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LIST OFr SYMBOLS

is the complex amplitude of a wave incident om «xm n of the tee.
is the complex amplitnde of a wave emergent from ara n of the tee.

is the complex sxplitude transfer coefficient, which relates the
amplitude of a wave incideat on arm n of the tee to that emnrgent

from am k.

ia the complex reflection coefficient of a terminating load

on arm n.
is power.

An asterisk on any of the camplex symbols denctes & cooplex com-

Jugate. Thue, fox axaaple, S:k is the cormlex conjugate of snk'
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INTRODUCTTON

The waveguidz side-outiet tee consists of an E-pisae tee and an
H-plane tee arrange® as shown in Fig. i. If gll four zrms of suych a tee
wvere coupled to mstched generstors or mstched loeds: them; by virtue of
the symoetrical comsiruction; a wave ctiidled into arm-3 will divide
between arms 1 and 2, but will not cross-couplc into srm h. This
property enables use of the tee as =an impedsnce bridge.

When the tee is used as an impedance bridge, power is coupled into
arm 3 or &4 fr? ihe r-f source, and out of are 4 or 3 to the detector.

A matched termination is placed om oine 42 the two side arms and the test
piece on the other. Since there is xo cross-coupling between arms 3
and 4, ard since the reference terminatica iz a reflectionless matched
lcad, the only power coupled to detectar is that refleczted from ‘v-h.e test
plece. Hence, the power delivered to the detecior is a measurc of the
test niecce refiection coefficisat. If the test plece werc a matched
1uad, 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 Wheststoae's bridge, wvhich obeys the equation

R &)

Here A, B, C and D are four lspedsnces, thrae of which are kaown and

AB-CD. . L

the fourth is unknown. The side-outlet tee, on the other hand,
obeys thbe equation

A’B’ . . . . . . . -(

)
~

where one of the two impedsuces, A and B, is known and the other
unknown. The important difference between the two bridges is that for
a bridge of the type (1) it is possible tc matzh any impedance by using

a fixed resistance plus variable reactances, while in the side-outlet tee
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it is nezessary to rrovide sm sidjustshls referonce trmedanes whick will
exactly equal the unkpown. The latter requirement demands that the
reference load should have & varisble reactance aes well as a variable
resistance. Thi= comdition is difficult to fulfil at microwave fre-
quencies. “Therefore, in general, the side-outietl tce is used to measure
»erely the magnitule of the reflection coeflicieat of an unknown loed.
Thus it is desirsble that the power deliversd 45 the detector of a side-.
outlet .®e bridge be meinly dependent on the magnituds of the reflection
coefficient of the losd.

However, evea vith matched terminations on all arms ¢f s side-
outlet tee, the impedsnce seen looking into the junction through the test
arm vill nct be a match. Therefore, wiuca the test plece is not a metched
This makes the power delivered to the detector dependent on the phase, as
well as maguitude, of reflection from the test piece. ‘The dependence on
phasgse ixtroduces errors in the measurement of the magnitude of the reflec-
tion coefficient, aud is, tharsfore, undesirable. in ‘hc symmeirical
glde-ocutlet tee, thia trouble can be alleviatzd by certein procedures
vhich change the simple tee into a so-called "magic" tee.

Such a bridge was being used at the University of Calitoraia to
measure the back-scattering from obstacles, and it was found that the tee
vas sensitive tc the phase of relflzoiion T2im the test piece ip spite of
the fact that the caaﬁitionsffor making the tes “"magic" wvevre ccmplied with.
Consequently, this problem of analysis was undertaken to understand, snd
eliminate, if possible, the causes of errors in measurements mede with
the tee.

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

on the follewliag five factors:

b
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1. PFrequency.

2. The ¢eogree of symsmetry in the Lee comstiuction.

3. Magnitude of the tvest iced refieciiom zocfficient.

.. Phase of the <ezst losd reflectica coefficient.

5. Impodsnce seen lcoking into the test arm with matched

loudﬁ on the other esrms.
The first two of these factors are independent variables on which the
other three factors depend; and for any pa.rtictﬂar tee the constructiocpal
symsctry is noa-varying.

As mentioned before, it ie desirabie that the power delivered to
the detector be dspendent solely on the msgnitude of the load reflection.
Therefore the dependence on the other four factors imirsduces srreve in
m=eagurements. The analysis of the ideally symmetrical tee lss been ably
presented by Dr. Louis B. Yc:ngl’ and cthers 2’3’h’5. That analysis,
however, does not hold for a tee whick is not perfecily symmetrical.
aciie, in ﬁie report, an anglysis of a general four-nra junction is made
exd the asymmctrical side-cutlet tee is then trested as a gpecial case.

The scatiering matrix representaticn ie used to describe the
fields associatec with thz juuncticn. For a detalled explanation of
this repreventation the reader is referred to "Prineciples of Hicrowave
Circuits® by Montgomery, Dicke, and Purceli, W.I.T. Rad. Lab. Saries,
Vvsl. 8, MoGraw-Hill, Zew York, 1948, and to "Waveguide Haundbook" by
¥. Marcuvitz, M.I.T. Rad. Lab. Series, Vol. 10, McGraw-Hill, ¥ew York,
1951..

I
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All refsrences ars listed at the end of this suport.
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General
Consider a lossless Jjvnction mmde up of four vaveguides having the
same characteristic impedsnces. Wothing else will be assumed of this
Junction. The junction arms are labellzd as shown in Fig. 2. Coupling
the arms of this junction to gemerators and loads would resuit in waves
incident on the junctica throngh each arm and wvaves coming out of the
Junction through each arm. The axplitude of the wave cut of any arm mey
be related to the amplitudes of the weves incident on all arms by &
simple linear combinatin of the input ammplitudes as follows:
i
E_ = :2:2313
k=l

8
on ik pk

vhere !on iz proportional to the amplitude of the wave out of the n;t'E n
arm; Bik is proporticnal to the asplitude of the wave incident on the kK
arm, and S Ak is a constant, comlex, smplitude itransfer coefficient which
relates the wave amplitude cut of arm n to the one¢ incident on arm k.
This constant iz determined ty the: junction’'s physical struciure and the
frequency of its operation. For k equal te = the coefficient snn is the
complex reflection coefficient seen looking into the junctica through the

aEP- arm. Thus, for example, the amplitude of the wave out of arm k4,

thet 12, n = &, is

E =B E +EB S8 +R 8 +2 8 .
olt 11 b1 12 52 13 43 1 hi
Similarly. equations can de written for the other three arms. These

squations can also be exptessed im & matrix notation wherain the con-

stants 8 ik will form the following matrix:

e ke
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This 18 the scattering matrix of a four-ara juncticm.

‘0o

S8ince the Junc-

tion is made up of guides having identical characteristic impedances,

veciproecity ccaditions will be satisfiad by this matrix. Therefore

Bnk.’skn'

Hzoce

Biy Son By By
., P

Por all furtkher consideraticns in this paper, this form of repressntation

of S will be used.

The scattering matrix of any lossless junction ie a unitary metrix.

