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ABSTRACT

In this thesis an automated

measurement sYstem

complex re f lect ion

is develoPed and

six-port network

divider and a 90

consisting of a five-way symmetrlc power

hybrid is the heart of the sYstem'

The six-port is calibrated using a matched Ioad, four

short circuited lines and a ner¡ calibration procedure which

minimizes errors due to system imperfections. This

procedure also allows the use of the same calibration shorts

for the entire bandwidth of the instrument. In the past,

different shorts vtere needed for each frequency' Four

simpJ-e diode detectors are used to measure the power at four

ports of the network and from these the reflection

coeff icient is determined.

The temperature (and electrical characteristics) of the

detectors l¡as stabilized using a temperature controlled

oven. Details of this oven are given in this thesis. The

detectors vrere characterized using a fourth order polynomial

relating the incident microwave power to the output dc

voltage.

coefficient of

six-port microwave

tesÈed to mèasure the

microwave devices. A



The system was tested over a 200 MHz bandwidth centered

at 1 GHz. Results show good agreement (within a few

percent) for most of the band of interest. Deviations of up

to 15 percent were found at the upper band edge'

V1



Chapter I

INTRODUCTION

Refi".lion coefiiciént measurements have been performed

for many years with instruments such as the slotted line,

directional coupler, microwave bridge and the automatic

network analyzer (lN¡). In 1977 the complex reflection

coefficient h'as first measured using a network device known

as the six-port reflectometer t1l. This thesis describes

the development and testing of an automated six-port

reflectometer system. The system is made up of a five-way

symmetrical power divider, a 90 degree hybrid junction and

four diode amplitude detectors ; with control and data

acquisition provided by an HP 85 desktop computer'

chapter I of this thesis is devoted to necessary six-port

network theory and a description of a few previously

reported systems. The six-port reflectometer determines the

reflection coefficient of a terminating device by measuring

the power at four ports of the network. The reffection

coefficient is calculated from these power readings using

equations derived from six-porL theory l2l and seven

pre-determined calibration constants. Chapter II introduces

background six-port theory and presents a new procedure [3]

for determining the calibration constants whieh minimizes

1
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errors due to system imperfections. In this procedure a

matched load and four short circuited coaxial lines are used

to calibrate the six-port system at any frequency within a

specified frequency band. This new procedure allows the

same set of reference shorted Iines to be used to determine

the calibration constants at any frequeÀCy in the band.

previous procedures needed four Iines, each of specific

length, for each calibration frequency'

The actual six-port system and its components are

described in Chapter III. The software f.or both calibration

and determination of reflection coefficient are aÌso found

in Chapter III.

The electrical characteristics of the diode detect'ors

used to measure RF povrer change significantly with

temperature and are a major source of errors. For this

reason a temperature controlled oven was designed and built

to house the detectors and stabilize each detector's
I

temperature to within -t- 0.5 o Cì. Each detector was

characterized by measuring t,he detecLor's output dc voltage

as a function of input RF power for a prescribed range of

power levels. rhis voltage versus poner data was applied to

a curve fitting procedure to determine the coefficients of a

fourth order polynomial which relates the voltage to the

input povrer. The RF power incident on a detector could then

be closely estimated by measuring the dc voltage at the

detector output and applying Lhe polynomial approximation'
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\.¡ith the details of theChapte r

detec tor

IV of this Paper deals

power calibration.

chapter v presents results of experimentation with the

reflectometer system. First the calibration constants were

determined f or the f requency band of interest , 200 l'tftL2

centered at 1 Gtlz, in 50 MHz steps. TheSe results are

compared to ideal calibration constants and to constants

found for the same six-port network by another investigator

t1 1 I using a different calibration procedure, with good

results. Secondly, the SyStem was used to measure the

reflection coefficient of several loads at different

frequencies. These measurements were compared to those made

with an ÀNA and a slotted line with agreement to within a

few percent for most of the frequency band'

Chapter VI Presents

comments on the use of

conclusions and includes some general

the automated six-Port sYstem.

The rest of this chapter is devoted to

network theory and a description of

reported systems.

necessary six-port

a few previouslY
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1.1 PREVIOUS SIX PORTS

In 1972 Hoer and Engen l2l publ-ished their work on a six

port measurement system which made use of simple ampl-itude

detectors and several directional coupi-ers to measure the

power incident on a l-oad. Àn eguation is derived from the

scatter ing parameters of an arbi trary six-port junction

which reLates the net power at the test port to the power

measured at the other ports.

MICROWAVE TEST LOAD

souRcE, 1 J

Figure 1 .1 : AN ÀRBITRÀRY SIX-PORT NETWORK

For the system shown in f igure 'l . 'l we can vrr i te

b¡: s¡jaj
6sl¿ i:1 6 (1.1)

l

and at ports 3 to 6

j:3 6

r\J STX _POKT

a¡ : b¡f ¡
(1.2)
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wher. fj is the reftection coefficient of the power meLer

terminating port j and is considered f ixed. The ai and bi

are the complex amplitudes of the incoming and outgoing

waves at port i. These ten linear relationships of twelve

termi na1 yar iables can be useQ !g solve foF any ten

variables in terms of the remaining two. For instance :

where ri and

parameters of

bi : ria2l- t,b2

ti are functions of l¡

the network. We can

(13)

the scattering

power at port i

i =3 6

and [S] '
wr i te the

as

P¡: tb¡12: tr,t2ta2tz + r¡tiazb; + rit,aiø, * tr, tztbrtz í:3 "'6

Now I a2l an¿ lbzl could be solved for in terms of P¡ (i : 3 " ' 6)

and

(1.4)

(1ÐP zn",

6

lbzlz-loztz:E
i=3

q Pi

where Q¡ are functions of [S] and fj only and are the

six-port constants to be determined. To find the Q¡ , port

2 is 'f irst terminated with a power meter so that P2 is known

and Pi i = 3 '" 6 are measured. Now the power meter is

replaced by three offset shorts with Pz - 0. Pi are again



measured and

determine q¡

f igure 1.2.

eguation ( l. S) is inverted and

The actual system tested in 1,2) is

6

used to

shown i n

LO dB t0 dB

¡

3 dB', 3dB

SOURCE
LOAD

Figure 1.2: AN EÀRLY SIX-PORT NETWORK

where all the components are X band waveguide. This system

agreed well with generalized reftectometer measurements to

better than 0.25 eo when measuring power incident at port 2.

