fourth Is unknown.  The side-outlet tee, on the other hand, 

obeys the equation 

A - B,    (2) 

where one of the two impedances, A and B, is known and the other 

unknown.  The Important difference between the two bridges is tliat for 

a bridge of the type (1) it is possible to match any Impedance by using 

a fixed resistance plus variable reactances, while in the side-cutlet tee 

3 
4 
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THE SYMMETRICAL SIDE-OUTLET TEE 
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it is necessary to provide ess adjustable re?sresee i25«d8*see which will 

exactly equal the xmknown.  The latter requirement demands that the 

reference load should have a variable reactance as veil as a variable 

resistance.  This condition is difficult to fulfil at microwave fre- 

quencies.  Therefore, in general, the sids-omtiet tee in used to measure 

Merely the Magnitude of the reflection coefficient of an unknown load. 

Thus it is desirable that the power delivered to the detector of a side- 

outlet «.9e bridge be mainly dependent on the magnitude of the reflection 

coefficient of the load. 

However^ even with snitched terminations on all arms of a side- 

outlet tee, the impedance seen looking into the junction through the test 

arm will net be a natch.  Therefore, when the test piece is not a matched 

load, there will be interaction between the tee and the test- piece= 

This makes the power delivered to the detector dependent on the phase, as 

well as magnitude, of reflection from the test piece.  The dependence on 

phase introduces errors in the measurement of the magnitude of the reflec- 

tion coefficient, aud is, therefore, undesirable.  In the symmetrical 

side-outlet tee, this trouble can be alleviated by certain procedures 

which change the simple tee into a so-called "magic" tee. 

Such a bridge WSB being used at the University of California to 

measure the back-scattering from obstacles, and it was found that the tee 

was sensitive to the phase of reflection from the test piece in spite of 
7 

the fact that the eruditions for making the tee "magic" were complied with. 

Consequently, this problem of analysis was undertaken to understand, and 

eliminate, if possible, the causes of errors in measurements made with 

the tee. 

The power delivered to the detector of the bridge can be dependent 

on the following five factors: 

 -*•-•" 



1. Frequency. 

2. The if.*gree of synwatry in the tee construction. 

3. Magnitude of the test lead reflection coefficient. 

k.    Phase of the test !©•£ reflection coefficient. 

5. Impedance seen looking into the test arm with •etched 

loads on the other eras. 

The first two of these factors are independent variables on -which the 

other three factors depend; as<t for any particular tee the constructional 

sywsetry is nsa-varying. 

As Mentioned before, it is desirable that the power delivered to 

the detector be dependent solely on the Bsgnitude of the load reflection. 

Therefore the dependence on the other fcur factors introduces errors in 

ssasuremnts.  The analysis of the ideally syaawtrical tee has been ably 

1* 2,3,U,5 
presented by Dr. Louis B. Young   and ethers      .  That analysis, 

however, does not hold for a tee which is not perfectly eyasetrieal. 

Ze&ce, in this report, an analysis of a general four-nra juncvion is aade 

and the asynaetrical side=cutlet tee is then treated as a special case. 

The scattering aatriat representation i« used to describe the 

fields associated with tha Junction.  For a detailed explanation of 

this representation the reader is referred to "Principles of Microwave 

Circuits* by Montgomery, Dicke, and Furceil, M.I.T. Bad. Lab. Series, 

Vol. 8, McGraw-Hill, Sew York, 19U8, and to "Waveguide Handbook" by 

I. Marcuvits, N.I.T. Bad. Lab< Series, Vol. 10, McGraw-Hill, Hew York, 

1951. 

All references are listed at the end of this report< 

t.tneaKia 
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THEORY 

General 

Consider a lossless junction made tip of four waveguides having the 

Base characteristic impedances,  lathing else will be assumed of this 

Junction.  The .junction arms are labelled as shown in Fig. 2.  Coupling 

the arms of this Junction to generators and loads would result in waves 

incident on the Junction through each arm and waves coating out of the 

Junction through each era.  The amplitude of the ware out of any am 007 

be related to the amplitudes of the waves incident on all arm by a 

single linear combinatl -jn of the input as^litudes as follows: 

B 
on ZSB s 

k-1 ik nk 

where E     1B proportional to the amplitude of the wave out of the 
th 

th 
arm, E,. is proportional to the asplitude of the wave incident on the x 

arm, and 3 .is a constant, complex, amplitude transfer coefficient which 

relates the wave amplitude cut of m n to the one incident on arm k. 

This constant is determined by the Junction's physical structure and the 

frequency of its operation.  For k equal to a the coefficient S  is the 

complex reflection coefficient seen looking into the Junction through the 

th , 
»— era.  Thus, for example, the amplitude of the wave out of arm k, 

that is, n • k,  is 

i 

•1 

E , - E S,  + S S,  + K S,  +3,8,,. 
o^   il kl        12 kZ        13 ^3   i^ kk 

Similarly., equations can be written, for the other three arms. These 

equations can .also be expressed im «v matrix notation wherein the con- 

stants S . irf.ll form the folloiriLng matrix; 
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A GENERAL FOUR-ARM JUNCTION 

FIG. 2 
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S, 8, 
°11 °12 a13 °lk 

S21 S22 S23 82fc 

S_. S_ S,. 8,, 
3X ya 3J 3* 

SlH 3k2 Ckl SUk 
) 

This Is the scattering Matrix of a four-ana junction.  Since the Junc- 

tion is made up of gnides hexing identical characteristic impedances, 

v«ciprocity ccnditicns will be satisfied by this natrix.  Therefore 

nk   ka 

Hence 

8 3 S3, 
.U  12 13  1* 

312 822 823 a2k 

813 S23 833 S3^ 

Blk 32k 83k   8kh\ 

For all further consideraticns in this paper, this form of representation 

of S will be used. 

The scattering aatrix of any lossless junction is a unitary matrix. 

A unitary natrix is defined as that natrix which when multiplied by itc 

conplex Conjugate gives the product unity.  In other words, a natrix 8 

is unitary when 
8S* - 1 , 

where 3 is the complex conjugate of S< 

the scattering matrix: 

0 

0 

3 

0 

0 

13 S13 

The "magic" tee is defined by 

S13 S14 

s13 "3l* 

0   0 

Ik        At* 



< 
I 

-4. 
I 

If a generator is new connected to arm 3* * detector bmrljs^ f 
I 

eeaplex reflection coefficient B. to am k,  and two loads having complex 

reflection coefficients R, and R on arsw 1 and 2 respectively, then the 
! 

amplitude of the wave delivered to the detector will be 
( 

E.-KS.+BS.+IS.+S.S, . '   i 
0»>   11 1H   12 2^   133*   i* !Mf 

where 

E„, - S,^ 11 oi" 

12 * V* 

and 

Bornalize tue tema so that 

Therefore 

Eilf " *<*\ 

B,  « 1 
13 

But 

R«* " BolRl8l* + ,o2R2S2^ + 83* * 5c*Vl* 

B   « B 8  + B 8  + B 3  +1,8, 
Ol     11 11   12 12   13 13   1* 1^ 

•    BBS      + X    R »      t &      + B , R, 3 . 
ol 1 11        ©2 2 12        13        ck%2h 

Hence 

Similarly 

B ,(1-B S    )    -    8      +BB3      +B.R.8 
olv      1 11 13        o2 2 12        c4\ ifc 

' B    (1-R S     )    «    6      * E    B S      +K ,8,8 , 
I *o2V      2 22' 23        ol 1 12        <*% 2* 

and 

B , (1-R, 8, ,)    K.    8,   +B    RS,   +E    BS, 
c4        4 W* 31*-        ol 1 Ik        o2 2 2^ 
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Ihe solution of the preceding three equations results in 

Xr * »_ ,•»••••  • • • J « • =•    \1/ 

where 

and 

B - /^(l-B^S^Xl-RgS^JCl-B^S^) - S^K^ 

^R^W8^** - S22S1»»> +S2WtS12SU»~SllS2H)11 i + R,B«R.3?rtS. . - R. (R,S?.4Ej£. ) 1 2 k 12 kk        4* 1 1* 2 2V 

If R, is the reflection coefficient seen looking into an unknown 
i. 

load and R «BL«0 (that is, the reference load and detector are Batched), 

then equation (l) becomes 

(A 
^l 

a 3^    + 

8    8 , R 
13 Ik 1 

^n*! 
•    »    •    *    IGJ 

The power delivered to the detector is proportional to the square 

of the magnitude of i^f  and th» power incident on the tee through era 3 

la proportional to the square of the magnitude of B    How, if the ease 

matched detector were used to measure the input and the output power, trie 

constants of proportionality in the two cause would be identical.  In the 

preceding derivations, all the wave aajplltude terms have been normalized 

with respect to B...  The power output will be similarly normalised with 
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i 
i 

12 

respect to input.  Thus the normalized power delivered to the de- 

tector on ana k  is 

2 

'<* 

2 

"a: 
m       0t       ««  I 

8   . V^l 
^lA 

and Is thus dependent both on the Magnitude and phase of R_.  The phase- 

sensitivity is, of course, undesirable from the practical point of view. 