A waitary matrix is defined as that matrix which vhen multipliad by ite

complex donjugate gives the product unity.

is unitary when 5
SS bd l 7

vhere 8" is the complex conjugate of S.

the scattering matrix:

In other words, a matrix 8

The "magic" tee is defined by

g
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If & generator is now connected to arm 3, & detector havizg

cemplex reflection coefficient Rk to srm k, and two loads baving complex

reflection coefficients B, and R, on sres 1 and 2 respectively, then the:

e

amplitude of the wave delivered to the detectur will be

By = ByaSany + BioBoy + BBy, + BBy

By = Biy
Eo = B

B = EyRy

Normalize the terms so that

Therefore

Hence

Similarly

snd

!1321

B = Eod®aiBau * FooPoSon + By * RouBySi,

B = EaBan v Bio50 t Eig%y Y RS
BDIRlB_u + E oanas:;z + 813 + B ohnhblh
B (-R8 ) = 8 3 +B
02l 1 8y819) 13 * Beo®Bio * BTl

ia o
E(1RE,,) Bag * Bor™1%1n * BaFuBay

)4 1-R 8 8 B 8 E s
AR e RS e e

B %’-*w!-:ﬁlﬁ
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The solution of the preceding three eqnations results in
) ol = v—%— 2 © > e o o o ¢ o & ¥ & e = (1)
vhére
A s ( R.S1804 + RPpsfa, + 85, (1R85, N(1-R5,,)
+ BBy “1“312823'522813) + 8,4(8728,3-8,,8 23']

R3.1‘2512831; /
and
- S
B = ((I-R ll)( Rasa,,)(;a. 3! = 81085
i - RyRoR 18,0858, - 858,,) + B,1(8158,),-81:8,)]
2 _—
\ R)BR,S7.8,y, - Ry(R85,48.5 21»‘
Ir Rl is the reflection coerficient ssen looking into an unknown

loed and R, =R, =0 {that 18, the referencs lcad and dstecior are matched),

then equation (1) becomes

R +sh(1s R)

13 lh- i
goh -
l-San
81381"31
= S3h + —1 2 L] . » . . (2)
.sll 1l

The power delivered to the detector is proporiiomal teo the amare
of the msgritude of B&, and the rsver incident on the tee through arm 2
is proportional to tae zquare of the magnitude cf 313. Now, if the same

matched detector vere used to measure the Input and the output power, the

constants of proportionality in the two cases would be identical. In tae

vreceding derivations, 211 the veave amplitude terms have been normsliizad

with respect to 313' Tuae power ocutput will be similarly normaiized with

e

£ 4,
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respect 1o input. Thus the gormalized power delivared to the de-

tector on arm & is
2
P'lxd‘i - 831;"_'2"‘_'

snd is thus dependent »oth on the magnitude and phase of Rl The phase-
sensitivity is, of course, undesirable frcm the practical point of view.
Therefore; the possihility of eliminating the phase-sensitivity by re-
ducing the values of 83,‘ and 81131 to zero, must be considered. Before

going further, it is worthwvhile now to examine aa ideally symmetrical
slde-outlet tee.

The Idealiy Symmctrical 8idg-outlet Tee

The dafining characteristics of the symmetrical side-ocutlet tee
sre that the coupling betveu\a.rs:s 3 and. 2 18 identical to that between
arms 3 and 1; and the coupling betreen arms 1 and & is equal in magni-
tude to that betwsen arms 2 and 4, but they are 180° out of phase with
sach other. And, ¢f course, the reflection ccefficient Sll seen look-
ing into arm 1. wiih matched ioads on the other three arms is equal to its

connterpnrt 822. Thus, for the gywmetricsel side-outlet toe

11 22
8y = 833

and
Sop = By

Therefore the sceitering matrix,

vk




et

-~ etk

e

13
’ _ ¢
811 815 853 8y | 813 81z 813 6y |
. 815 85 Bpy Sy 815 4 By578yy, .
813 823 33 834 813 833 B33 83 |
leh Boy Sy su,/ leh.slh B4k Sua ;

It has been proved by Dr. Louis B. Young® tuat for a sysmetriesl,
Jossless side-outlet tee the following six statoments are true:

Statement I: If a tee is matched looking into arms 3 and 4, there
is an equal power split between arms 3 and 4 for power reflected toward
the {ee from a load on arm 1. That is, 1if

833 = 81&1& = 0
| B} = |21

Statement II: Even if the E- and H- arms (that is, arms 3 and 4)
do not appear matcked looking into the tee, there is no cross-coupling

between the E- and - arms. That is, even if
833 # ©
By, ¢ 0
S3h = 0

Statement TIT: I{ the B- and H- «xms appear matched looking into
the tee, the side-urms appear matched looking into the tee, and there i3
no cross-coupling between them. That ia, if

<

8’3'SM-0

Liier Bu = 812 - 822 a 0

5 i
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Statement I¥: If a tee is mmtched looking imio the side arms,

there 18 an even power split bétween arms 3 and 4 for power reflected from

a losd cun arm 1. That is, 1if

then | 8,

Statement V: If a tee is matched looking into the side arms, the
magnitudes of the reflection coefficients seen looking into the E- and H-
arms are equal, but not necessarily zero. That ie, if

811 - 822 = 0
then 333 = S,

Statement VI: If a tee is matched looking into the side arme but

not matched looking into the E- and H- arms, there cen dbe cross-coupling

between the side arms. That is, if

811-822-0

but s,

J

3 = By, $ 0
then 810 # O

Applying the conditions of symmetry and Statement II to equation
(1).results in the amplitude of the wave delivered to an unmatched detec-

tor on arm 4 of the tee with unmaiched loade on arms 1 and 2 being

8,, 8., (R, -R,)
12 S By - By
3o i r . - 2 : (3)
| (3-8, R )(2-8, R, ){1-8),8,) ~ B RR, +
|

o ,.2 o2 2 o ol ,
LRleﬂu {81..8),1,+281 811, #281181),) - “b‘.slu(nlmz)

Yok s a -

B e
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The matrix I becomes

AN
€11 B1o B33 By

8:2 833 833 -8y

8y3 813 833 ©

Lsn B 0 By

/

15

-------n--u

If the detector were matched =o that RI& = O, then equation (2)

wonld become

g A
By =

513 814 (Ry - By)

(1-8398)(1-81185) - BagRys

Ryis egquation wvould be grestlyr simpiified if

su-sm-o

By Statement III, this would be posaibhle only if

wnereb

wnereby 811

and 333
ol

snd the matrix

|
&

313
3

1 Sy, 00

8

\

L X

8y3 5y (By-Ry)

0 8y Sy |

0 8,3 8y,

813 0 0

s

This, by defipition; is the matrix of a "magic" tee.
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or. Immg'L has also ghown that for a lossleas and symaetrical side-
outlet tee

and

Thus, for

Heace the normalized power
2 -
3 -‘xoﬂ -Z'\Rl-nzl"

If the refersuce loed were a matched termination

R. = O

» TNE

Thus it is evident that for a perfectily symmetrical and loaslzss

slde-outlet tee, it i8 possible ¢t¢ match the tee so that it is "nigic"

and the norzalized power delivered to the detector is a simple function

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

oa the phase of the lved reiiection coefficient. For an inhereatly

e

it e i g AR,
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asymmetrical tee, however, it 18 not possibie to obtaiz the "megtc'

metch. But subsequent analysis cf an asymmetricsl tes will show how
and vhen it iz possible to obtain matching ca:iitions which will enable

the powsr out of arm & 10 be dependent only o the megnitude of the load
refiection ceoefficient.

The Asymmetricclly Constructed Side-outlet Tee

It has already been shown that for a four-arm junction with arz 3
coupled to a generator, srm 4 to a matched detector, and arm 2 to a

matched load, the arplitude of the wave deliivered to the detector is

513 8 By
l - Sn Rl

B = By +

whare Rl = complex reflection coefiicient of load on arm 1. The evident

sensitivity to the pimse of R, could be removed if 331; end §,) could be
reduced to zero.