The magnitude of the reflection coefficient for a load at

port 2 can be found by taking the ratio of b3 tob4. But to

measure the phase, frequency conversion is necessary adding

expense and complexity to the system. Modern day automatic

network analyzers (eNe) use frequency conversion and are

indeed very complex.

Engen cont inued work on

devel-oped a system , [1] and

couplers and a hybrid) which

the six-port and in 1977

Ia], (using three quadrature

measured both magnitude and

0s c(5

0e c(6

/^u
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phase of the refl-ection coefficient of a terminating device.

Four simple amplitude detectors were again used. Figure 1.3

shows the system.

-J+ á(I'f + (l + j)\Æl '* uír" - (r - i)\Æl

* ur" - jvz) . b\ß
-1 2

bv3
f¿

b

Figure 1.3: À PROPOSED SIX PORT

In general for the power measured at the four deLectors

we can write

P3: lbs]: lAa2+BblT, (1'óa)

P4: lCa2+Dbzlz (1'6á)

lE a2+F bzlz
(1.6c )

a

Ps

P6: lG a2+H bzlz (1.6d )
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where À H arecomplex

system. Equations (1.6a) ...

determined Þy the

be rewritten as

constants

(1.6d) can

P3: lA12 lbz?lf¿ q3l2

Dr5 tE l2 tbztz llr - qslz

P 6 : lG 12 lb2l2 lf ¿ - q6l2

(1-7ø )

(t.7b )

(1.7c )

where

We can

B4t: - e
FQt: -E H

Qu= -ã and I'¿ = a2 / bz
t

If we can design the system such that C=0 (which is

nearly possible for a good directionaì- coüpler incorporaLed

in the six-port and well matched detectors), and consider Pa

to be a reference power, then

Ibzlz:Pa/tDP (18)
o

eliminaLe tbrl2 ín (1.7) with the result

D
A

2
P3ll'¿ - qtlz:
P 4

lf¿

D
G

D
2t6

- o.tz = ILP !1^J E P4

P
lf¿ - qø12:

4

(1.e)
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r f et. es, Qe, P t, P a, P s, P r,, lD /A l2,lD /n tz and lD /G Û are known we

can represent these eguat.ions as three circles centered at

Ql,Qs,Qø (known as the q points) on the complex f¿ plane.

qs

lî, - q5l

UNIT CIRCLE

q6 lI'¿ - 96 I

Figure 1.4: A POINT DISTRIBUTION

The intersection of these circles within the unit circle

determines the value of f¿ in both magnitude and phase. The

constants lA l, lD I , lE I and lG I are evidently, f rom eguation

(1.9), scale factors which determine the power Ievels at the

four power meters for a given load. These are chosen so

that the power Levels are compatible with the power met,ers.

Details of the determination of Qt, Qs and Qo for the system

of figure 1.3 were not disclosed. However, the optimum

design criteria were given in t4l as 1)lq3l = lq5l: lq6l: lql,

2) their arguments differ by 120o and 3) the lql lie in the

qt

lf¿ - qtl
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range of 0.5 to 1.5. The six port of figure 1.3 only

approximateLy fulfill-ed these criteria and six-port

reflectometer work was continued by Riblet and Hansson [5],

[6], Cullen et al 17), Cronson and Susman [B], D. woods t8l

ald others. The six-p9rt deve,Ioped by Riblet and Hansson is-

of particul-ar interest because it achieved the ideal q point

distribution given by Engen t4l using a matched reciprocal

Iossless five-port power divider similar to the one used in

LO dI]

SOURCE TEST DEVTCE

Figure 1 . 5: RI BLET'S SIX-PORT

this thesis. Riblet's system is shown in figure 1.5. The

detector on the directional coupler monitors the power input

to the five-port and is known as the reference detector.

The scattering matrix for a symmetrical reciprocal five-port

has been proven (by Dicke t10l ) to have the scattering

coefficients given by

P 
^er

5_POKT



S12 : Srs : [sr + 2s2cos(2!) + 2srcosl+f) l/5 (1.1 r)

s13 = s14 : [sr + 2s2cos(af) + zs rcosçz!) ) / 5 (1.12)

where St, 52 and .S3 are eigenvalues which represent the

refÌection coefficients of three eigen-excitations of the

junction. Because the device is assumed Lossless, these

eigenvaLues must have unit amptitude. I f we arbitrarily

choose the phase of 51 to be 180owe have

st: *1

(1.13)

srl : (sr + Lt, +- 2s) /5
11

(1.10)

(1.14)

that .Þz = t 7550 since

Substitution of þz and 0¡

j6zsz: e

s3 : 'iót '

AIso if we assume a matched junction condition t¡e have from

(1.10)

511 :(Sr+25z* 2S¡) /5:0

and upon substitution of (1.13) tt¡at

"i6r+ri6t=l/Z
or

cosg2 + jsin$2 * cos$3 + jsin$3 = 7 /2

Inspection of (1.14) shows

sin$2 : -sin$l and cos$2 : | / 4

inro (1.11) and (1.12) yields



lS12l : lssl:Il2

12

(1.15)

= 1,2r3, PR is

Z and öz are

o

.Z^stt=ZS12:t l2o

This shows that the five-port acts as a four way egual power

divider.

RibIet and Hansson t 5l bui It two f ive-port r ing

structures using RT duroicl stript ine with measured

scattering parameters close to theoretical values. In 1983

a six-port device was developed by Jagdish Girimaji t111.

This system was based on Riblet and Hansson's and figure 1'5

can be referred to as the system diagram for his system.