Therefore, the possibility of eliminating the phase-sensitivity by re- 

ducing the values of S-j, and S^jE, to zero, must be considered.  Before 

going further, it is worthwhile now to examine aa ideally symmetrical 

aide-outlet tee. 

The Ideally Symmetrical Side-outlet Tee 

The defining characteristics of the symmetrical side-outlet tee 

are that the coupling between arms 3 and 2 is identical to that between 

arms 3 and 1; and the coupling between arms 1 and k  is equal in magni- 

tude to that between arms 2 and k,  but they are 180 out of phase with 

each other.  And, of course, the reflection coefficient S  seen look- 

ing into* arm l;wiih matched loads on the other three arms is equal to its 

counterpart 8 .  Thus, for the symmetrical aide-outlet te* 

S   - S 
11    22 

823 " S13 

and 

*2k   " "82h 

Therefore the scattering matrix, 

i 
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s 

s.ii hz !i3 !it 
S12 S22 823 32lf 

813 S23 S33 S3^ 

821 S12 S13 Slk 

812 :311 813"8Hf 

S13 813 B33 B3^ 

It has been proved by Dr. Louis B Young that for a ayaseetrical, 

lossless side-outlet tee the following six statements are true: 

Statement I: If a tee is matched looking into arns 3 and k,  there 

is an equal power split between arns 3 and If for power reflected toward 

the tee frost a load on arm 1.  That is, if 

833 " *kk " ° 

*lif 
3 

Statement II: Even if the E- and H- arms (that is, arms 3 and k) 

do not appear matched looking into the tee, there is no cross-coupling 

between the E- and H- arms.  That is, even if 

S33 *   ° 

and 

*kh i  o 

•3. 
3^ " u 

Statement III: If the 2- and H- tanas appear matched looking into 

the tee, the side-arms appear matched looking into the tee, and there i<» 

no cross-coupling between tbem.      That is, if 

833 

tiiet .11 S 
12 22 

-    0 

i 
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Statement if: If a tee is Hatched looking into the side ants, 

there is an even power split between aras 3 and k for power reflected from 

a load ou arm 1.  Tiiat is, if 

811 ' S22 " ° 

then |813j - J8^| 

Statement V: If a tee is matched looking into the side aras, the 

magnitudes of the reflection coefficients seen looking into the X- and H- 

aras are equal, but not necessarily zero.  That is, if 

Sil - S22 " ° 

then 3^3 - Sj^ 

Stateaent VI: If a tee is Batched looking into the side aras but 

not aatched looking into tho X- and H- aras, there can be cross -coupling 

between the side arms.  That is, if 

but 

then 

311 
m S22    "    ° 

S33 - S^i.     ]i     0 

S12 «< 0 

Applying the conditions of symmetry and Statement II to equation 

(l) results in the amplitude of the wave delivered to an unmatched detec- 

tor on arm it- of the tee with unmatched loads on aras 1 and 2 being 

! S13 8lk   <*l-*2> 
*cA  - (3) 

i 
t 
-I 
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The matrix I becoaes 
811 S12 SX3 8lk 
812 sll s13 *lk 
813 s13 S33 ° 
aXk "^Ik °   8W* 

II 

7 If the detector were watched so that \ » 0, then equation (2) 

would hecoue 
s13 a2k ^Rl " ®2^ 

(^-SiiB^Ci-Su^) - Sia^i^ 

This equation would be greats oiapiif led if 

sll   •   S12   "   ° 

By Statement III, this would be possible edy if 

s3'. " S1A "   ° 

whereby S   - S 
11     22 

S   » 0 
12 

Thus, far B». - 0 

and S33 " %k 

'ok " si3 Bik * W 

and the Matrix 

S » 

'13 

3:^ I 
0   0   813 -3lk 

j 313 813 °  ° 

| 3lk -Slk   °  ° 

This, by definition, is the matrix of a "magic" tee. 
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Dr. Young"'" has also shown that for a lossless and sywaetrical side- 

outlet tee 

'33 

and 

Thus, for 

\hk\ 

s33 • akk   " °'     and R^ - 0 

S 

s 

and 
"<* l|Rl "R2 

Hense the noraallzed power 

p • Ivl2 -i|Ri - «2 
2 

If the reference load were a aatehed termination 

SL 0 

and p -4!Ri! 

Thus It is evident that for a perfectly syanetrlcal and lossless 

side-outlet tee. it is possible tc satch the tee so that it is "aagie" 

and the norsalized power delivered to the detector is a staple function 

of the load reflection coefficient.  Moreover, the power is not dependent 

on the phase of the load reflection coefficient.  For an inherently 

i u 
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asywaetrical tee, however, It Is not possible to obtain the "sagic" 

aatch.  But subsequent analysis of an asynetrlcal tete will show hov 

and when it Is possible to obtain natching ovolitions which will enable 

the pews? out of am k to be dependent only on the Magnitude of the load 

reflection coefficient. 

The Asy—etrically Constructed Side-outlet Tee 

It has already been shown that for a four-am Junction with am 3 

coupled to a generator, arm k  to a Batched detector, and am 2 to a 

aatched load, the amplitude of the ware delivered to the detector is 

*ak 8 3k + 

313 8lk Sl 
1-8 11 *1 

where R - conplex reflection coefficient of load on am 1.  The evident 

sensitivity to the phase of XL could be removed if 5 . and 5  could be 

reduced to zero. 

Supposing am 1 is coupled to a aatched load, and am k to a 

s&tehed detector.  That is, 

8- • B. » 0 

but Rg i   o 

Then 

Eok     "  S3* 
23 2k    2 

1 " S22 *2 

The loai on am 2 can be chosen BO that 

3 
ok 3k 

S  S . R 
23 2k    2 +   =  •> 0 
1 - S. 22 *2 
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That is 

Ho  - 

13 

If this load were maintained on arm 2,  a matched load coupled to am 3. 

a certain desired detector-load to am '+, and the tee coupled to a 

generator through am 1, then the load on am k  could he chosen so that 

there would be no reflections seen looking Into am 1.  Thus, with 

S 

*2 
3h 

S22S3T823S2* 

and B3 ' ° 

It can b# shewn that for no reflections seen looking into am 3 . the re- 

flection coefficient of the detector-load on am k  should be 

\     " 

S ,8 ~S 8 8 , 
3*»12 11 23 2k 

2 2 
S3l»S^812"2fi12S3«*Sl^S2^",S23S2^Sll* 

1 "•nW *V*iiV* 

if, with these two predetermined loads on arms 2 and k,  arm 3 were coupled 

to a matched generator, and arm 1 to the unknown load, the magnitude of 

the wave delivered to the detector would be 

E«* * P 

where 

a   "   si2S3U(8lUs23*,Sl3S2^"812S3lf) " 813Siks23S2* 
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and 2 

B - -8 S  +    ^WMT^V^^ASV 
23 2U  f s12S3«v<S128^-s1^2^+s1^2^81^23-81233^1 

+8ll32^s2l*33»TS23S^) J 

It should be emphasized that all S . are dependent only on the frequency 

and physical characteristics of the tee.  Therefore they are all coaplex 

constants.  Therefore a and 3 are also constants.  Thus, power delivered 

to the detector is 

-IE 

i 2 , ,2 
2    >Tl|  I"! 

ok\ ,  ,2 

and it is no longer dependent on the phase of reflection from the unknown 

load; thus the power measured would be a correct Indication of the 

magnitude of the reflection coefficient (therefore, VSWR) of the load. 