Supposing arm 1 is coupled to a matcked load, and arm 4 to a

‘matched detector. Taat is,

RluRhao

out R, # 0
Then
Sa3 2y Bp

1-5,R,

The lcal ¢a arm 2 csm be chocen g0 that

x 5 823 B2 By
o T S Y T g
- By
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82283!4'82332!;

Re =

If this load were meintained on arm 2, & matched ioad compled to arm 3,
a certain desirad detector-loud to arm %, and the tee coupled to a
generator tharough arm 1, then the load on arm 4 could be chosen so that

there would be no reflections seen looking into arm 1. Thus, with

83)
82233h’82382u

naa

it can he shcwn that for ne reflections seen looking into arm 1. the re-
flectica coefficient of the detector-load on arm 4 should be
2
8 . 8 -8 8 8
D, = 3412 1123 24

2 2
8308181072 1083131, 801 823880 ]

2
8118238,8, 181183, 551,

If, with these two predetermined loads on arms 2 and 4, arm 3 were coupled

to a matched genersator, and arm 1 to the unknown load, the magnitude of
the vave delivered to the detector would be

vhere

@ = 8)83,(B3y8p3+8) 38,1 -81,83),) = 8,388,385,

A
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B o\ BaBy, 0,8y, (8,8, 8,,8,.5,,)
{ 812531,(8108)1, -811801, 04874854, (81,825-81 5833, )

L*sllgah(32h33h'823shh)

B o= B8y +

It should be emphasized that all Bnk are dspendent only on the frequeancy
and physical characteristics of the tee. Therefore they ar: all complex

constants. Therefore G and B are also constants. Thus, power delivered

to the detector is

P ,.\ lTl‘ a‘

o)

andl 1t is no longer dependent on the phase of rellection from the unknown
load; thus the power mrasured would te a corrg¢st indication of the
magnitnde of the reflection coefficient (therefore, VBWR) of the loed.

In general, this elimination of phase-sensitivity is sufficiext
for measuremente. However, sometimes it is desirable to uses & calibrate
attenuator between the generator and the input arm 3 of the bridge.

S8ince the attenuators are usuzlly calibrated for matched terminatioms, 1t
becomes necessary to match the tee looking into arm 3. This can bde

anosmgpiished by tusming axw Zowevei . if this is done after the phase-

twd
-

sensitivity of the tee i= removed by the foregoing procedure, due to the
coupling bstween arms 3 and 1, the tuning of 2rm 3 will result in reflec-
tions seen looking into arm 1. Therefore another procedure must be
devised.

It can be shown thet for any lossless Junctioa 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 <me of the other two. Hovwever, 1if the junction

Feandtagde

. . Y SA——— =
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vere not & directional coupler or side-outlet tee, the process of such
matchiag-would redude the four-srm junctice to'a two-arm-ome. In the
case of the side-outlet tee, however, the ,eniuution of the coupling
between arms 3 and bk and the matching of arms 3 and 2 will result in mstch-
L:ga.llarnandalsod.ecoupli_natr_ulma. This does not mean that
a "magic”" tee can be accoaplished from an asymmetrical tee. There will

still be & difference wvetlwcen the two. For, in a "magic”" tee

|813| flslh! = |823] =)o) = ]'é'l_

but for a matched asymmetrical e

| 81s) = |80 - Jijeu)? - /'1—_1823]"2‘

The experimental procedure for accomplishing this desirable condi-

tion would be as follows (8ee 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 loed, arm 2 to a tuner rollowed by
a matched load, and arm 4 to a tymer follewsd by & maiched dstecior.

3) Tune arm 2 to eliminate output out of arm 4. This is
essentially choosing R2 to decouple arms 3 and 4, as described heretofore.

4) Tune arm 3 to eliminate reflectionz seen looking inte sum 3.
Since t}iis srm 18 already decoupled from arm 4, this tuning will in no
vay affect the accomplished decoupling.

5) Remove arm 3 with its tumer from the standing-wave detesctor
apd couple a matched load to it. Then remove the matched lcad from arm 1
and coupie this arm to the standing-w=ve detector. Thus, in effect,

arm 3 with its tuner wil: have exchanged positions with arm 1.
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5) Tane arm 4 so that a match is seen looking into ar= 1. Again

hat 4
since arms 3 and 4 aré already decoupled, this tuming of arm 4 will have
no effact on the decoupling.

Through the above procedure, essentielly the following is
accomplished:

A tee with a scattering matrix
[ 8, By, 8,, 8 h

12 13 1k

Sl2 S22 s23 s2‘$

S 8

13 23
By 8oy 8y, By

is first tranaformmcd to one with matvrix
- ’ N

then to g
i2 713 14

0
(¢

2]
0

(=]
(o]

s
and finally to ’ 3

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

sum of the powers coupled to the other three arms. In matrix notatiom

vin
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this is expressed by & unitary scattering matrix which, as defined
befors, is such thet its product with its owm comjugate is waily. Due

to this property, Lhe fcllowing two theorems hold true for a unitery

patrix:
Theorem I - The sum of ihe squares of the absolute r~gnitulss of

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

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

products of each term in one row (or columm). with conjuymte of the ccr-

responding term in the other row (or colummn), is aqual to zero. ‘That is,

knl

wvhere nl and n, represent two separiate rows {or columms) J» and snzk is

the conjugate of Snak

Applying these two theorems to the last of the precslding matrices

results in . -‘
0 0 813 311;
5 . 0 0 ‘:‘»23 32‘4
Sl3 823 0 0
S B O O 4

It shomld be pointzd ocut that ir order to use this tee for corvect
impedance measuremsnis, like the "magic" tee, it should be coupled to a
matched generator. For, during th2 procedure of tuning 'SZL'L +o zero by
Step 5, the H- arm was coupled to & matched l&ad. Therefore, in order

to saintein Sll = O, arm 3 should te coupled to & maiched gemerator.

&”‘8‘-‘;&&# ’
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To summerize, an asymmetrical side-cutlet tee czm be tuned to

sliininate the =ergitivity of the power dslivered to the detector to the

phase of reflection frcm the test 1cad. Purthermore, the tee can also

be tuned for a match looking inte the input exrm (H-arm 3), thereky achiev-
ing a totally matched but nct a "magic" tee.

It shoull be eapnssize: «in that the foregoing theoretical

analysis applies only to Junction. 1{ch are lossless and vhose arms

have the same characteristic impedance. Moreover, the matching

accomplished by the foregoing procedure willi hold only at coastant fre-

ouemcies; therefore, with & changs in frequency, the matching procedures
vill have to be repeated.

v
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EXPERIMENT

Procedure

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

slide-screw tuners. Then, with arr 3 as the input arm, matched loads on !

arms 1 and 2, and a matched detector on arm L, as shomn in Fig. 1, the

tuner on am 2 was tuned to eliminate the power delivered to the detector.

H This, in effect, decouples sxz 3 from amm );, and vice versa., It was not

. possible to decouple arms 3 and L beyond 66 db, After this was done, it
was found - as per theoretical expectations - that any adjustment of the
tuners in arms 3 or L 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

& VSWR of less than 1,02,

Then, arm 3 with its tuner waes decoupled from tne generator and
arm 1 was coupled to the generator. With a matchod lead used as termina-
tion for arm 3, the tuner in arm | was tuned to obtain a match looking

into ara 1, Here again it was not possible to obtain a VSWR of less

than 1,02,
| Thus the coupling between arms 3 and ), -~ in other words, 8311 -

was eliminated by the first process, 833 by the second, and S 1 by the
third.,

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

tuned tuners in axms 2, 3, and L, &nd has a scattering matrix

i
: -
| %1 512 513 3y
l‘ : ' 510 95 323 Sz-h
S13 53 S33 Sy
S S S 3
U, 2 3 P
g . )
!
)
i 2
'
i
; " v".c-
{ ~n
1

]
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whera 8*1, 833, and 8,& are almost zero. Tha megnitude of the wave

dslivered tv the detector i
E 8.8 R
oh T S13°wy
where Rl = Test ioad reflection coelfficient.