The six-port theory related to Girimaji's system follows

very closely with that used by Engen and Hoer l2l which will

be described in greater detail in the following chapter'

What is important at this stage is Girimaji's calibration

procedure since it is essentially different from the one

presented later in this thesis. In the next chapter it will

be shown that the basic equations governing the six-port

system can be generalized as

P¡

PR
" x,2 lf Ltz + 1+2xì lI¿ I cos(ö- + 0¿)

tt) tLtDi t 
zz tlrtz + I + 2z lf¿ I cos(ö¿ + 0z)

where Pi is the Power measured

the referenee incident Power;

at detector i

lß¡l , xi , 0r; Í
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the cal-ibration constants to be determined. ll-¡. I and ö¿ are

the refl_ection coeff icient magnitude and phase,

respectively, of a given load at the test port. I f a

matched load is applied at the test port then f¿ - 0 and v¡e

see bhat lfj I is easily determined from Pi . The remaining

constants are found from the measured powers by applying

four loads whose reflection coefficient are of known phase

and unit magnitude. D. Woods [9] presenled a solution

whereby the shorts must have spec i f ic values to avoid

numerical singularities. This is an important difference in

the method described in this thesis, where the loads are of

unit magnitude but of arbitrary (but known) electrical

length.

To calibrate the six-port according to Girimaj i's t1 1 l

procedure we apply a matched load (to determine the lArl as

described before) and four shorts of known phase and unit

magnitude.HechosefL:1,-1,j,and-jasthecalibration
standards. The test loads are applied one at a time and

four power measurements are ntade for each Load. To

determine Z and öz we first normalize the measured powers

with respect to the reference powers and lB¡ I which have been

previously determined by the matched load terrnination, thus

Pi:-
PR lBilz

R¡i (1.16)
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form and using the normalization ofWrrtrng

(1.16)

(1.15) in matrix

we have

Rt¡

Rzi

R¡i

R1,cos$1 -R1¡sin$1
R2¡ cos$2 -R2¡ sinQ2

^R3¡cos$3 -R3¡sin$3

1 cos$1 -sin$1
1 cosS2 -sin$2
1 cos6, -sin$3tI tI

l+22
2Z cosþ,

?Z srnþ, lI
l+x i2

2X¡ cos<|¡

2X¡ sinþ¡

(1.17)

(1.18)

(1.1e)

and Ro¡(1 + Z\ * À0, cos$6 7Z' cosþ. - Ro¡ sin$ç ?Z sínþ¿

: 1 + X,2 * cos$q 2X, cos$'¡ - sin$s 2X, sin$r,

Azt (z * ïl / 2 + A22cosS2 *.423sing z : 0

I Arrltz - ArrArrl

l^rrru, - ,"nl

The solution of this matrix equation (see appendix A) gives

1Aú(Z + ) /2 + Apcosg, f .413singz :0
Z

I
A3L (Z + ) / 2 + A32cosþ7 *.433sin$z : 0

Z

The first two equations when subtracted yield

þz : TAN -1

Once öz has been determined we can find Z from

Árr(1 + z\ + Arz(?zcos$') + tl n(E sin$z) = 0
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r+22+22

When these equations are rewritten as

and

they can

ambiguity

device, z

( t r2cosgT +e rrsing, l

t- An 
,|

f A12cos$, +A13sin$r'l

[- a" 
1

-0

Y

1-zZY +22=0

be solved by use of

in f + Yz-l is

l11l).

the quadratic equation. The

overcome since for a Passive

Now the powers at the four ports are measured for each of

four shorted Iines of known electricat length terminating

the test pcrt. These powers and the previously determined

Z and $2 are applied to (1.15) to determine the remaining

con stants .

The described system and calibration procedure ltere found

to work very well with measured accuracies approaching those

using an ÀNÀ. The main problem is that the reflection

standards must be near exact to specified values and a new

set of standards is needed at each calibration frequency.



ChaPter I I

SIX_PORT CALIBRÀTION THEORY

The first part of this chapter is devoted to the

derivation of the basic eguation v¡hich rel-ates the six-port

constants to the por,rer readings and the reflection

cc,¡efficient of a device terminating the t,est port. This
:1! i

equat ion i s then used to obtain equät ions for the

calibraticn constants in the new calibration procedure.

Finally, the basic equation is cast in a form for evaluation

of the load reflection coefficient from simple povrer

readings.

2.1 GENERAL S I X-PORT EOUÀTION

Às previously stated, [1], the relationship between the

response at a given det,ector port i and the load at port 2

of a f our arm junction is b¡ : ri a, # t, b2 . lle can

extend this relationship to a six-port [4] and write the

response at port 3 and reference port 4 as

b3: Aaz + Bbz (2.1)

b4=Ca2+Dbz

16

(2z',)



wher€ A,

egua t i on

Letting

able to

B, C and

(2.1) by

D are complex constants.

(2.2) and use l¿ = a2 I b2 we

11

I f we divide

have

b3 Aa2 * Bb2
- o 

(*r' * t)
cf L + D

1, 50

(23)

(2.4)

(2.6)

with appropriate

tha t

b4 Ca2 * Dh2

scaling ( see

G

t7] ) we can assume D

f¿ +1)

cf¿ + I
Itt
--:- - B
b4

Xe we are
B

wrire (2.4) as

b3 x"i6' lrrlejö" + I (2Ð_:
b4

D
7"iúz lrrlej6' + Í

The product of (2.5). witt¡ its complex conjugate yields the

following power ratio,

jö, - A z ejö' :c and ll"l ei6' :r"

P3 bþ 3 tB t2
xztlrtz + I + ?s( lf¿ I cos(ôx + 0¿)

t

P 4 bqbÅ zztTLtz+l+22 lf, lcos(ôz +ô¿)

equations for Ports 5 and 6 are of

the general equation

Since the

identical

power ratio

form, w€ get

P¡

PR
IB,l'

x,21r-, tz + I * å¡lf¿ I cos(q,¡ + S¿)

zztlrtz + I + 22 lf" I cos($z + ör)
(2.7)

This equation is used in

theory and will be referred

many

to as

applications

Ehe six-port

of six-port

equation.
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2.2 NEW CALIBRATION PROCEDURE

The degree to which a six-port can make precise

ref lecL ion coef f ic ient measurements depends on the accurate

determinat ion of the cal ibrat ion constants and accurate

power meter readings. fhis section presents a cal-ibration

procedure which minimizes errors due to power readings or

other system imperfections. The procedure was developed by

J. DobrowoLski et a1. , t3l .

2.2.1 Calibration Standards

In chapter I several six-port systems were discussed.

The system developed by Girimaji Ill] worked welL, but the

four reflection calibration standards had to take on

specific values of l¿ = 1, -1, j, -j. These loads were

implemented by cutting and shorting specific lengths of

coaxial cable such that the electrical Iengths fulfilled the

input reflection coefficient requirement at the calibration

freguency. The task of cutting and trimming exact J-engths

of line is difficult at best. This also caused problems in

broadbanding the instrument because the phase of the

reflection standards quite obviously change with frequency.