In general, this elimination of phase-sensitivity is sufficient 

for measurements.  However, sometimes it is desirable to use a calibrated 

attenuator between the generator and the input arm 3 of the bridge. 

Since the attenuators are usually calibrated for matched terminations, it 

becomes necessary to match the tee looking into arm 3*  This can be 

EsccsyHshed Isy tuning fin's 1.  soveves'? if i-his is done after the phase- 

sensitivity of the tee is removed by the foregoing procedure, due to the 

coupling between arms 3 and 1, the tuning of arm 3 will result in reflec- 

tions seen looking into arm 1.  Therefore another procedure must be 

devised. 

It can be shown that for any lossless junction "of four waveguide 

arms whose characteristic: impedances are identical, It is possible to 

match two arms for no reflection seen looking into them, and to de- 

couple one of these from one of the other two.  However, if the Junction 

i 

! 
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were not a directional coupler or side-cutlet tee, the process of such 

matching would reduce the four-arm junction to a two-arm one.  In the 

caa* of the side-outlet tee, however, the elimination of the coupling 

between arms 3 and k  and the matching of arms 3 and 2 will result in match- 

ins all arms and also decoupling arms 1 and 2.  This does not mean that 

a "magic" tee can he accomplished from an asymmetrical tee.  There will 

still be R difference between the two,  For, in a "magic" tee 

s« 
BA 

8«|-M- w 

A tion would be as follows (See Fig. 3): 

1) Couple arm 3 to a slide-screw tuner and then to a standing- 

wave detector followed by the power source. 

2) Couple arm 1 to a matched load, arm 2 to a tuner followed by 

a matched load, and arm k to a timer f ©Hawed by a satchel Satector. 

3) Tune arm 2 to eliminate output out of arm k.      This is 

essentially choosing R to dieeouple arms 3 and k,  as described heretofore. 

k)   Tune arm 3 to eliminate reflections seen looking Into arm 3. 

Since this arm Is already decoupled from arm h,  this tuning will In so 

way affect the accomplished decoupling. 

5) Remove arm 3 with its tuner from the standing-wave detector 

and couple a matched load to it.  Then remove the matched load from arm 1 

and couple this arm to the standing-wave detector.  Thus, in effect, 

arm 3 with its tuner will have exchanged positions with arm 1. 

l t 

n 
but for a matched asymmetrical tae 

|8i3l • lsi^| - /HB*12 • /H323l 

The experimental procedure for accomplishing this desirable condi- 
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MATCHXC 

DETBCTOR 

PIP.    3-A 

STEPS   1   TO   4 

TUNER 

SIDE-ARM   2 / E-ARM   4 

SIDE-ARM   1 

H-ARM   3 

TUNER SLOTTED    LINE    SWD SOURCE 

MATCHED   DET PIG.    3-B 

STEPS   5*6 

TUNER 

2 y i 
TUNER 

i 

SLOT    LINE SOURCE „ t 

TUNER 
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6) Tune arm ^ so that a match is seen looking into era 1.  Again, 

since anas 3 and \ are already decoupled, this tuning of ant k will hare 

no effect on the decoupling. 

Through the above procedure, essentially the following is 

accomplished? 

A tee with a scattering aatrix 

8   S   S   S , 
11 12  13  lfc 

S   S   S   3 , 
12 22  23  2* 

313 323 833 S3j. 

8lk   82k   8$h   8hk y 

is first transferred to one with aatrix 
f 

S  - 

L 

sll •M 
3 
13 V 

S12 S22 °23 
S2» 

813 S23 333 
0 

\k S* 
0 

3« 

then to 

3 

Sll S12 313 Sl* 

S3   3   3. 
12  22  23  2* 

0 S   S 
13  23 

L8- 
s 

2k 

0 

0 U 

and finally to r' 

s 

y 
1 

r» 

3 12 

S12    S13    Slk 

S22    S23    S2lf 

3        3 
13      23 

8lk    82k 

0 

kk 

Since the .junction is lossless, power incident on arm 3 is equal to the 

sum of the -powers coupled to the other three arms.  In satrix notation 
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this is expressed b/ a unitary scattering matrix which, as defined 

before, is such that its product with its own conjugate is unit?.  Itee 

to this property, Ihe following two theorems hold true for a unitary 

matrix: 

Theorem I - The SUB of the squares of the absolute r~tgnitu&ss of 

the terms in any row or column is equal to unity.  That is, 

as, 
•A 
"< 

'• 

i 

I 
I 

b-1 
8 nk » 1 

Theorem II - For any pair of rows (or columns), the sum of the 

products cf each term in one row (or column), with conjugate of the cor- 

responding term in the other row (or column), is equal to zero.  That is, 

I 
k-1 

j  n^ Bgk 

where n and n» represent two separate rows (or columns), and S^^ is 

the conjugate of S k . 

Applying these two theorems to the last of tbe preceding matrices 

results in 

S 

I 

o     o     s13 hk 
0        0        B23 »2k 

S13   %   ° 
0 

\k   **    ° 0 
A 

It should be ported out that In order to use this tee for correct 

impedance measurements,, like the "magic" tee, it should be coupled to a 

matched generator.  For, during the procedure of tuning 6 . to zero by 

Step 5, the H- arm was coupled to a matched is ad.  Therefore, in order 

to saintain 8  • 0, ana 3 should be coupled to a ma'oehed generator. 
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To smwurize, an asywsetrieal side-outlet tee con be tuned to 
t 

eliminate the sessltiTity of the power delivered to the detector to the 
\ 
I phase of reflection from the test lead.  Furthermore, the tee can also 

I be tuned for a natch looking into the input arm (i-in 3), thereby wchier- 
{ ! 

lag a totally Hatched but not a "aagie" tee. 

It should be eayh&size'  ^in that the foregoing i*«heoretical 
i 

! 
analysis applies only to junction,  Ich are lossless and whose anas l 

i 

hare the sane characteristic iapedance.  Moreover, the Hatching 

aoconplished by the foregoing procedure will hold only at constant fre- 

quencies} therefore, with a change in frequency, the matching procedures 

will hare to be repeated. 
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EXPERIMENT 

I • 

Procedure 

Three arms (arms 1,3, and h)  of a side-outlet tee were coupled to 

slidt-screw tuners. Then, with arm 3 as the input arm, matched loads on 

arms 1 and 2, and a matched detector on arm ii, as shown in Fig. 1, the 

tuner on arm 2 wag tuned to eliminate the power delivered to the detector. 

This, in effect, decouples ara. 3 from arm k9  and vice versa. It was not 

possible to decouple arms 3 and U beyond 66 db. After this was done, it 

was found « as per theoretical expectations - that any adjustment of the 

tuners in arms 3 or U did not in any way alter the decoupling which was 

already accomplished. Next, the tuner in arm 3 was tuned to obtain a 

reflectionless match looking into arm 3« It was not possible to obtain 

a VSHR of less than 1.02. 

Then, arm 3 with its tuner was decoupled frcw the generator and 

arm 1 was coupled to the generator. With a matched load used as termina- 

tion for arm 3, the tuner in arm k was tuned to obtain a match looking 

into arj 1. Here again it was not possible to obtain a VSWR of less 

than 1.02, 

Thus the coupling between arms 3 and li - in other •rords, S,. - 

was eliminated by the first process, S-, by the second, and S^. by the 

third. The resulting junction, shown in Fig. 1, included the three 

tuned tunei-s in arms 2, 3, and 1;, £Jid has a scattering matrix 

S 

ft e    s    e 
"11 b12 "13 ~1U 

^ 

SI2 S22 S23 •* 

•u S23 S33 
sn SZk 

«5 
31i Shh :j 
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TO MATCHED DETECTOR  (BARRETTER) 

MATCHED 
HgPBRENCE 

LOAD 

SLIDE SCREW 
TUNER 

k 
|    ^JUNCTION BOUNDARIES 

LJ  ______  

*- MATCHED LOAD. 
WHEN MATCHING 
AND ALIGNING 
BRIDGE 

TO MATCHED GENERATOR 

EXPERIMENTAL -SET-UP   FOR   IMPEDANCE   MEASUREMENTS 
USING   A   SJD13-OUTLET   TEE. 