Therefore the normaiized power deliversd toc the detector is

el - (o] fod )

*t should be noted that in the theoretical analysis which resulted in this

equation, all the terms were normelized, such that the amplitude of ths
wave iatident on savm 3 wvas considered unity. Therefore, this equation

gives the ratio of power delivered tc the detector ¢(m arm 4 1o that
incident frex the zenerator on arm 3. Therefore the db. separation

between the two is given by

K = 20 log|Sy3| + 20 log| Sy,j + 2 log|R, |

Tnis db. separatioc is equivalent to attenuvation through the tee and can

easily be measured by first, coupling a matched detector tc s matched

generator and recor<’ag the du. output; then, coupling tae bridge arm 3

{o the same generator &nd, for any 1lcad on arm 1 and matched loads on the
othere, the db. output from arm 4 can be noted. The differerce between

the wWo will pe tne do. separaticn roegquired. 1t shouwid be empnasized

that in order io malntain the meiching widch makes 247, zero, the bridge

saculd be coupled tc a matched generator.

By this method, |Sl3! and ilsl"‘ were measured ain dbs.; that is,
the db. differcnces botweern the y.awer into arm 1 and the ocutputs from
arms 3 and 4 respectlvely, vere measured., Similarly,

‘ 31&' wEa also

measured. After “ne matching of the Junctiom as described, and after the

zzasurement of lul3 , | Sll!» ' 5 ul\ﬂ.g ’31&' ; 8rm 3 wse couplsl o a matched

ke TR
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gensrator, arm 2 to a reference metch loed, and arm i+ to 2 matched and
calibrated barretter-detector. Arm 1 was coupled consecutively to two
types of lomdis.

Of ome typo were loeads baving reflection coefficients of comstant

magnitude but varying phase. Two loads ¢f this type were used; ocxe load ;

wrd &

with & constant YSWR of 1.68, and the other with a constent VBWR cf 1.17.
The second *type of load had a reflection coefficient of constant phase

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

loads were calibrated by meene of a slotted iine. The crystal-detector

used for making VBWR measurex<iiis, with thkz slotted line, was &lso

czlibrated for accuracy.

Having measured the generator ocutput, which is identically equal
%0 the input through arm 3 of the bridge, and tixe power delivered to the

detector on arm 4, the db. separation betweepr the two was recorded. This

db. separatica is

¥ = 20 1log|R; |+ 201035, I-'-QOlogls !
1] ' 1% 3
From This equation,‘ Rli (the Ghly UNKNOWR QUANTIVY), WBS COmpUi.tt.
values of
R} o+ 1
| VSWHR = 1Rl -1
‘ | ll

were then computed snd coxperzd with the values measuvred with the alotled

line.

Data and Results

Frequency maintained constant at 94LO mes.

QGenerator cutput readiog = .1 dbs.

Witk sarm 3 coupied to gensraicr, and arms ) and & Yo maiched loads,

output reading from arm % = T1 dbhs.

o
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cisd
.

With srm 1 coupled to generator und armst 2 and & to mstched
. loeds, output resding from stm 3 = 8.3 dbs.
With arm 1 coupled to generator and arms 2 and 3 tc imatched loeds,
output reading from arm 4 = 8.6 dbs.
Therefore, measured values of i

20 log ‘8%! = T1-5.1 = 65.5 dbs.

20 log \ 813! v 8.3-5.1 = 3.2 ¢hs.

and 20 log lslh‘ = 8.6-5.1 = 3.5 dbs.

Using thae calibration curves for ihe R ma. barrvetter-detector
(which was used for nower measurements), the corract valuss of
20 log \33“ = 67 dba.
20 1log | S = 3.6 dbs.
Sl Risli=ne

and 20 log islul = 3.9 dbs.

Therefore,
20 log! R, l = N{corrected) - 3.6 - 3.9 dbs.

With matched loads on the cther arms

CRAPIF NV Vel e R mde e e D Y AN L
bl e wecmay e ———— - m————

VSWR looking into arm 1 < 1.02 .
] The VSWR of the berretier-detector varies from less than 1.01

to 1.05.

The resuits of messuresante on leoads of the rirst type {having re-
flection ccefficients of coustapt magnitude baut varying phase), for two

values of VSWE. are shown by the curves on page 30.

. The: results of measuremente on & load that had a reflectia:: CQ-

afficient of coustant phase but varying megnitude are shown by the eunrves

on page 31.
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Discussion
- The results show that tie phase-sensitivity off the toe wves alwost

removed hy the matching procedures folliowed. !‘or' a load of comatant VBYR

equai to 1.68, the error in VBWR, due to phase sensitivity, wvas = 2%; for

tha lond of constant VBKR equal to 1.2 the same error was less thaun = 0.05%. ' ;
; This relaticaship of the percantagh error to the magaitude of the losd i
VBWR shows that the mc:r sxarce of tals negligidblc phase sensitivity was

the term su Rl in the equatiom

N

- "oh\b il 1-§ll_nl

Boreover, | 83u| had already been measured tc be 65.9 db. below the input
pover, and therefore could safely be neglected for even the smalleat value
of the load rerlection coefficient, R,. An experimental checkt further

showed that with the tee coupled to the gemeratar, §.. wus mdt actaally

i1
eqaal to zero (that 1s, the VSWR looking into arm 1 was mot wnity). ‘The
procedure of fthis experiment was to cozple & good sliding short, as &
1@, o are 1. m,|81|m &lmost equal to unity, and therefore 83b
wvas nsgligible. This resulted in the equation

5 :
1 B..8.,R ‘ :
I i N j - 3_J.1l

L7 3 '1 s 8.0 are complex comstants ana | Rl' is waity. ‘“The sliding
short was then moved iilong the load arm. This was aquivalent to varying
the shase of Rl whils keeping tkhe mmgnitule ‘ R ‘ topatent ot wnity. This
varidtion ia the phase of the shorted losd waried the power P, delivered

REEE A to the detector, free o misiimae t0 & Moxisam. and vice verssa.

¥
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| %51 | By \2 {l‘ll

Crntta——-t

P = |- - |
- Lol “‘1'! \* -1 8l

and

' 2 2
R (LWL oy G VI
min. 1 +|8y) | Ry ] 1418, |

The separation between Poax. 804 P‘m, vas found to e squsl to 1.2 db.

Therefore

P_ 1l +|8
10 log M=K '.20108(-———‘£;w - 1.2 &b.

From this equation tne'v.m looking into arm 1 was found to be 1.148.
This discrepancy is mainly duve to the fact that it vas not experimsntally
possible to achieve a perfectiy matched gemerstor. Therefore, though
8,, was made equal to zero with matched loads on mrws 2, 3, and I, wvhen
arn 3 is coupled to an 1qp_errect1y matched generator, sn, is no longer
equal to zerc. Andther contributiom te this error is. frum the detector
v miw o), wnich does not stay well matched for all ancunts of power
deiivered to 1it.

FPor the lcad having & reflectios ccefficient of conatant phasge
it vas found, as expected, that the poser delivered to ihe detactor was
proporticpal to the square of the xaunitude of lomd reflection cocfficient.
The messurements m=de witi the tee compared very favorauly vwith the
slotted line zsasurements witkin the limits of experimental error.