In the calibration procedure presented here, the reflection

standards can be of arbitrary (but known) electrical

length. Dobrowolski I3l shows that the optimum phase

separation between the standards is 90o. Às such four short

circuited Iines were cut from coaxial line so that at the
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center frequency the reflectiorr standards were approximately

1 , -1 , j and -j. The exact phase was measured on a slotted

line at the center frequency and any changes in phase due to

changes in frequency could easily be calculated. Thus the

six-port can be easily cglibrated at a new frequency using

the same calibration standards.

The phases of the standards were measured on a slotted

Iine using an SMA short circuited connection to establish a

reference plane on the test port of the five-port junction.

The measured phases in radians at 1 GHz were as follows:

0o:0.433n., ör:r , öz:-0558¡r and Ö¡:-0.05dtr If we

consider a Smitih Chart representation, as in f igure 2.1, v¡e

can calculate the physical length Xj or the electrical

lengt,h Ö¡ at any freguencY using

(- - ö;I xj (2.8)

2n \o/z

t - 0i is the clockwise angle of the standard j from the

short circuit position on the Smith Chart. lnitially, ôt

the center frequenCY, we can calculate the physical Iength

X¡ of each reflection standard using (2.8) and the slotted

line phase measurements Ô¡, j=0,1 ,2,3. When the frequency

(hence navelength) changes, we can calculate bhe new phase

angle of the reflection standards by replacing }i0 by the new

wavelength, Xj by the value previously calculated and solving

(2.8 ) f or <¡, .



The Smith

standard for

intervals.

Chart of f igure 2.1 shows

the frequency range 900 to

)(\

phase of each

MHz in 50 MHZ

the

1100

ç)/'
- z-.11

\
l
I
iir'
I

-t,

I

-t-

I

I
¡

\

900

ôo

SH OKT O

OKF 1H

Hzl 100

SH ORT

ôz

Figure 2.12 Phases of Reflection Standards



2.2.2 Calibration

The equation relating the Power

constants was found in section 2.1

21

readings and the six port

to be

(2.e)Pi

PR
" x,Z.lf t.12 + I + 2xi tf¿ I cos(4; + 0¿)tlttt'--* 

rr;rz +r+zñ

The power readings will of course differ from the actual

power (due to detector inaccuracies etc.). The calibration

technique to be described will attempt to minimize these

errors. First a matrix equation will be derived from (2.9)

and then an iterative procedure, used to minimize errors'

will be presented.

For a given load f¿ : lf¿ I Z Ô¿ applied to the six-port

we obtain three detector povrer readings P¡, i:1r2,3 ; as well

as a reading of the reference power PR. If we apply a

matched load ( I¿ = 0 ) we see from (2'9) tt¡at the constanLs

lBil can easily be determined. It wiII be shown that the

balance of the constants in (2.9) can be determined by

apptying four unit magnitude reflection offsets of known

phase ( 0, , j=0 ,1 ,2,3) . Each detector po$rer reading can be

normal ized by dividing by the reference povrer and the

appropriate lBil. For detector index í=1,2,3 and calibration

standard index j=0,1 ,2,3 this is

Pi
i : 

P* lßrl'
Ri

(2.10)
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the basisThe

for

If

of f set

twel-ve normal-ized powers R¡l so obt.ained are

determining the f inaL calibration const.ants.

we expand (2.9)

short ( lr¿ l= 1

using (2.10) for a particular known

) we get

R,; [ 1 + 2Zcos($ z + ö¡) + z' | : I t 2X¡cos($'¡ + Ó¡) * X,2 (2.11)

Expanding the cosine terms gives

R,¡ [ 1 I 2Z cos$z cos$j - 22 sinþt sin$¡ + Z2 )
(2.12)

: 1 + 2X, cos$r¡ cos$¡ - ?){risin$r¡ sin$, * X¡2

For í=1,2,3 anC j=0,1 ,2,3 the resulting twelve equations can

be written in matrix form

For j=0 and í=1,2,3

Rro

Rzo

ñ30

2.R lecos$e

2R2qcos$e

2Il3ecos$s

-ZR lesin$q

-2R 2ssinSq

-2rt 3¡sin$e

zz
Z cosþ,

Z sin$t l.I
Rro - I

Rzo - I

Ræ-1lI
(2.t3)

xl
x z

2

X,,

X lcos$¡ 1

X 2cos$¡ 2

X 3cos$¡3

X lsin$¡ 1

X2sin$r2

X 3sin$¡ 3

I
2cos$6

-2sin$e

4z*c:[¿rJzf.slrÞo

or

(2.14)



where the

comparison

elements of

with (2.13)"

(2 .14)

For j=1

are

,3 and2

defined

í=1 ,2,3

23

by dir:ect

R¡t

R¡z

R¡r

2R¡ lcos$1
2rt¡ 2cos$2

2R¡ 3cos$,

-2It¡ lsin$1

-2R¡2sin$2

-2.1¡ 3sin$3

z2
Z cosþt

Z sinþt l.I
Rrr - I

R¡z - I

R¡¡ - 1ll
I
I
I

2cos,þ t

2cos$2

2cos$3

-2sin$ 1

-2sinS2

-2sinS3 ll
(2.1s)

,t2Ã¡

X, cos$r¡

X¡ sin$rt

or

where, again, the elements of (2.16) are defined by direct

comparison with (2.15).

These four sets of simultaneous equations can be solved

for the four unknown vectors z, LI, L2andL3. We obtain k

by lettins B- : þt þz þiT in (2.16) and bv appropriatelv

post multiplying' thus

L¡ (2.17',)

(2.16)& z + E:þtÞzÞlr *

n*-t (ltz + g¿ )

A substitution of (2.17) into (2.14) yields

Az j-c:lB_-'Ø.rz + q r) g--r(a2z + e2) n--L(A*- + q¡)lt åo

(2.18)



Some further

thi s equat ion
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matrix manipulations ( see appendix B) casts

into the form

Az *c:Ø.( 4* 4* T (s -')' Þo

-\, 
þo

Az * c : ØtL 4* 4*-lr 1 + k t 9z tgll 1

+ [gr c2 gir @. (2.1e)

Fina1Iy, Ietting

RrrIr*Rrz"Íz*RrrIr
RzrIr 4- Rzz'lz * RzrIr

RrrTr *RrzIz *R3313

t¿ (--L)' þ-o

^Ír

^'l z

ï3

with placement of f. in (2.19) we get

(220)

Now we can manipulate equation (2.20) to enable us to solve

for the z vector. From this we can tínd Z and $2.