-    \ 

Elii^M—M. £ftttA£f 
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where 8,., S    , aad 8^.   are alaost zero.      The magnitude of the ware 

delivered to thus detector is 

B ,     •   8   S   R 
<* 13 iM 

where R. «• Test load reflection coefficient. 

Therefore the normalized power delivered to the detector is 

S. I   I2 
'l»* 

It should he noted that in the theoretical analysis which resulted in this 

equation, all the terns mire normalized, such that the amplit\ide of the 

wave idteident en arm 3 **as considered unit/.  Therefore, this equation 

gives the ratio of power delivered to the detector en arm k to that 

incident frosi the generator on am 3.  Therefore the db, separation 

between the two is given by 

H - 20 log I S^ I * 20 lo8 1 siiJ ' 2^ log I Rj j 

This db. separation is equivalent to attenuation through the tee and can 

easily be measured by first, coupling a matched detector to a matched 

generator and recording the du. output; then, coupling the bridge arm 3 

to the same /generator and, for any lead on arm 1 suid matched loads on the 

others, the dbo output from arm k can be noted.  The difference between 

ike two will be cue do. separation required.  It should, be empnaslzea 

that in order to maintain the watching which sakes S-y zero, the bridge 

should be coupled to a matched generator. 
1 

• By this method, ! Sn I and j S-J were measured in d'bs.j that is, 

I the db. differences between the power into arm 1 and the outputs from 

arms 3 and k respectively, were mtawured*  Similarly, j S_ji was also 

ssasured.  After the matching of the Junction as described, and efter the 

j assasurement of Js^ I , I S^ j , and j 8^ j }  srm 3 was- coupla*. to '* matched 
\ 

.~»M,Mi;rera«.i»-.*dMa^:=re•~»•^^^ 
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generator, arm 2 to a reference aatcfa load, and arm k to a matched and 

calibrated barretter-detector.  Arm 1 was coupled consecutively to two 

types of loads. 

Of one typo were loads bavins reflection coefficients of constant 

magnitude but varying phase.  Two loads of this type were used; one load 

with a constant YSWR of 1.68, and the other with a constant VSWE cf 1.17. 

The second type of load had a reflection coefficient of constant phase 

but varying magnitudes.  Only one load of this type was used.  These 

loads were calibrated by sesne of a slotted line.  The crystal-detector 

used for making VSWR measurements, with the slotted line, was also 

calibrated for accuracy. 

laving measured the generator output, which is identically equal 

to the input through arm 3 ttf the bridge, and tlia power delivered to the 

detector on arm k,  thi? db. separation between the two was recorded.  This 

db. separation is 

I » 20 log | R, | + 20 log I S._ I + 20 log | S,: I 

From mis equation, I K j (tne only unKuown quantify), was compui.eu,  H»' 

values of 

•      Lsil + 1 

I is 

i were then computed and cosspared with the values neasvred with the alcrij'ied 
! 
i    ** line. 

Data and Results 

• Frequency maintained constant at SkkQ mc*. 

Generator output reading • ).i dbs<> 

Mich arm 3 coupled to generator, and arms 1 and 2 to matched loads, 

i output rending from arm k m 71 dbs. 

raj&»^a ^^^-a»ji^«^«a^ 
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With arm 1 coupled to generator and am* 2 and k to matched 

loads, output reading from arm 3 • 8.3 dba. 

With arm 1 coupled to generator and arms 2 and 3 to snatched loads, 

output reading from ana h • 8.6 dbs. 

Therefore, Measured values of 

20 log IS k I - 71-5.1 - 65.9 dbs. 

20 log 1 s I - 8.3-5.1 - 3.2 <n>s. 

and 20 log IS .1 - 8.6-5.1 - 3«5 dbs. 

Using the calibration curves for the P ma. barretter-detector 

(which was used for power measurements), the correct values of 

20 log |S ^j - 67 dbs. 

20 log IS  i - 3.6 dbs. 

and 20 log j S,^ I • 3-9 dbs. 

Therefore, 

20 log I R, I » H(corrected) - 3.6 - 3.9 dbs. 

With aatched loads on the other arms 

VSWK looking into arm 1 < 1.02 . 

The VSWR of the barretter-detector varies fros less than 1.01 

to l.Oo. 

The results of meesureasmts on loads of the first type (having re- 

flection coefficients of constant magnitude but varying phase), for two 

values of «?5WEp are shown by the curves on page 30. 

The- results of measurements on a load that had a reflection co- 

efficient of constant phase but varying *n&gnit.ude are s^own by the ewires 

on page 31. 

1  .  • • - 
1 
i 
L - -    -   

1 
i 
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PlSCUSSlCtt 

The revolts show that t;ie phase-sensitivity of the tee wee almost 

removed by the Matching procedures followed.  For a Head of eons teat; VBSR 

equal to 1.68, the error la VB8S, due to phase sensitivity, vas ± 2£; for 

the loud of constant ¥8¥R equal to 1.2 the same vrrve vas less than * 0.0^< 

This relationship of the percentage error to the magnitude of the load 

VSWS shoes that thai <*J«P sosarce of this negligible phase sensitivity vas 

the tern S_ _ R_ in the equation 

S 8 H 

111 . ••  •   w* 
\   ok] 3a    i - s B^ 

Koreorer, I 8  j had already 'been Measured tc he 65.9 db, below the input 

poser, and therefore could safely he neglected for even the sssalle.it value 

of the load reflection coefficient, R..  An experimental check further 

shoved that vith the tee coupled to the generator, 8,- vas not actually 

equal to zero (that is, the TSWR looking into arm 1 vas not unity).  The 

procedure of this experiment vas to couple a good sliding short, as a 

load, to arm 1.  Time, i R., j vas almost equal to unity, and therefore 8 , 

vas negligible.  This resulted in the equation 

8i38i»Ri!2    I KiEi   2 

P  - 
i *"ui 1   i ^m~i| 

wliftrw £ nu 3  are uaaplex constants sod j R.l is unity.  The sliding 

short vas then moved along the load arm.  This vas equivalent to varyiaig 

the phase of R^ walls keeping the magnitude j R1 | constant at unity.  This 

variation in the phase of the shorted load -varied the pewer P, delivered 

to this detector, free »i.minimum to * naxinuu and vice versa. 

if 

» 

•M!gBamB^aB»«sa«smsnwsmBsaBasB3annunnBau^ 
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•ISd 

nln. \1 + l 
lRil cii 

8ni iRiil 1+isii 

The separation batmen F]H|X> and   P^j.,   **» found to ^e. s^i»l to 1.2 db. 

Therefore 

10 log 
Bin. 

20 log (^^l - 1.2 db. 

From this equation the T.JHR looking into ars 1 was found to be 1.1^8. 

This discrepancy is mainly due to the fact that it was not experimentally 

possible to achiere a perfectly matched generator=  Therefore, though 

8^ vas made equal to zero with Batched loads on anas 2, 3, and kf  when 

arm: 3 *-• coupled to an inperfectly aatched generator, !?.., is no longer 

equal to zero,  Another contribution to this error is frc* the detector 

(rsi <sun& U), wnich does not stay well aatched for all amounts of power 

delirered to it. 

T'rr the lead having a reflection coefficient of constant phase 

it was found, as expected, that the porer delivered to the detector was 

proportional to the square of the magnitude of load reflection coefficient. 

The aeasureneats ssde with tiie tee compared «rery favorably with thn 

slotted Line seasurements within the liaits of experimental error. 

Is conclusion, it can be stated that the Batching procedures sug- 

gested by theory and followed in the exjaerijasats,, ;proved suee-ss sfol in 

eliminating the phase aeasitiviisy wMeia Its im leejo? sa&se of errara Ir. 

iEjpedance sseasiireawnts (at one .fr&queasy^ uciae the »i#«-«i«i3«t tes. 

1 1 

i   ' 
I 
j 
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Frequency Sensitivity 

Qtatil now, the effect- of frequency on a side-outlet has been 

neglected.  It base been meationsd heretofore that the scattering matrix 

| of « junction Is a function of the physical characteristic* of the junction 

and. the frequency at which it is used.  Thus, for the save junction, a 

frequency shift necessarily means a change in the values of the term in 

the scattering Matrix. 