Ir conclusion, it can be stated thal the matchirg proczdures sug-
gested Uy theory amd followed in the expexr:msmis, nroved sueceasfal in

eiiminating the phase senaitivity whiez i tae major camse of errors in

impedance msasiremats (&t one frequensy) using tha mtde-mtlet t=z.
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Preqguency Sensitivity o

Ontil now, the effect of fregquency on & stde-outlet has been i 1

A neglecied. It hes been mentionsd heretofore that-the scattering matrix !
i of & junction is a functiom of the phyzical characteristics of the junctien
% and the Trequency at which it is used. Thus, for the same junction, a

frequency shift mecessarily means & change in the values of the terms in
the scattering matrix.
The perfectly symmetrical tee does not need slignment to decouple
thes B- and H- arms, and therefore mny frequency shirt will not affect
this decoupling. However, the VleR'o » locking into the four arms, do !
changs with fregucncy. Calibration curves of ﬁuch changes in a sys-
wmetrically consiructed tee have been preseanted by Ioung,l vho has also
shown that, to obtain a match vhich wouid not sppraciably be affecied o
f'reguency changes, the matchiuag should be accomplished by elements plsced

as close-t0 the junetion a8 possible. Thue, differeat ways of matcning

have baen devi ied for different sizas of side-outiet tees.

‘ For a non-symmetrical tee, however, the decouplicg of the E- and H-
arms is 8isv mevesswry; wnd in-this tnvestigwtion it vas scvomplished, st
one fraquency, by means of slide-screw tuners plmced on the Junction arms.
S8ince theo'e tuning elements were situeted aweay frem the Jurncition point,

the desmmling ond =oifling Wors Towd wo ve xz'.squency sensitive. The

fenging avparizent wvas performed to datermine this semcitivity.

The teec was natqbad, a8 previously described, at a frequeacy of
g4k0 &cs. Them, for every change in frequency, the detector sud the
1oeds weore mafcand for no reflectiims seen looking into them. With the
watched loads on the side arme 1 and 2, ths wetched Gatector on arm 4,
the V3WE locking into 2xm 3, omd dhe ccupling ! :—;3“ between arms 3 and 4,

were msasured. Bimilsrly, with arm 1 coupled tc the generator. =rm L tn
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the matched detector;, szd the cther srms to matched loads, the VEWR

looking into ard 4, ‘Bl,. i {the coupling between 1 wnd 3}, and \slh‘ (the
coupling between 1 and 2 ; Were mgasured. Toelr mutim wvith
frequen:y are shown by the curves om page 35.

The results of the experimit show that & tee, matchsd by means

~ of slide-sczew tuners on its arms, 1s exiremely frequency semsitive.

¥ith a freqoency shift of less then i 1%, the deccvpling betveen arms 3
and 4 i= chamged by a factor of + 4O dbs., and the VBWR, locking iaisc iae
load artm 1, is affected by almost 50%. The ccuplings bDetween arms i

and 3, and between arms 1 and 4, are also sppreciably changzd. It should
be noted that the V8WR, looking into the input arm 3, was changed by a
celatively smell fraction. .A'rhis wes due te the fact that wm 3 of the
tee under experiment wss already partislly metched by & post situated

at the Junctiom. This dcmo‘tss the desirability of affecting all matchiug

by means of elements utunted a8 close to the jumction as possilie.

In order to exaxine the affects of these changes on losd maaiure-~
mente, scuzider the equation o
8_8 R
2 137141
P i®aul =8 SR
phunl

vhere P is the power delivered to the detector for & unit power inpuy tc
the tes. TFor a load of smell VBWR (therefore amall reflectios co-
efticient Rl) » 8,,R; would be zegligible, bt 831& would introduce errsrs

due to phase sensitivity. On the other hamd, for a load of large VSWR,

8130108y
8_, may Bs negligible ccapared to = ; at 1t will not be possible
» 8138y,
to neglect 8, R . Taerefsiw, sgein the tee ocutput ¥1il bs Fensitive to

the phsiss of R].' Cee 2ay think that sinca {4 18 possitile to easure the
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magultudes of 81,‘,. would be simple to compen- i

8 8 it
37 T’ T 3’
gate for the srrirs due to them. Howaver, the magnitudes of Lacss

, apd &

ter=e are not the only Gass involved in the equation. 7Their punsen must 4
alec o known., Thas it becowes ap extremsly c’zbersciaa experiment to

msesure an impedarce with such a dridge at more than one frequency.

P

Thus, wkile it is desirable to use the foregoing m:thod of matching an
asymaetrically comstructed side-outlat tee at one frequency, it is not
feasihle to use such a method for matching siuch a tee for malti-
frequency measurements. It zskiculd e emphasized that the foregoing data
apply oaly to the side-cutlat tee on vhich the experiment was rerformed.
For different tecs with different constructional provartiss, similmr data
could be obtained. However, thess data do give an indication as to

the behsviour of asymmetrical side-cutlet tees under conditicas of vary-

ing frequency.
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The thecretlcal analysis and sxperimental. investigation nave shuwn
thet a side-outlet tee which is asymmrirical in costruction camiot always

i be mmtehed to make o "magic"” tee. Moreovsr, unlike the symmsirical tee

e o

(vhich may be sensitive to the phase = icad reflection, omly dus to &
mismatch seen looking inte the loed arm), the asy:metrical tee is in-
herent’y phase-sensitive, bacause of asyametric ctupling betwzen the B-
and H-arms as well as a iuismmiched loed arm. However. thirs plisse-
senslitivity can be eliminated (with:ln the lizits of sxperimenfal fernsi-
11ity), =o thet the power delivered to the detector is proportionsl owly
te tke magnitvde of the agaare of the load reflection coefficient R;.
Thus, in general, with A ==2ichsd gemerater coupled to tha H-arm, 4 watched
detector to the E-arm, a reference matcied load to side-arm 2, ard the
testload to sils-arm 1, the power delivered to the detecior i glven by

2
8 8. R
: 1'81131 l

where Rl i8 the complex reflection coafficient of the test lcad, and Bn'k

&re camplex constants. For = symmetrical iee, 83& is equal to sero.

For & "magic" tee, toth 8_ and 811 are zero and :

3k

1
s - 8 - ™ e
1Pas) < Bl 7
t r : ! :
For a matched asymsetricel @o, 83,‘ and 8,, Are zerg, butl 8131 snd \ slhi
. are avt ascessarlly equel, nor are thay theoretically predetermined.
“hue, for the tee wnich was irvastigated, | 8“31 - 0.66, and| alﬂ = 0.638.
1 Y ]

i
!
I
j
]
[}
!
b .
[ = Hovever, fq%- both the “megic” i¢e and the mstched asymactrical tee,
} i 3
b
]
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-
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where 2 o
£ = | 813‘ '8155‘

For the "magic" tee, K 1is equal tos 1/h, but for the asymmetrical tee,
K munt de sxperimatally determined.