The first term on the right hand side of (2.20), after

substituting R¡j and exposing the z vector, becomes

6ú 4* 4*.1' x :

2B 11cos$1tr * ä12cos$212 * 2It13cos$313

2R21cos$1I I + 2R22cos$2"1 z * Rucos$313

2R31cos$11 t * 2Rncos$212 * 2R33cos$313

-2R llsin$lTl - 2R12sin$2lz - R13sin$313

-2R21sinQr"yr - 2R22sin$2r, - R23sin$313

-2R 3píb0r"f r - 2R32sin$21 2 - 2R esinS313
= QzlI

z¡

z2

z3

(z2r)



The second Lerm on the

9 from the left hand
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hand side of (2.20) , including

bec ome s

dz= - I'lzt and

right
side,

kr 9z ,tlr 1_-c:
Rro - (Rrr1l + li n"tz * Rr¡r¡)

Rzo - (RzrI t * Rzz"tz+ Rzrt¡)

R3o - (R¡rtr I Rsz"tz + Rr¡t¡)

using (2.21) and (2.22) we can write (2.20) as

(223)

Mz

where the elements of M are found from (2.13) and (2.21).

Now that an equation has been determined for Z we can use

it to solve for Z while minimizíng the errors. Defining an

error vector as ú. such that

(224)

4 (222)

+d:DzAz

ø.-Dlz:d

d

Ù-: M z - d

Noting that ,r:t] +tl , dr=-Mu

dt: - My we are able to write

[''
ü

Mn
ItIrI ZL

Mst

Mn
Mzz

Mn

Ms
l,t zl

il tt

+'l
z2

z3

Mtt
Mn
Mn

+ (2.2s)



þt:trlrr(l + rÎ +t?)+Mnzz*Mtyt

úz : Mzr(l + rî + rjz) + M zzzz * Mz.gt

út:Mrr(l + tl +r?)+Mtzzz*Mz*t

À measure of the total errors of the system is

: {rrù : ùr2 + rV} + ql

or

E

which wiIl be minimized for

26

(2.26)

(227)

(228)

vJe

4L :2,!,+ + zúr9 + ztr$b
dzZ dzZ dzz dzz

:E :zû,.{lb +zúrY+züråb
oz3 dzJ dz3 dzj

0

0

Performing the above partial differentiations on (2.26)

obta i n

Qz:#:Z*1 +Zaz7zl +lørl +t'! +Zczzzt*27(e #2o)+'zt*b:0,

Qt: #:2azl 
+\azlz, * 3czj + czl +zozzzt* z3(k '+2") + 8zz* c :0

(22e\

whe re

a:M?t +Mh +M?t



b: Ìt4nLItz+ M2rM2.? + llyMn

: M ¡ltl ß I M ztÃl zt + IvI 3r/'l 33

zltt, ttrt

27

(230)

(231)

Às

of

e:Ml,+Mlz+u?z

g:MpMn+MzzMn+MnMn

k : M?t + 
^rh 

+ Mît

Equations (12.29) form a set of two equations in two

unknowns ( z2 anð z1) . we can f ind the roots of these

equaiions using the generalized Newton's iterative procedure

as found in t13l . The iterative equations are

L

ðQz_1
D

_ 1.

D

,f ðQt
ez ^ -Qtdzj ðtr

+1)

tlr*1):z{k) þ,Y - ez#]z!",,t'lt

where

D ôrz ôrt

Iterations k are Performed

an initial estimate of z2

(2.26), setting the error

ôQz ôQt AQz AQz

ôtt

until
and

vector

aQz zltt, r¡tt r

the results converge.

z3 we can use any tlro

to zero. This gives

M tþr + 1) I M ¡2zz + Ml3z3 = 0
,

Mzt(tr + 1) * lv[2222* Mz*t=0
Qi2)
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If we multiply the first by Mpand the second by M11we can

eLiminate (21 + 1) and get

z3 MnMn- lvlnMzz

22 M ztþI fl - 14 ztÀí tt

piom (2.13) we-know thàt zi:Z2 , i2:Z cos$; and zi:Z sin$;

so that

öz : rAN -r llI_nM 
n - M nÌ,r zzl . es3)

lMztMn-h[ztMnl

The 1B0o ambiguity in the inverse tangent function

resolved by using the first eguation of (2.32)

appropriate substitutions for zt, z2 and z3 , thus

M t(22 + t) + Iú nzcos$, + M t& sin$2 : 0

can be

wiLh

(23,4)

(235)

If

22+l+z :Q

If lre let X be the bracketed term in this equation then

22-zxf1:o

I U ,rcos$" * M tt sin$, I

L u" I

for which Lhe solution is
y*r/yz_4t-: 

z

Because Z ]nas to be real , X2 - 4 > 0

or

Now we

(2.36)

use ( 2.331

vioìatedl -

and we require

x>2.
to find öz and solve for X

we know that we must add 1 8Oo

(236)

can

ìq to the



Discontinuities in the íñÙeise tangent function can be

resolved by writing (2.33) as

value of 0". Z can be found by

and Hansson address the Problem of

t5l. They find that Z <

taken "

29

ernploying (2.35). Riblet

the -F sign in (2.35) in

the negative sign must be

: 74¡g -1 wt
(zs7)

Óz:0
öz: rÍ

þz: T /2
öz:-T/2

öz : TAN -r

and not ing the f oIJ.owing:

sin$,
cos$,

Zj:0,22> 0

Z3:O,ZZ< 0

Zj> 0,22:0
Zl10,Z7:0 +

Now that z and þz

X¡ î i=1 ,2,3. Write

are known, w€ can use (2.16) to solve for
(2.16) as

B¿¡=4r+g a

For the imperfect system we have an error vector 11 such

that

a : lqr tlz nr]r : atr - A Q3s)