The perfectly symmetrical tee does not need alignment to decouple 

the E- and 2- anas, and therefore nay frequency shift will not affect 

this decoupling.  However, the VBSB's, locking into the four arms, do 

ahang'S with fre-jusney.  Calibration curves of such changes in a sym- 

metrically constructed tee have been presented by Young, who has also 

shown that, to obtain a Batch which vouid not appreciably be affected by 

frequency changes, the matching should be accomplished by elecssts placed 

as close to the junction as possible.  Thus, different ways of matching 

have been devised for different sires of side-outlet tees. 

for a aon-symmetrical tee, however, the decoupling of the S- and H- 

arms is ~algo necessary; end in -this investigation it was accomplished, at 

one frequency, by means of slide-screw tuners placed on the Junction arms. 

Since these tuning elementu were situated away from the Junction point, 

the deeccpliag £2.1 rstcliss vere rwuuu ov be frequency sensitive.  The 

following •xperisa.-nt was performed to deteruane this sensitivity. 

The tee was matched, as previously described, at a frequency of 

$4*0 ocs.  Then, for every change in frequency, the detector and the 

loads were asstg&od for ao reflections seen looking into them.  With the 

matched loads on the side arms 1 and 2, the matched watector on arm k, 

tto V3» 3isad*« u*. «. 3, mL.m cc^uog | s^j MM. mm 3 m* *. 

were sae&suzed.  Similarly, with arm 1 coupled te the generator. «r» k  to 

;jgtffiS&MMM&kw$m^^fo*•i 



35 

the mat'shed detector, and the ether arms to matched loads, the ¥SW» 

looking Into mm. A, ! B, - J (tne soiling between 1 sad 3), end jS.^i (the 

coupling between 1 and 2} wer-« measured*  Their variatloaa vith 

frequency are shown by the curves on page 36. 

The results of the experiment shov that a tee, switched by seans 

of' slide-sczew tuners on its eras, is extremely frequency sensitive. 

With a frequency shift of less than ± 1%,  the decoupling; between arms 3 

and k  is changed by a factor of + ho dbs., and the 75WR, locking into the 

load arm 1. is affected by almost 50*.  The couplings betwtien ara» 1 

and 3; and between arms 1 and h,  are also appreciably changed.  It should 

be noted that the VBWR, looking into the input ant 3, was changed by a 

f relatively small fraction.  This was due to the fact that «rm 3 of the 

tee under experiment was already partially m&tcaed by a post situated 

at the Junction.  This denotes the desirability of affecting all matching 

by means of elements situated as close to the junction as possible. 

In order to examine the effects of these changes on lead Bsasrore- 

nsnte. consider the equation 

where P is the power delivered to the detector for a unit power inpu$ tc 

the tee.  For a load of small YSWR (therefore small reflection co- 

efficient ft,), 8..R. would be negligible, but S_, would introduce errors 

due to phase sensitivity.  On the other hand, for a load of large VSVR, 
SvaSlbRl 

8 . may ha negligible compared to   "    , but it will not be possible 
"•'     * MiA 

to neglect S, R .  Taorefsi-e, again the tee output will be sensitive to 

1 the phase of S..  One may tbi«k that sine* it is possible to smasure the 

1 
! 
L 

TII-   -nnrr-i iiriiri T-n— •nnnirmnnrin—niTii - TniwnMi • —irrn - iifini<MinrirminraiiMiiTrflfirr>g-Ti]iiT>rrtaiiiirM^ 
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i.e 

l.t 

I   I I      1.4 - 

VSf S     LOOKING INTO 
BlDE-ARM 1 (LOAD ARM) 

m 

X 
l.t 

V8« LOOKIRQ IMIC   %, 
/'H-ARM 3  (CSJ8RA70R AJBI   N,^ I 

l.t' 

X 
3^r°^* 

0360 93S0 9400                  8420                9440                   9460 

FREQUENCY   (MCS)     *- 

9480 9990 05a« 

4.0 

01 

2.0 
9360 9SS" 9li00               9420                  9445                9460 

FREQUENCY   (MCS)     

9484 85f>8 9520 

FREQUENCY   SSNSITiVITY   OF   A   Sll*E~OUTLET  TEE 

iTiSE   WAS  MATCHSti   AHli   ALIGNED   AT   9440   MCS) 

I 
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******  of 813, S^, iuf and 8^, it would be simple to eeepen- 

s&te for the err-.rs due to them.  However, the magnitudes of Liien 

terra are aot the only ones involved In the; equation.  I'taelr phasee wtt 

also b* to own.  Thus it becomes an extremely otsibersGsa experiment to 

measure an impedance with sucla a bridge at more than one frequency. 

Thus, while it is desirable to use the foregoing method of matching an 

asynmetricttlly conatmeted aide-outlet tee at one frequency, it is not 

feasible to use such a method for Hatching STeh a. tee for multi- 

frequency measurements.  It should be emphasized that the foregoing data 

apply only to the side-outlet tee on which the experiment vae perf armed. • 

For different tees with different constructional prc*>*rtias, similar data 

could be obtained.  lowever, these data do give an indication as to 

the behaviour of asymmetrical side-outlet tees under conditions of vary- 

ing frequency. 

-"-«-«->•~-•«-^^ 
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The theoretical analysis and experimental investigation have shewn 

that a side-ostlet tee vhleh is asymmetrical in coastraction nanjaot always 

be aatched to flake a "Magic* tee.  Horeover, unlike the n. — trical tee 

(vhich nay he sensitive to the phase cf iced reflection, aalv due to a 

mismatch seen looking into tfee load ana), the asyim»tri«al tee is in- 

herently phase-sensitive, hsssnse of asyametric cttopling betwwsn the I- 

and I-im as veil as a mismatched load arm.  Hoirever, this pliase- 

sensitivity can be eliminated (within the limits of experimental feasi- 

bility), sc that the power delivered to the detector is proportional only 

to the magnitude of the square of the load reflection coefficient n*. 

Thn-i, in general, with js matched geser&tor coupled to the E-ara, a matched 

detector to the E-ara, a reference matched load to side-%rm 2, atid the 

tastload to sids-arm 1, the power delivered to the detisetor i» given by 

2 

P  . \B3k + _yjti| 
i-S R 

j 11 1 

where R_ is the complex reflection coefficient of the test lead, and S , 
1 nk 

are complex constants.  For a sysasetrical tee, S?, is equal te zero. 

For a "magic" tee, both S , and S  are zero and 

S.I - |8. '     X 

i3i    l iM     yi 

For a matched asy—mtrical tee, 8^ and 8^ are zero, but! S^J  and I 3 , i 

ar* not necessarily etfual, nor are they theoretically predetermined, 

•5"hue« for the tee waiCh was iiweatioated, I S.,.| « 0.66, snd I 3 , i  « O.638. 

However, for both the ''magic" tee and the matched aeymssstrlcal tee, 

P   -   ij^J8 

-*^*•i•*i»m-i«r«^^ 
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where K - KN' 
For the "magic" -tee, K is equal to l/k, mxz for the asymmetrical tee, 

K emit be experimentally detern±ned. 

For one frequency of csFsrntlon, t£» matching and alignment can 

always be accomplished by sssas a* Blide*serew tuner* cor other inch re» 

retire element* placed In the .junction anas.  nils method, however, will 

only he feasible for a single-frequency bridge.  Slight changes in 

frequency will appreciably upset the bridge balance to reintroduce phsse- 

sanaltlvlty and its errors.  Therefore, a notched generator with fre- 

quency stability is necessary for a successful operation of such a bridge. 

In short, it is possible to make a "angle" tee out of a sys> 

•etrical side-outlet tee, and it is Just as possible to eefce an "almost 

angle" tee out of as asymmetrical side-outlet tee. 