¥or coe Troguency off cpurstion; thks mxtehiag and liignmnt can
slvays bs accomplished b zatgs of slide~screw tuners ar other such re-
sctive elements plsced in the junction arms. ‘This nthc_.ad, however, will

only r2 feasible for & singls-frequency bridge. 8light changes in

frequency will appreciably upset itiie bridge balance to reintroduce phase-

sexsitivity and its errors. Thereiore, s matched geperator vith fre-

quency stability %a necessary for a successful cperation of such a br!.diée.
In short, it is possible to meke a "magic" tee cut of a =y=-
metirical side-outiet tee, and it is just as possible to mmke an ",nflmct

magic” tee oul of an asymmstrical side-outlet tee.
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APPEEDIX 4

Tor a lossless side-outlet tes (not necezssrily symmstrical) whose

arms hnve the sexs characteristic impedsmre, if s 3 wore coupled-to &

gonerator, wrm b to an usmacched detector, and the side-srme 1 eand 2 %0

unmatched loads, the swplicude of the wave delivered to the dstector is

glven by:
By
where
ok
!ik
and
™

Simd larly,
xol
and
E
o2
But
B
ik
where
Therelcre,
31.1
o
and -3
18

where Rl, Ry, and R), ave complex refliaciion coefficients of loads on

By 1,811 M8 +B 184, 48,8,

Amplitade of wave out ¢ arm k

Amplitude of wevs incident on arm k

Complex coefficiente of smplitude trensfer

8 .
B 18194805 5%8 B #8,,84,

T +5 5
1271278152071 35230k
E R
ok k

Comlex reflectiion coefficient of lced on arm k.

!olnl

Fog2

Boknh

arms 1, 2, and 4 pespsctively.

SRR T s T NS
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gubstituting these velues into the three egquations for Eox &ives

= f‘- T T e e A
B 218 R,) = 7. +B RS 2 RS

an(l 82?82) 823"!0118 +Bol;nhsgh y = = = = = = B
ard o!;'(1-3 Rh)c-h+! RB +E RSB, . - - - - - - C

The solution of equations A and B gives

g = 43 *Ro(85855 805813 4B Ry (8, 4R (8 8,858, ))
o (1-R;2); M1-R;B,) - 8RR,

]
Ed
20

_ 523*1(312813’-311823)"3&3" (85,20 (8) 581,878 ))

o0 - e >
(1R 8 i-R 8 -8 R
1l 2}.1)( 2 22) 1281 2

Substituting these two valuee in Equation C gives

| +B1Ra{91,(8:5353-8208, 348548157 37811853 )-81283:)

Ri8y38t “292382&*"%( 1-R Su)(1“92823' ]
I3

‘

(1-R,8,, (1R 8, (1-R,8,,) - BIR R,

-Al.qa e b 8 He aB)mt BN anlia AL ..-:—-...a \
i i RaRy ('“ 25 S.L:r"*gﬁs"civ _s“g"_;)-sa;{_g“s*,ﬁ 83182 )

o o2 o 2
L"Rh‘*“lslh+52323+)

]

<
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If; with the tee coupled zs described in Appendix A,
Rl - Rh a0
Then from the fing.i. equation in Appendix A,

, esfante
Boly = SS’L 1-8,.R,

Therefore, for

I Bou-o

8,

82283824821

R2 "

If arm 1 were ccupled to the generator, arm 3 to a matched loead,
arm b to an unmatched datector; aund arm 2 to & load of reflection coef-

v flcient ziven by Equatien A, the:

i E + + ;
| Bor = BiaB1*E10%007815%05 50

o1 = FiiB1*B R B B RSy, o - - - - - - B

\ where
{
) E
! %, =E_R, = 02534
1 B2083),-8238)
1
! i
;i Ein = EowRy
i /- i . -
I By = By
i
: since Ry =0
:| Ki3 = 30333 =0
; Thever ore
| | L
|
1
|
i
|

r'"“‘ :
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Simdlarls

B = BpB1otEoRofon By fyBa, -+ - - - - - - - C
and

B = Bttty ®a®Py © - - - - - - -3

Sciution of Bquatioms C and D gives

S E,(8,,(1-R3,. ) + B 1hszhl
2 (RBypN1REy,) - SRR,
and | i .
- By (81 1 R205) + BB S8,
ok {3 ‘f o 2
(BB, 0280 - fon"o
[T

Substituting these valnes in Equetion B glves

F-?mlsm(l-Ru‘Sm‘) + Rkslusak] )
+R,8 1&”11;(1 R8,.) +RS,,3,,] S
= B 8 +

(R8RS, - SRR, )

Substituting for

8
SRR

5‘0 5 J "'0

Zives
Y"h( 2128315182485 57 23 21;"341;'83&"‘&312' ‘|
E,: i ! ~R,, (8.332h8 +8 ssksgh)my‘s,--s 23824 g
11 Bkszh(sasshh’sausau) = 82352
In order that there be no ruflections seen looking into arm 1, it
muet be that

Bal
———— 2 ()

L
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Tharefore the num  tor of the right-hand side of Equation E ruat’
be zero, for the denominator is finite. From this; the reflection co-

efficlent seen looking into the detector is

P
& 1212754182580

R’% -
) , 5
84485127281 583,891,804 *823824,8 1),

2
L 8118255048181 183482

With I!a sod Rh a3 prescrived above, 1f arm 3 vere again coupled to

the generator ani &arm 1 to e ltest load of reflection coefficlant Rl ’
then substituting for Ry anc x, ia ihe fiz2) emwmidion for E_, in Appen-

dix A will give

B, - - —
Ure fa

[*4
vhere the complex constante

@ = 89585,(8,,85095,58,),781584,) = 81388538,

. 2
8oty ( BBl 824841, /(84,815-8,,85385),)

B = =8__8 h + i Pt e
2382 If 8,285,081 088180, 148 1,85, (B B3 -8,,6,)]
{ 811804 {851,83),-8,8),) J

Tt can be zesn that for Rl = 0, there is nc sutput out of arm &;
that is to s2y, avics 3 &nd 4 are decoupled. Morsover, the magnitude of

ici o ths phese R.. The scatiering matrix of such a

12 813
S %12 Bz P23 Sy |
13 P23 F33 O

L]

<
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Jibie b el

i Once arms 3 and it are decoupled it is always poseitlie {0 accomplish
mﬁches looking 4nto arms 2 or 3 or k. But the physical possidility of
this decoupling must first We conzidered. To do %.)m;,' consider the
impedancs matrix of a hoarm Junatlon:

L% T2 %3 Y

Decoupling arms 3 and b iavolves adding an impeilance in nre % or Z wvch
that in the resultent metrix ', iy, weuld be zero. Evidently that im-

- el Se o2l .
| | pedance would be Zsh BOges Lv 21 2 s Then

N
| (2 23 Zi2 23 %3 -y Zu Iy
i Zl2 "Z3u Zga "23!:' Z,,o -_7.-.,,, 2:2!5 -231!_

"-J. g
1. 2. -2, %, B, 5., -2

13 3% "23 T3k "33 3k
Gy Boy Zoy I3y o 2 23

c

”~”
80 the questics acw resaius if -zs., is physically possibie as a load.
Bince the junction is lecssless, all the terws in the inittial impadaace

i matrix are immginary. Therefore Z,, is imaginsry and
. . J’b‘

0 ,.S. \ zsl'. i f. o0
Such & reactive load is alweys posrible. If the junction is & degenerste
Juncticn, thn it is poseible thav

‘

or

% W Em‘ u—aﬁw-:—ﬂm:a imva:.q;:'av;.u
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In this cesz & sliding short would accomplish the decompling. How-

ever, for o side-outiet taz

I4

o <]zl < =

(N

Therafors a slide-=crey tunsr or any other cuch rzactive elemant waiild

suffice.

It should be motad that if Z3u ware coxplex, the junction would
not be lossless, and reactive alemerts such as sl.ding shorts or slidc-

serew tuners would oot enable decoupling of arms 3 and b, Bimilarly.

if the reactive elements hadl clight losses; thon also complete decoupling

of two arms. of a lossless junction would not be possible.