(238)

We can f cl- low

error funct ion

the same procedure as f.or Z by letting the

Fbe

F = T? + \î + \? (2-40)



and minimizing it as
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(2.4r)

(2.42)

aF -,r- 
ôÎt ðr' 1Þ = o-:--: ¿!f7- +Zqz;: +?1¡t¡

ðx¡s "ðxß ''ôxß '"ðx¡s a

Performing the above partial differenLiations we have

AF a , ¿ --z rA--2 +)n.?- -âhr.^rtr: h - 6x?z + 6x ¡¡rt * 6ax!, + zax!, - 4øt t¡ "
+2(2g - Zzd, -22cosþrvi *?Zsinþ,c¡ - d¡ +3Þ¡z - 4sx¡3

+ 2(a - vi - Zzv¡ + 2Zsín$rk, - Ecos$'t¡) , '

Li = * = 6x!, + 6r?*,, - 6bxlj

+ 2(2u - Zzd, - ?Zcosþrv¡ * 22

- 2(b - e¡ - Zze¡ * ?ZsinSrn¡ -

- Zbx,?2 * 4ax 6x ¡2

sin$, e¡ - d¡ + 3Þ¡¡ - 4sx¡2

22 cosþrk,)

whe re

a =cos$1 *cos$2*cosS3

å =sinÖr*sin$2*sin$3

: cos201 + cos2$2 + cos2$3I

d¡=R¡r*R¡z*R¡¡

e¡ : Rilsin$1 * R,2sin$2 * R,3sin$3

Yj =R¡1cos$1 *Rr2cos$z *R¡3cos$3
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s : sin$1cosÖt * sin$2cos$z * sinSjcos$,

t¡ : R¡rcosz4r, f R,2cos'6, *Â,3cos2$,

k¡ : R¡1sin$1cos$1 * Rr2sin$2cos$r * Rr3sin$3cos$3

a : sin20, + sin2$2 + sin2$3

f,¡ : Rirsin26, + rt,rsinz6, + R,rsinz$3

The same iterative procedure is used to solve equations

(2.41 ) where the iterative formulas are

,,t *1¡ : x¡$ ) - L 
V,# - r,#l¡,e,,¡,$,

',$ 
* r) = x.$) - +V'# - r,ft],,r,,,*,

I at, oLt ðLz aLtl
' = ¡uo ** - *" *rl,g,,',s, .

(2.43',)

where

Às an initial estimate we can solve f or xi in BJn - !l; : A

as was done for Z. ÀII the calibration constants have now

been determined and the next section wiII describe how f¿ is

calculated from a set of power readings when an unknown Ioad

is connected to the six-port system.



2.3

Onc e

DETERMI NATI ON

we have the

equat ion to

matrix form

oF fr
cal i brat ion constants

solve for IL. We can

as follows:

32

vte can use the

rewrite equationsix-port
(2.7) in

srr
5zr

Srr

srz

szz

ssz

sn
sze

ss¡ rI

td;'l

P,
ll

PnBt
lTLt2

2ll L I cos$,

2lll L I sin$¿

P2
It (2.44)

PnBz

P3
1

PnBt

where for i=1,2,3¡

ê-ril - z' - x,2

siz : 
[*rþ 

cosg¿ - x¡ cosg,¡

t#] sing¿S,3 : X¡ sínþrt - Z

ÀlL of the S matrix coeffícients are known from four simple

power readings taken with the device connected to the test

port. t^Ie can obtain f¿ by post multiplying (2.44) UyS-1

which gives fr = llt12 , lz=2lTr I cos$¿ and ¡.t:2lf¿ I sin$¿.

These yield lI¿ I : (lr)L/z and 0¿ = tan-l(t, ¡fr)



Chapter I I I

SI X-PORT I MPLEI'IBNTÀTI ON

Now that we have

we can proceed to

LOCK

IO dB COUPLER

HYBRTD

Figure 3.1: THE SIX-PORT SYSTEM

Figure 3.1 shows the components of the system.

desk top computer controls the entire six-port

both calibration and measurement of f¿ À11

written in BÀSIC and keyboard inLeractions

program flow

six-port theory in detail

entire six-port system.

TE¡,{PERATURE .

CON'TROLED OVEN

PORT

The HP 85

process, in

software is

control the

di scussed

desc r i be

the

the

(EEE 48TI TNTERFACE BUS

PTILçE
MICROIVAVE

SOURCE

FREQUENCY

COUN-TER
ND f{P 85

1

AMPLTFTERS

50n

I

I

REF DET
I

5_PORT

33
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Microwave power is supplied by an HP 8620 C mainframe

equipped with a 0.01 to 2.4 GHz 862228 RF plug in' The

frequency is controlled by an EIP mode:- 371 source locking

counter. The counter can phase lock the source to an

accuracy of 10 Hz. The final component in the system is an

HP sógl¡ e analogue to digital converter. This device is

controlled by the HP 85 by means of an IEEE 4BB interface

bus. Àn analogue signal is converted to 11 bit Lwo's

compliment binary data which is transmitted in two eight bit
andbytes. I ts

conversion

poss ible .

is set to five volts

to 50 samples Per

i nput

rates

range

of up

max lmum

second are

The first step in preparing the system tor use is to

determine the calibration constants. The procedure is

similar to Girimaji's 111l in that four offset shorts and a

matched load are used to determine the constants' Once

these calibration constants have been determined for a given

frequency one is ready to make reflection coefficient

measurements.

The rest ot

of the system

software.

this chapter describes the major components

in more detail and introduces the system
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3"1 THE SIX-PORT NETWORK

This section describes the components of the six-port

network which has been developed. The heart of the system

is a five way egual power division junction that is placed

in tãndem with a hybrid coÙpl.er used to provide the

reference power port. The five-port junction waS realized

in stripline and operates at a center frequency of 1 GHz.