I    - -  . : - .: • ^r^;^^*^*-'^.^* 
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For & lossless side-outlet tee (not awwwrily ty—etrleal) whose 

wn hwe the ease characteristic inpedaaee, IT STA 3 *ore coupled to A 

generator, ana V to aa uanavuched detector, and the side-arss 1 and & to 

unamtehed loads, the aelltudt of the ware delivered to the detector la 

given toy: 

vhere 

and 

E ,    >   Amplitude of wave out cf am k 
OK 

E       »   Amplitude of wavs Incident on am k 

8 .    »    Coaplex coefficient* of aaglitude transfer 

between ami* n and k. 

Sinllnrl*, 

61 id 

But 

vne:re 

ol UU    18T32    ifl3    I^JA 

S        =    X    8    +E    5    -i*    S    +5 .5 
©2 12 12    12 22    13 23    1*2% 

x  • x a 
ik    ok k 

ft  s Coo* lex reflection coefficient of load on am k. 

Therefore, 
X        =    X    F ii        ori 

*12    "    V2 
and 

14              C* % 

J . vhere R,, Rg* and R^ are coaplex reflection coefflclenta of loads on 

arai 1, 2, and V respectively. 
i 
4 : 
j I 

•3! 
1! 

( 
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gggpaliss the equations so that 

B   - 1 . 
13 

Substituting these values into the three equations for Eok ^m 

I ,(1-8,H) • n    +B _R 8    •*•« .RS,.     , -      A 
ol       11.1 ..-3   02.2 12   o»4l* 

02        22 2'        23    oil 12    ©U ^ 2^ 

ani       I .(1-S..R, ) « S .+B   R_S,.+B „RJS_. 
ok        kk k'        3k    ox x 1*    ©2 2 2h 

The solution of equations A and B gives 

ol 

and 

Sl3*R2(312S23-S22S13)4-Bol>R1^S1^R2(S12S2lt-8228llf)) 

(l-R1Sn)(l-R2B22) - sJ^Bg 

S234R1(S^i3-8n823)4B^R),(S^S1(a12Sllf-S1182l,)} 

(l-R S    ){i-R8    )  - 8    R R„ 
1 XI 2 22 12 1 2 

Substituting these two values in Squation C gives 

»«*'•" 

t Risi3siu^s23
82^3^( 1-aiBii>< ^Vfea} 

2 l 
^lR2^sl^812S23^22s13^21*'8125.l3"8lls23^"B1283tM 

f (l-B18ll)(l"B2|822)(l"V«A) " 8lA.R2 

i +R,R-JR,sfS  «>fl«.i,-8»t.(f.R--JPUi -S—8.. )-8„i Tg..«£.» -H.„R~> 111 
'   £  1     JUC •»#     x'**   ie^ef''£c  J."»'     «;••-   JUS JL>     xx"W" 

,'a  £!2 R^H^^+Rgag^) j 

^sS^Sii 
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APPIHDIX | 

If,  with ti»! tee coupled a* described In Appendix A. 

Rl " \ " ° 
Then from the fixuul equation in Appendix A, 

Therefore, foi 

•ok"0 

•* 
822834"S23S24 

-    A 

If arm 1 were coupled to the generator, am 3 to a matched load, 

an. k to an nn&atched detector, trad arm 2 to a load of reflection coef- 

ficient given by Equation A, then 

S  •» s   8 +8 8 4-S 8 4-B . S 
ol   11 U 12 12 13 13 1* !*• 

where 

Ki2 - y2 - S22S3l*"S23821» 

*lk " *o\\ 

loMI' 1 

Sll " Bll 

Since R-    - 0 

*13"   Eo3R3* 
0 

Thcvefore 

*ol * 1ii8ll+1o2R2S12+EoUR*SiM.  -------  B 

mir'''--~:-rr-~---~^y::---'~'---^ 



BlaUarlsr 

02 * Sil812+1o2^22**o4Rk82^ 

I 
<*3 

and 
E<* " Eii8l^2o2R2S2U+Wl^    * 

Solution of Squat iocs Q and D gives 

I- 

and 

'<* 

E„t81Jl-R.3.J • R^iA.J 11   12" VMt' VlV2fc' 

(l-R^Xl-R^) - S^RgR,, 

x - - 2 22A " *VW      "»" 2~4 

Substitutiag tkaae values in Equation B givas 

s      -   s    < s      + 
01     i^ 11 

FjJ^lS^l-R^S^) + R^8llfS2lf 3      J 

(l-R„8_)(l-R,SLl.) - S^RJL. 1 

Substituting for 

8 $L 
cc 3**    ^0 <=** 

jpLvan 

Ox 

2 %   ^| 
>    1 

K ii 

\^2812S
3i*Sl4S24+8ll523S24Sl*4"S3^Sl^S12 

"\(8238g^8l^llS3482^)<g3»B^"8llSg3821fr J 

V2*(S23344~S24S3*) " S23S24 

In order that there be no reflections seen looking into 

suet be that 

*, it 

Si 

"il 

«    0 

-     .••• ,M^^m^SS^^^^j^^^^. 
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Therefore the n«a»>. tor of tb* right-band aide of Equation B nut 

hft zttvo,  for the denominator is finite.  From this, the reflection co- 

efficient seen looking into the detector 1B 

%     " 

ti  . B" -8  8  S . jk12 12. 232k 
2 .2 ' 

S3^8Wf
S12"281283'»3l1«;

S2^'lfl23S2^H* 

i-S 8 8 . S. i +8 8,8- »u li232k kk wll°3k 2k 

With I» sad R, aa preacriued above, if an 3 were again coupled to 

the generator and arm 1 to a test load cf reflection coefficient R-, , 

then substituting for Ro ana «• is. ubs fisal *«"AT.-5on for I_>. in Appen- 

dix A will give 

R_». 

where the complex constants 

R,a 

a 

a " S12S3^8li*S23461332^"S12S3^) " Bl£lkasf2k 

and 

S'2l»t s23S4»"824a3»» X S3i»S12"8llS2332*» j 
B " "S23S2* + f STjB, . (S SL. -8., 8A, )+3,. S„, (S,. S ~B S . fl 

12 3V 12 M» 1^ 2k'    !*»• 2V lH 23 12 3*' 

[ "lSllB2^f«32^S3!»"8238l^) J 

'«* 

It can be «e»n that for R, • 0, there is no output out of aria Uj 

that is to say, aruo 3 and k  are decoupled. Moreover, the magnitude of 

The scattering satrix of such a 

decoupled junction would be 

S 

0 812 813 *ik 

S12 22 *23 
S2k 

S13 823 "33 0 

8lk S2l* 0 a 5kk 
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t 

*5 

Once arm 3 and «f are decoqpled it Is always possible to accomplish 

jasteb.es looking into im 2 or 3 or k.     But the physical possibility of 

this decoupling anst first be considered.  To do that, consider the 

ispedanc^ natrix of a ^-ar» Junction: 

Z   Z   Z   Z ." 
11 12  13  1* 

Z   Z   Z   Z , 
12 22  23 2k 

Z   Z   Z   2 , 
13 23  33  31* 

2. . would be zero.  Evidently that ii 

Decoupling araa 3 and k  involves adding »u inpedance in n.m \ or 2.  wren 

that in the resultant natrix &• 

pedance would be -Z-t aooeu U 

\hl   _Z3^ S12 -S3^ ^3 "Z3* Zl'* "Z3* | 

i* 
Then 

Z12 "V Z22 

Z13 -S Z23 "&   "33     V c 

:5li* "V ^ *Z34        ° > 

So the question now resales if -Z„,. is physically possible as a load. 

Since the junction is lossless, all the terse in the initial isped&ace 

•atrix are imaginary.  Therefore ZoU  is imaginary and 

o  < j •* j < 

Such a reactive load in always possible, 

junction, tatn it is possible that 

*sk " ° 

so 

If the junction is a degenerate 

or 

^ 
m     Q8 

^...my^Zvix: ;.:.****:.< -+,~, :ii.-jifaiMBi<M-i^iw, .J:ul: .-—,=,, ...jh... 
^^^^Biiai^liaMW^^^;,,^. 
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In this ess? & siiciOTr short rould accomplish the decoupling.      How- 

ever, for a side-out-let tss, 

0   < | Z,., |   <   co 
i    ~»- « 

Therefor* a slide-screw tuner or any other such reactive eleaent w«uld 

» off ice. 