Thus it is nhown theai it is possible to decouple two arms of a
lesslecs four-arm junctiom.

Onrs A 2= mmde @
ety - s z

A mede zers, then arm 3 cun be tuned; without affecting the

decounling, to see a match looking intc arm 3. Then, by siailar

tch is seen lsgking into

procedurs; aram 4 could be tuned sc thst & ma

ezm 1. The regultant zsattering xatrix wvould de

. N
0 812 813 31-“

S Bio Bz 8p3 B2
813 823 0 )
P B O By

e (77 0 o P T e L B S oy S D S SRR TR, YT A e TR B R R e R T
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charectaristic impedances aad whoie scattering mate

LT LA -

Bince the junction i= lossless, the above matrix is a uaitary matrix.

AFPEEDIX C

Consider & lossless fomr-arr juncticea vhose arms have idezntical

4 N\
0 8, By By,
. 812 By By By
B3 83 O O
Lsi:a‘ S ¢ By

Therefore, there wvill be six equations of the type

b
—

\( 3 kg*k= v
kat 2t e

azd four egquations of the type

Substitutizg for

arnd sclving the above ten equations will result in the following five

matrices vhich would express the jJunction:

o B N R b S D e A R i s By AT A e, TS LA L S 2 LY s oy R S e S e T o s S i s o 47

o O
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O
O
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’
Q 4] 1l 0 j
0 0 0 b 8
2) 8 -
1l 0 0 0
LO 1l ] (o]
/s
P’ -
o 0 0 1l
0 0 1 0
3) B =
0 1 0 0
Ll 0 0] 0
/
< N
0 ¢ 1 0
0 8 0 3]
‘ 4) 8 = 22 2k
l 0 0 0
0 ) o] 8
2l Lk
L. * A
vhe | '3
re ‘ 22} - | ‘
and
/
|
Iy o o Sr S'.;l
: 5) 3 . 23 L3
i 313 323 0
. - '
B B © O ]

Of ihese five solutions, only the laat matrix defines e side-
cutlet tee, The other four apply to degeaerate juncticns which cannct
fuifil the rrimerily imposed ccmditione without the comlete decuupling,

from the junctiic. of two of (i four awms.

B B 5 L T R R

i P R S 5
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Thus, for a side-outlet tee, froa Sclution 5,

* . *

8 .
23 Sll& 23 2%

and

Therefore

\823\; - \81u'| 'Jl'!sl?,! "Jll'isau!‘a

For iho symaetrical tee {i.e., “magic” tee), since
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In the exparimental measurements which were made; a crysteal was
used for measurinz YSWR and an 8 pe. barretter was used for power dstsc-
tion. For aceuracy, it was found necessary to calibrute the crystal snd
5 ma. barretter. They wera calibrated with r-apect to a % ma. b;rretter
and an attemunator which, in turn, were calibrated against the sine wave
distribution of the stapding wave inside a shorted line.

First, the 4 ma. darretter was wssd for detection in a PRD sliotted
line which was connected to a short as shown in Fig. 1. Assuming the
slotted line to bLe lossless, there would be a cinusoidal standing weve
set up in the line. Vith the attenuator set for zero attenuation, the
positicns along the slotted line of two adjacent minims Feic messurad.

Since the terretter rectifies the sine wave; diastance betwesn these two

o~ oty

measured positions was identicclly half the guide wavelength, as showm in

Fig. 2. The position of ths maximm 2ies halfway between these two miri-

1m5 and the half=powwer points lie one-twelfth of s wavelength op eithex

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

the barvraiter reading wvas noted. The probe w=3 then shifted to a half-
Dower point, and agalz the barretter reading noted For a sine-wave

digirizgtion, vhich was assumed, the actual difference Lietween these two

puwer dlevels shvula LS G.O8 uus.e This wos cooparsd with the mepsured
value, The prote was then re-shifted ¢ the positicn of puximum and the

sttenuator vas adjusted to decreane the vairetter reading by an amount

equsel to the db. difference betiwsen the preceding wwo barretter re.iilngs.

ferencs batween thene two reedinge rzcorded. These steps were repeeted
watil the atienuation reduced the eignal to nolse level. Tnie orocedure
essentially cajibrated the 4 ma. barretter and the attenuator Lz steos of

6 abe. euach.

|
I
t
}
1
|
!
l - (RS - ]
i Ageln Tas prove weaes placed on the asme hulv-power point and the dif-
1
]
1
{
}
i
f
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l
|
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The results ars tabuiated 1x Teble I and the calidbration

curves plotisd ia ¥ig. 3. The barretter curve shows that ia rauge

of meter-remdivgs hetwesr: 23,7 db=. to -60 dbs., the barretter-

detector reads accurately. It 1s ror higasr attenuation resdings that

the peagurel vealues deviate firom theorctical values.

nesulis

Poaitions of adjscent minima are 9.55 cms. and 11.77 ex:.

Therefore position of erciosed maximm =  9.55 4 ill ” 2:22

= 10.66 cms.

) .77 - 2.55
Probe position for half-maximum resding 11.77 -

= ll.hO ces,

With zero atteonuation arnd prohe at maximm position barretter-detector

reading = 23,7 dbs.
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Table I
8lotted Actuni B mAttemtiou Measured Atteaua~ ot
Line Attenua- by Barrciter-Detector tor
Position  (fe.)  nesting | stea e
{cme?) (-dbs.) {abs.)
10.66 0 23.7 0 o
11.4e 6.02 29.7 6 )
10.00 G.32 3.7 6 24.8
11.%0 12.04 55.7 12 24.8
10.66 12.04 5.7 iz 3.7
11.40 18.06 bi.7 18 34.7
‘ 10.66 18.06 k1.7 18 k2.3
1.40 2h.08 47.5 23.80 k2.3
10.66 24.08 47.5 23.80 50.2
i1.hko 0.1 53.5 29.80 50.2
10.56 30.10 52.5 29.80 56.1
] 11.40 36.12 59.5 35.80 - s5€.1
10.66 36.12 59.5 35.80 €1.5

H
f
H
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For the caiibration of the 8 za. verretier the experimeont was
aet up 35 shown in Fig. 4. The sttenuation was varied in steps of
65 drs. each, apn determined by the atienuwaior caiibraticn. And the 2ilenu-
stions read by the 8 rm. barretter-detector were recordsd for zach step.

The following data were obtalned:

Table 1II
Attenua- Attenua- Attznuaticon Mcasured
tor tion vy basTetter-Detector
Resding (ab.) Meter Attenus-
Readinz tion
("dbs. ) A(db‘o )
(o] o . 7.0 o
24.8 6.02 12.4 5.4
3k.7 12.04 8.k n.k
42.3 18.06 23.8 16.8
50 . 2 2h . 05 29 .9 22 .;
56.1 30.10 35.9 . 28.9
€1.5 36.12 h2.5 35.5

Tne calibration curve for the 8 ma. berretter is given in

.

Fig. 3.

r _...__..___
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2 Tne oxperinental set-up for the calibraticn of the crystal is
showm in ¥iz. 5. The load consisted of a 2-slug tramsformer {Sperry

Qyroscope Co.), followed by a slide-screw tumer (Hewlett-Peckard), snd

I Wl I

then a resistive load. The voliage standing-weve ratio (VBWR) of tais
couposite load was varied by varying the peneiretion of the slide-screw
in the tuner and the VSWK was measured, using the slotted line, first

with the 4 ma. barretter, and then the crystal. The ypower level at

vhich these measurements were msde was within the range of accurate

barretier readings. The results are tsbulated i Tsble III, and the
calibration curve plotted in Fig. 6.