Figure 3.2 shows the six-port network.

lrllCROWAvE

soaRcE

POKT S

POM 4

PORT I PORT 3

TEST DEVICE

PORT 2

Figure 3.2¿ THE SIX PORT NETWORK

The powers Pi are measured by detector amplifier

analogue to digital converter systems aS shown in figure

3.3. Details of the povrer detection scheme are found in

chapter Iv. À hybrid is used to couple power to the

reference detector system. It provides good isolation

between source and f ive-port and allows the reference

detector to operate at the fairly high leve1s of the source

HYBND

FNE _POKT

Pe¡,r
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DETECTOR TO
RF

COMPUTER

Figure 3.3: POWER DETECTION SCHEME

(o to -5 dBm). A previous system t11l used a 10 dB

directional coupler in place of. the hybrid. It provided

good isolation, but forced the reference detector to operate

at -10 to -15 dBm levels. With this system t'he gain

necessary to boost the dc detector output to the 0 to 5 volt

e,/O converter operating level was in the order of 500. This

high gain caused unnecessary error in the system'

3.2 THE SYMMETRIC FIVE_PORT JUNCTI ON

This section deals with the five-port junction in greater

detail. To begin with the junction is assumed to be

reciprocal and perfectly matched. As such we can write for
.

the elements of the scattering matrix that Sü : S¡¡ and S¡¡ :0 
i

for i=1...5. If we assume the junction to be lossless and

observe the symmetry of the junction as labelled in figure

3"2, the junction scattering coefficients must be related as

c : .S12 : S Z1.: S 34 = Sc5 : S15 (3.1)

I

'I

I

AMP ND

I : ^S13: S25 : S35 = 52¿ : Sl4 . (32)



Àpplying the unitary property, we have
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(33)

B*

tc
0
*

ct

o.,PB
<r 0cr p

0

o'(p* * F): o2

1
B

Yre f ind that
I . I^le can
IL

la I and use ( 3.4 )

'l0 ooB *

1000
c
13

p

G

0

p<r0cr
PP.'o
cPBc

û
p*

B*
Ct*

0
*

t

ct

p

t

0100
0010
0001

1

0

0

0

0

0000
o q*P

p (I* *

rÍ

* t
B B

û p

which yields

9*o*o*p+lP12=0

F'o*ct*p+lcr12=0

Subtracting equation (3.5) from

which if placed in (3.3) YieIds

ref erence planes so bhat q = .r'

to solve for P . Thus

(3.4)

la I :

2lo.lz +Tlp12 = 7

,
(3.4)

l<rl: lFl

choose the

and (3.5)

(3Ð

F*o*o*p+lP12:Qr

I

(3.ó)

B :---.
2

+ jy in the last eguation of (¡.9) gives

1

Letting p :x

x -jy+xijy n
(3.7)



which requires that x:-l/4

lpl2= xz + yz :l 14 givesy = t +
positive vùe have

P:- l/+t-+:

3B

This result togeLher with

Theref ore, f or c( rea] and

scattering parameters

can find the outgoing

[ål : [s] [o]

z_n tz}

of the five-port junction

waves b¡ from

I
2

Now that the

are known we

(3.8)

Using these eguations vle couLd f ind P¡,P2and P3 (where f or

instance P1a lbrl2 ) and then follow the procedure set out

by Engen tll to find fL by use of the q point eguations

(equations ( 1 .9) ) . We have thus far assumed ideal

properties, which are of course impossible to achieve in

practice. Thus f¿ determined in this way would onJ-y be an

estimate.

The actual five-port is a ring type structure with five

radial short circuited stubs as depicted in figure 3.4. The

details of the design (for instance the strip widths etc.)

will not be discussed here but may be found in [11]. In the

band of interest (900 to 1100 ¡tHz) the insertion loss for

all ports was tested to be l-ess than 7 dB (about 6.5 dS at

the band center). see appendix H for a detailed graph

The return loss r.tas better than -30 dB for aII ports at the

center freguency. On the band 975 to 1050 MHz the return

Ioss rfas still better than -20 dB but only -10 dB at the
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Figure 3.4: SYMMETRIC FIVE-PORT

band edges (see appendix H). These measurements show that

the five-port junction is not ideal over the freguency band

of interest. The new calibration procedure (described in

chapter II) takes into account these imperfections as welI

as power measurement errors and calibrates the six-port as

an imperfect device by minimizíng the errors.

3.3 SYSTEM SOFTWÀRE

The software for the six-port reflectometer is broken up

into two programs. The first program, "6CÀL", performs the

calibration procedure and the second, "GÀl'fl'{À", calculates

lL . Both are written in BASIC and acquire data from the

e/O converter bhrough the IEEE 488 interface bus. Program

l-istings are given in Àppendix F.
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3.3. 1 6CAL PROGRÀM

The 6CAL program uses the procedure outlined in chapter

II to calculate the six port constants. A flowchart of the

program is shown in figure 3.5. First the program prompts

the user fOr the freguency of operation and the phases of

the four offset shorts are calculated using equation (2.8).

Then it prompts the user to connect a matched load to the

test port and waits for a carriage return to begin sampling

the detector voltages. Ten samples of each detector voltage

are taken, and the average voltage for each is stored in a

two dimensional array (witfr indicies for detector number and

standard number). The offset shorts are then asked for one

at a time and data is stored in the array. The povter

readings are found by using the characterization curves and

normalization with respect to the reference pov¡er is done.

The values obtained with the matched load are used to

determine lB¡ I then the rest of the constants are calculated

as described in the section (2.2). The final constants are

printed out and stored in memory.
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no

no

yes

yes

I NPUT
FREQUENCY

CÀLCULATE
OF OFFSET

PHASE
SHORTS

FREQUENCY
LOCKED ?

PROMPT FOR EÀCH
CÀLIBRÀTION LOÀD

COLLECT FOUR
REÀDINGS FOR

LOÀD

POT.TER

EACH

LÀST
LOÀD

?

CÀLCULÀTE ÀND PRINT
S I X-PORT

CONSTANTS

STORE CONSTÀNTS
IN DÀTÀ FILE

ON DISK ,qñtÉs

Figure 3.5: 6cÀL FLowcHÀRT
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3.3.2 GÀMMA PROGRÀM

The first step in GÀMMA prompts the user for the frequency

of. operation. The six-port must be precalibrated f.or one or

several operating frequencies. The appropriate calibration

c,gng_tants are ,taken f r9m mejnory ald the u?9_! is asked Lo

lock the source at the reguired frequency. When a carriage

control is received the program takes a ten sample average

of each detector voltage. These voltages are converted to

povrers and equation (2.q4) is used to f ind f¿. lf¿l is

printed as a four decimal place number between zeto and one

and 0¿ is printed as a three decimal place number in

degrees. The program then loops back to the beginning to

prepare for another measurement.' Figure 3.6 shows a

flowchart of the program.
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I NPUT
FREQUENCY

RETRI EVE
CALI BRATION

CONSTANTS

FREQUENCY
LOCKED ?