It should be noted that if 2.„. were coaplex, the Junction would 

not be lossless, and reactive eleaents such as sliding shorts or slide- 

screw tuners would sot enable decoupling of eras 3 and k.      Similarly. 

if the reactive elements had slight losses,  then also complete decoupling 

of two anas, of a lossless Junction would, not be possible. 

Thus it is nhown thai; it is possible to decouple two eras of a 

lossless fcrur-am Junction. 

ade sere, then ara 3 sen be tuned, without affecting the 

decoupling,, to see a aatcfe looking into ara 3.  Then, by siailar 

procedure>  ara 4 could be tuned so that a satch is seen looking into 

ara 1.  The resultant scattering aatrix would be 

8   8   0 
j 13  23 

[^ Ik     2k 

b12 S13 &lk  j 

12 S22 S23 B2h 

0 

'kk 

^aah-'miril--r^^^'^-rf;V---MiATtr&t^^ ^*£^i4rttfwkr^Luj 
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AFPESDIX C 

Consider & lossless four-arr junetice; whose arm hare identical 

characteristic l»ped*acea sad whoae scattering aatrix is 

r S12 813 81* 

8 
S12 S22 S23 S2^ 

8, 8   0 
i3 23 

8'".. S .  0 
Ik 2k kk) 

Since the Junction is lossless, the above aatrix is & unitary satrix. 

Therefore, the?* vill be six equations of the type 

l-> "V "njc 

and four equations of the type 

k 

= u 

V 8 
X—« 1 

Substituting fOf 

to*l 

s. 

} nk! 

8. "  B. »  U 
'11   "33    31* 

and solving the above tea equations vill result in the following five 

satrieeR which would express the junction: 

f 

X) 8  - 

1 

u**«^;&u^***£^^ 



He 

2) 

S 

0 

0 

1 

Is 

r 

o 

0 

0 

1 

0 

0 

1 

0 

1 

0 

0 

o 

0 

1 

0 

0 

0 

1 

0 

0 

1 

0 

0 

0 

1 

J 

k) 

0 

0 

1 

0 

"22 ~ 

0   0 

2k 

'2k 

hk 

and 

5) 

vhere B22J - \*kk 

f 0 

0 

s13 3lk 
S23 S2^ 

S   S   0   0 
13  23 

Ik      2k 0   ) 

Of theae five solutions, only the last Matrix defines e. side- 

outlet tee.  The other four apply to degenerate junctions which cannot 

fulfil the priwerily imposed conditions 'Without the complete 4a&T«salingiP 

from the junction, of two of t&e four am. 

?iffi5=.-;awfft«a* 



Thus, for a, side-outlet tee, frowi Solution 5> 

S      S.**8      S    *    «    0 
13    to 23    & 

^9 

and 

S 
13 23 

•2     1        12 

to I '2k\ 

Therefore 

8«! ^I-A-N* -Z1-!8^!' 
For t^a syaiaetrical tee (ie;> "naglc" tee), since 

J        -    8        and   S ,     «    -8 , 
13 253 to 2*V 

"13| | v23| }*to*v 
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l ASTEBDU. D 

•i 

In the eirpariawntal measurements which were madex a crystal was 

used for atasurirs ^JSVB and- an 8 BB. barretter was \ised for power de%ec= 

tion.  For accuracy, it was found necessary to calibrate the crjrstal and 

5 as. barretter.  They were calibrated with respect to a * na. barretter 

and an attenuator which, in turn, were calibrated against the sine ware 

distribution of the standing wave inside a shorted line. 

First, the k ma. "aarretter was used for detection in a PHD slotted 

line which was connected to a short as shown in Fig. 1.  Assuming the 

I slotted line to be lossless, there would be a sinusoidal standing wave 

set up in the line.  With the attenuator set fox- zero attenuation, the 

positions along the slotted line of two adjacent: mniga, were sasaaisred- 

l 

,  f 
i 

measured positions was identically half the guide wavelength, as shown in 

} Fig. 2.  The position of tht maximum lies halfway between these two sdi*- 
j 

I aa» and the half-pewrr' points lie one-twelfth of a wavelength on either 

side of a minimum. - With the slotted line probe at a raaxlipca position, 

the barretter reading was noted.  The probe was then shifted to a hali- 

I power point, and again the barretter reading note«»   For a sine-ware 

I distribution, which was assumed, the actual difference between these two 
i 
i   i 

! iwwsx- levels =livml«i w w.C2 >lwo.  TLis sac ccsjarcd tritfa the measured 

value.  The probe was then re-shifted to the position of aetxinsuia and the 

attenuator was adjusted to decrease the barretter reading by an amount 

equal to the db. difference between the preceding two barretter rstt&iags. 

Again tha prolse was placed on the ease hab'-pewer point and the dif- 

ference between these two readings recorded-  These steps were repeated 

until the  attenuation reduced the signal to noibe level.  ThiE procedure 

essentially calibrated the k m..  barretter and the attenuator i.a steps of 

6 abs. eu?h. 
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Tfee results arc fcssbuiatwu in T»&1« I sad the calibration 

curves plotted la Fig. 3.  tlSB barretter curre shown t&at ia range 

of w»t.er*re«dlr«s l>et7S5?s -?3.7 db». to -60 dbs., the barretter- 

detector reads accurately.  It Is for higoor attenuation readings that 

the Beasare-1 values deviate fros theoretical values. 

Results 

Positions of adjacent aJniaa are 9.55 cue. aad 11.77 CK . 

Therefore position of enclosed maximum   « o «       u'Tt : 1^55 9*55 •  —-*—g-  

*     10.66 ens. 

Probe position for half-maxLisua reading     *     11.77 

•  ll.kQ  CK9. 

11.77 - ?-55 
6 

With zero attenuation and probe at saxiwua position barretter-detector 

reading -23.7 dbs„ 
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Table I 

Slotted 
Line 
Probe 
Position 
{Cm.) 

Actual 
Attenua- 

tion 
(dbs.) 

Attenuation Measured 
by Barretter-Detector 
deter     Atteoua- 
Reading      tion 
(-dba.)     (dbs.) 

Attenua- 
tor 

Beading 

10.66 0 23-7 0 0 

11.Ho 6.02 29.7 6 0 

J.O.OO tt.7 6 2H.8 

11. HO 12>0H ;i5-7 12 2H.8 

10.66 12. OH S5.7 12 3H.7 

11 Ao 18.06 Hi.7 IS 3^.7 

10.66 18.06 Hi. 7 18 H2.3 

11. ko 2H.0B H7.5 23.80 H2.3 

10.66 2H.08 H7.5 23.80 50.2 

11. Ho 30.10 53-5 29.80 50.2 

10.66 30.10 53-5 29.80 56.I 

ll.Ho 36.12 59.5 35-80 56.I 

10.66 36.12 59-5 35.80 61.5 

l 
i.. 

- ~!MB>StB| 
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For the calibration of the 8 aa. barretter the experiment was 

•«rfe »2f as shewn in Fig. h.      The attenuation *ae varied in steps of 

6 dbs. each, a» determined by the attenuator calibration.  And the attenu- 

ations read by the 8 rt. barretter-detector vere recorded for saeh »1 

The following data vere obtained; 

Table II 

Attenua- 
tor 

Reading 

Attenua- 
tion 
(db.) 

Attenuation Mcasurod 
by Barretter-Detector 
Meter     Attenua- 
Reading      tion 
(-dbs.)    (dbs.) 

0 0 7-0 0 

2^.8 6.02 12.J* 5A 

3^-7 12.0fc 10 », 
J.V'»-r 13 A 

i*2.3 18.06 23.8 16=8 

50.2 2fc. 05 29.9 22.9 

56.1 30.10 35.9 26.9 

6l.5 36.12 te.5 35-5 

The calibration curve for the 6 ma. barretter is given in 

Fig. 3. 

i 
L- 
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The experimental set-up for the calibration of the crystal is 

shewn in Fig. 5.  The load consisted of a 2-slug transforissr (Sperry 

Syroscope Co.); followed by a slide-sere* toner (Hewlett-Packard),  end 

then a resistive load.  Th*» voltage etanding-vt.ve ratio (V3WR) of this 

composite load was varied by varying the penetration of the slidt=screv 

in the tuner and the VSWR was s*asored> using the slotted lice, first 

with the k na. barretter, and then the crystal.  The power level at 

which these ateasurenents were as.de was within the range of accurate 

barretter readings.  The results are tabulated in Table III, and the 

calibration curve plotted in Fig. 6« 

 -~~~~,~MrmfcYnr'ThTnirT-7i 
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The calibration curve shows that the crystal deviates from 

aectsrsey as the VSVR Is Increased. 