.
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The calibratica curve shows that the crystal deviates from

accnrzcy 2o tha VBWR 1is increased.

Table IiI

VoOuR mcasured

VBWR measured

corrzetly with with erystal
% mm. bexT=tier in slotted
in slotted iine line
<< 1.0 << 1.01
«< 1m << 1.01
< 1.01 < .01
1.015 1.02
1.0 1.045
.07 1.095
1.17 1.20
1.31 1.42
1.57 1.82
2.00 2.43
2.90 3.52
3.20 3.50C
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APFEEDIX B

The procedures for obtaining {1) = load having reflections of
constant magniitude but verying phsse, and (2) a losd hawving reflecticne

of constant phase but varying megnituade, are ss followas

(1) A "Microline® two-nlug trausforzer, a Hevlett-Packard siide-screw

tuner, z2nd a resistive load couplied a3 shown in Fig. 1 constituted
the 1lowd. PFirst, s match was cbtained looking into the tuner and loed.
Ther, with the separaticn hetween the alugs of the transforner mintained
constant, the pgeition of the slugs was varied to shift the Thase of
reflection from the lnad, Howevar, it was observed that with the shift
.in position of the slugs, the VBWR of the load alsc veried. This wvas
compensated for %y varylug the penetration of the slidé-acreyw; the posi-
tior cof the screv vaa maintained constant. Fhwve, with the alugs'
separation and siide-scrsw position held constant, the slugs' position
and slide-sorew pematratica were varied o give & loed of consiant
reflection megnitude, but varying phase.

A PRD slotted lime with e salih=::2" crystai-detector was used

To mes=uvz Lhis yoWR and the posivions of miniwum voltege.  The latter

vas & measurs Of the pusse. The following data were obteined:

Fregqueccy = 9kl sws.
Zero error oz slug separatioit vernier = <+ 0.02 om3.
Ccopatant alug sevaration rezding = 2.33 cms.

Coasteat siug separation {sctunl) = 2.31 cms.

*

See Apperdix D for cslibration curves.
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Po:1zgon Tuner Scrow Pos?%gon Phase

om  Recing . (corrauted)  (emse  (cm:)
1.30 3.45 1.68 10.23 0
1.56 3.38 1.68 10.45 0.2
2.00 3.38 1.68 10.97 0.4
2.50 3.31 1.68 11.49 1.26
3.0 3.38 1.68 11.93 1.70
3.50 3.217 1.68 12.48 2.25
4.00 3.342 1.68 12.65 2.712
L.50 3.342 1.68 13.28 3.05
S0 3.3§5 1.50 13.80 3.57
5.50 3.580 1.68 1.2 b0
5.00 3.40 1.68 i%.73 4.56
6.50 3.35 1.68 15.31 5.08
7.00 3.35 1.68 | 15.78 5.55
T7.50 3.&2 1.68 16.27 6.0%
8.00 3.21 1.68 1£.81 6.58
2jce 3.322 1.68 17.30 7.07
8.70 3.322 1.08 Ly Toe

K.B. ~ Due tc leck

tion and posities ware

readiongs.

¥ mechanicel rigidity i. the slugs;

the slug separe-~

always erproached in the dlrsciiva of lneressad

R
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N s . -
65 :
A seccsd loed of constant VEWR equel te 1.2 was also cali-
brated by the saa> bprocedure, giving the following data: "
Frequency - 95k0 mcs. 5
Constant sluz separation resding = 2.4l ‘
L-. Actual slug slseptrati,on v 2,70 cmas.
Slug . Vatn ;
t Pgsiticn Tunc: Screvw Pasition Phase
i Reading Penetration VBWR Rsading Shift
(cms.) Reading (Corraelt.ed) {cws.) (cms.)
1.30 3.45 1.7 10.21 (2,
1.50 3.40 1.17 10.ko . 0-19
2.00 3.30 1.17 10.9C 0.69
2.50 3.4 .47 11.4%8 l1.27
" 3.00 3.49 117 1.9k 373
- 3.50 3.22 1.17 12.53 2.31
k.00 3.25 1.27 iz.93 2.72
k.so 3.76 1.17 13.40 39
5.00 3.51 L7 13.78 3.57
; 5.50 5.17 1.17 .11 3.99
i $.00 3.2%5 1.17 875 k.sk
| 6.50 5.155 1.17 5.1 b.gk
| 7.00 3.585 1.37 15.80 5.60
; 7.50 1.535 1.17 16.20 5.99
| 8.00 3.205 1.17 16.78 6.57
E 8.50 3.26 1.17 17.26 7.05
&.70 H.255 1.17 17.38 T7.17
{ - — S
|
a &
|
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{2) The second load was made up of the same cComponeits as in

Fig. 1. With tke slide-screw of the tuner completely rewoved, the
load was matched by means |ot the two-glug trausiormoi. Thsh t'.:zq BCTTY
was replsced, and for different pezlmtre.t;on positions of the rorew, the
VEWR snd tho position of minimam voltlgelﬁre recorded., Tt was observed
that {his method provided a good veristion in VBWR from less than 1.01
to 2 wilukdut mch c§:~n3e in pheae of the reflection coefficient. The

followiang data were obtained:

Frecuency = 2k%0 cms.
Sluy separation reading (comstant) = 2.45 cms.
Actual slug separaticz {comsiant) = 2.43 cms.

Slug position reading =» 2.77 cms.

Vmin
81lide-screw Porition
Penetration VSWR Resading
Posjticn 1 (Corrected) (cms.)

k.50 << 1l.C1 S -

.25 << 1.0l »

u.éo 1.0) -

'3.75 1.015 10.43
2.50 1.0 10.43
3.25 1.08 10.43
3.00 1.16 10.5¢C
2.75 1.33 10.40
2.50 1.60 15,46
2.25 2.20 10.41
2.00 3.25 10.35
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67
~ Scme clarificstion is nzcessary in the resdings on the
twie-zlug treazformer znd the sllde-screw tuner. Thsrefore a dascrip-
tion of the two 13 in order.

The Microline transformer, Fig. 2, consists of & slotted wave-
guide section in vhich'two dielectric sluge are ipsaerted. ‘These sltiga
are free to slide eciong inside the gulds and arz sttached through the eslot
to two posts which are mechenicslly coupied to .ach othar by means of &
screw. Turning this screv enshles the alieration in the separation
between the posts end therefore betweca the slugs. A scele and vernier
are mcunted on the posts to measure this separation. This vhdle system
is mcunted on a carriage which 2lides alorg the outside of the guice,
thme varvims the poziticn of the two slugs inside the guide without
affecting the ecparatiocn between them. A scale ana verrier are mounted -
the scale on the gulde, and the vermier on the carriage - to indicate
the position of the carriage and slugs with respect to <che guide. The
readings on this scale snd vernier merely indicate relative positions and
thaerefore no avsolute pasiticn refercnce 15 assumed in the measurements.

The Hewiett-Packard slide-screw tuner, Fig. 3, coneists of a
slotted wavegulidc section on wkich a carriage, carrying a conducting roat,
is mounted with the post inserted intc the guide siot. 8 varriage
can elide along tre guide, thus varying the position of the post inside
the gnide. The :.:acs_at is coupled tc the carriead> through a screw-gaugs,
the scale ca whickh resis positive in the direction away frow the guide.

Therefore sa iscrement of acale vrRadinz alsnifies s decrease in the

peaciration of ihe scrvew into the gulde.
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