60 
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Table III 

vowel SBiBured 
corr-i«tly wttfc 

J* cm. b«z"rstier 
In slotted line 

V8HR Measured 
with crystal 
in slotted 

line 

« 1.01 « 1.01 

« 1.01 « 1.01 

< 1.01 

1.015 

LOW 

1.07 

1.17 

1.31 

1.57 

2c00 

2.90 

< 1.01 

1.02 

1-0^5 

1.095 

1.20 

1.^2 

1.82 

2.^3 

3-52 

3.20 1.9c 



t; 
0 

Sri 

8 
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:*«A     -iy.'it.vv 
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The procedures Tor obtaining (l) a lead having reflections of 

constant Magnitude but varying phase; and (2) * load having reflections 

of constant phase but varylug magnitude, are as follows; 

(1) A "Microline" tr/o-ftlug trm&frxrs&r,  a Hewlett-Packard slide-screw 

tuner> sad a resistive load coupled as shewn in Tig. 1 constituted 

the loud.  First, a Batch was obtained looklss into the tunsr and load. 

Then, with the separation between the slugs of the transformer maintained 

constant, the position of the slugs vas varied to shift the phase of 
i 

reflection from the load.  However, it vas observed that with the shift 

in position of the slugs, the VSWR of the load also varied.  This vas 

cosqpensated for by varying the penetration of the slide-acre*-; the posi- 

tion of the screv vas maintained constant. Thais,  vith tb.» slugs' 

separation and slide-screw position held constant, the slugs' position 

and slide-screw penetration were varied to give a load of constant 

reflection magnitude, but varying phase. 

A PRD slotted line with a ealibr*t&5,# crystaX-detector vas used 

to «ea3*nr- «i*e rawtc and the positions of minlwiim voltage. The latter 

was a measure of the phase.  Tfte following data were obtained: 

Frequency •*    ShkO sea. 

Zero error on slug separation vernier • + 0.02 ess, 

Ganatant slug separation reading •> 2.33 cms. 

Constant slug separation (actual.) » 2.31 ens. 

Bee Appendix D for calibration curves. 

fciwiwi—n ii • I^»WIM —SWMB• tmm •!• 
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Slug 
Position Timer Screw 

win 
Position Phase 

Reading Penetration 
Reading 

VBVR 
\ Corrected) 

Rending 
(OBS.) 

win fc 1   v 

( CHS.) 

1.30 3-^5 1.68 10.23 0 

1.50 3-38 1.68 10 .45 0.22 

2.00 3- 36 1.65 10.97 074 

2.50 3.31 1.68 11.49 1.26 

3.00 3.38 1.68 11.93 1.70 

3.50 3.217 1.68 12.48 2.25 

4.00 3-342 1.68 12.95 2.72 

4.50 3.342 1.68 13.28 3.05 

5.SQ 3-395 J..JU 13.80 3.57 

5.50 3.580 1.68 14.27 4.04 

0.00 3-*0 1.6b ^-75 ^56 

6.50 3.35 1.68 15.31 5.08 

7.00 3»35 1,68, 15.78 5-55 

7.50 3-^2 1.68 16.27 6.04 

8.00 3.21 1.68 16.81 6,58 

Q   en v.- - s*. 3.322 i.68 17.30 7.07 

8.70 3.322 1.68 If. 47 f «<£•• 

K".B. - Due tc lack sf Mechanical rigidity i-±  the elugs; the BIUS separa- 

tion and position *?§re always approached in use direction wf incr^"ss»5d 

readings• 
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A aeecnd load cC constant VBWR equal to 1.2 was also call* 

brated by the sane procedure, giving the following data, 

Frequency «• 9M-0 ace. 

Constant slug separation reading « 2.41 

Actual slug separation » 2.39 ess. 

&5 

Slug 
Position 
Reading; 
(ens.) 

Tone,? screw 
Penetration 

Reading 
VBVR 

(Corrected) 

vi«ln 
Position 
Reading 
(c»».} 

Phase 
Shift 
(cas.) 

1.30 3-^5 1.17 10,21 0 

1.50 3.»K) 1.17 lO.i^O 0-19 

2.00 3.30 i.17 10.90 O.69 

2.50 3Al 1.17 11.1*8 1.27 

3.00 3-*9 1      ".=7 -, 1  fth 1.73 
— 

3.50 3-22 1.17 12-53 2.31 

h.QO 3.25 1.17 12.93 3.72 

k. 50 3-7& 1.17 13.*K> 3# 

5.00 3.51 1.17 13.78 3-57 

5.50 5.17 1.17 3A.ll 3.93 

o.OO ••*     irr "5 '•>   *»r 

6« 50 3-155 ld7 -»-5 » J-5 k.Gk 

7.00 3.i*5 1.17 15.80 5.69 

3*535 1.17 16.20 5-99 

6.00 3.205 1.17 6.5? 

8.50 3.26 1.17 17.26 7.05 

8.70 3'235 3.-17 17 c 38 7,17 



(g) The second load w*s made up of th* sane components &s In 

Fig. 1.  With the slide-eerw of the tuner completely re saved., the 

load was matched by means of the two-slug tr&nsfcrmsi •  Tusu t'^«* ecrrw 

was replaced, and for different penetration position* of the »crew, the 

V8VR and the position of «1n1 —*• voltage were recorded,  Tb vaa observed 

that this method provided a good variation in VBVB from less than 1.01 

tw 2 without anich change in phase of the reflection coefficient.  The 

following data were obtained: 

Frequency » 9^0 cms. 

Sioux separation reeding (constant) - 2.45 cms. 

Actual slug separation (constant) .« 2A3 cms. 

Slug position reading « 2.77 cms. 

Slide-screw Position 
Penetration VSWK Reading 
Position 1 (Corrected) (cms.) 

4.50 «   1.01 

4.25 «   1.01 

Jf. 00 1.01 

3.75 1.015 10.43 

3,50 i.ofc 10.43 

3.25 1.06 10A3 

3.00 1.16 10.50 

2.75 i»33 10.1*9 

2=50 l*6o 10,46 

2.25 2.20 10.41 

2.00 3-25 10.35 

I   I   I IIIIBI    llll    II       I    II   Mil      llllll     I 1 I   HI   1     III 
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Seise clarification is necessary In the i-ea&ings on the 

twe-elug traasformsr end the slide-screw tuner.  Therefore » descrip- 

tion of +be two is in* order. 

The MAcroline transf ormer, Fig. 2, consists of a slotted rare- 

guide section in which two dielectric slugs ere inserted.  These slugs 

ere free to slide dang inside the guide end are attached through the Blot 

to two posts which are mechanically coupled to ^ach other by Means of a 

screw.  Turnlog this gerw enables the alteration, in the separation 

between the posts and. therefore between the slugs.  A scale and we-rsie** 

are mounted on the posts to measure this separation.  This wtjnle system 

is mounted on a carriage which slides along the outside of the guide,, 

thus varying the position of the two slugs inside the guide without 

affecting the separation between them.  A scale and vernier are mounted - 

the saale on the guide, and the vernier on the carriage - to indicate 

the position of the carriage and slugs with respect to the guide.  The 

readings on this scale and. vernier merely indicate relative positions and 

therefore no absolute position reference is assumed in the measurements. 

The Hewlett-Packard slide-screw tuner. Fig. 3> consists of a 

slotted waveguide section on which a carriage, carry log a conducting post, 

Is mounted with the post inserted into the guide slot.  This carriage 

can slide- along the guide, thus varying the position of the post inside 

the guiclec  The t>ost Is coupled to the earrisge through a screw-gauge, 

the scale on which reads positive in the direction away fro« the guide. 

Therefore an increment of scale r-*«4,irftg signifies * decrease in the 

penetration of the sere* into the guide. 

• — UMBua nmrriim—i 1 m rri         BaigMn—fiasSBaMB—WHMaaEBg 
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