SÀMPLE
DETECTOR

PO[^¡ERS

CÀLCULATE ÀND
DI SPLAY I-¿

FREQUENCY
,)

NEW

yes no

Figure 3.6: GÀMMÀ FLOWCHÀRT



Chapter IV

THE DETECTORS

In this chapter the power detection scheme is discussed.

This includes a description of the diode detectors used,

their temperature stabitization, the characterization

procedure and a povter tracking test.

The detectors used in this system are zero biased

Schottky diodes made by tliltron (¡aodel- 73 series). The

specifications show a frequency response flatness of less

than 0.5 dB over a 100 kHz to 4 GHz band. The maximum StiR

is 1 .2 where 1 . 1 is typicat. Às mentioned earlier, these

detectors are used to measure povter by using the set up of

figure 3.3. Once the detectors have been characterized, an

incident power can be found by applying the voltage sampled

at tlne x/D (up 59313 A) to the polynomial approximations.

The process is computer controlled and sampling rates of up

to 50 samples per second can be achieved. The amplifiers

are simple type 741 inverting ainpli f iers with gains ranging

from 40 to 100. The input noise Lo a typical amplifier was

measured to be less than 0.1 mV and the output noise $¡as

between 6 and g mV on five volts fuII scale.

44
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4.1 TEMPE TURE STABi TY

It is well known that the electricat characteristics of

diode detectors change with temperature. This can be seen

in the family of povter versus voLtage curves for detector 1

in f igure 4.1 . The out-put_ dc voltage verses input $.F po_wqr_

has been plotted for several temperatures. A method fOr

obtaining these curves is described in section 4.2.

Accurate povrer measurements can be made by stabilizing

the temperature of the detectors and modeling the povler

versus voltage curves as high order polynomials. In the

detection system, temperature stability is achieved by

mounting the six-port. along with its detectors in a

temperature controlled oven. The oven consists of a 1/4

inch aluminum plate (approximately 25 by 30 cm) whose

temperature is controlled by a type LN 391 1 temperature

controller . Surrounding the plate on all sides is about

3/4 inches of styrofoam. The five-port junction and

associated detectors are mounted directly on to the plate

along with the temperature controller I a power transistor

and two high power resistors. À temperature sensor is built

into the bottom of t,he ceramic package of the controller '

The sensor voltage is compared with a reference voltage

Ieve1 set by a simple potentiomet'er circuit. The output of

the controller gives a high dc voltaqe for temperatures

below 0.5 degrees of the reference temperature' and a low

voltage for temperatures above this range. This logie swing
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Figure 4.1: POWER VS. VOLTÀGE WITH TEMPERATURE, DETECTOR 1



swing drives two amplif ier stages

povler transistor (N.l 311) mounted

is shown in figure 4.2.
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which in turn drive the

on the plate. The circuit

15v t5v l5 v-

-5.1 v +

I ro 9.6 rt
3rO 10 ro

522 Q 439 nt{
o.t p rSro

t\{J8205
l0tn 2

522 A

4.7 kn Iro
1 92n

Figure 4.22 TEMPERÀTURE CONTROL CIRCUIT

The transistor supplies heat through the emitter and

collector resistors as well as its or.In heat sink. The

collector circuit dissipation is 2.62 watts, Lhe emitter

circuit 1.8 watts for a total of 4.42 watts. It takes

about two hours for the plate temperature to stabilize.

LM391l
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4 "2 DETECTOR CHARACTERI ZATION

The detectors were characterized Iocated in the

temperature controlled oven at the stabilized temperature of

35 {- 05oC. The first step in the characterization procedure

is to estimate thé range of þowers éxpected tö be aþplied to

each detector. It has been shown that the six port equation

relates the power aL a given port i to the six port

constant s

Pi

PR

Riblet and

constants to

These vaLues

varied, but

delivered to

find:

(4.1)

Hansson i5l have shown the ideal six-port

be as follows3 lBilT=0.25, Z "iö'=0 ,

, x,2 tf Ltz + | +zxi tl¿ I cos(ó* l- ö¿)tgtt' 
z\fLú + | +zz lfLt codöL + ö)

xr"i6,, = * "-ii, x2el6,, = L r"î and x3eiö't = I "'t2*
when used in equation (4.1 )

with lf, l= 1, determine the

the detectors. t^Ihen 0¿ is

with the phase S¿

range of the power

varied over 3600we

Detectors 1 and 2¡ Pmin -12.5 dBm, Pmax -2.5 dBm.

Detector 3; Pmin -10.2 dBm, Pmax -2 .8 dBm.

Recall that these results are for an ideal six-port. To

estimate how bhe detector powers of the actual six-port

varied, the eonsLants found by Girimaji [1 1 ] were used in



the same

X1 0 .41

manner. These constants are:

f 69.to , x2 = 0.5 2 L 197 .71

z - 0.051

X3 = 0.48

0.251.
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Lza6.Jo,

/ -sB.so ,

lBrlz= 0.273 , lBl2 = O -232 , lu3l2 =

to (4.1) andconstants are applied

10 degree intervals

varied over

When these
o360 in

with lf¿ l= 1, we the power extremes

( f or a ref erence povter óf 0 dBm) to

Detector 1¡ Pmin -10.7 dBm, Pmax = -/.218 dBm

Detec tor L,

3;

Pmin = -12.5 dBm, Pmax -2. B dBm

Detec tor Pmi n -11.4 dBm, Pmax -2.9 dBm

These extremes lead tc a choice of -1 3 dBm to -2 dBm for the

range of detectors 2 and 3 and -1 1 dBm to -2 dBm for

detector 1. The same procedure was foilowed for lI-¿ I = 0.8

and lf¿ l= 0.2 (where the phase 0¿ was again varied over 3600

). For these cases the minimum and maximum power levels for

each detector vtere within the limits f ound f or the lI¿ l= 1

study. Full results for the complete study can be found in

appendix C.

The povrer incident on t,he f ive-port is set to about 0 dBm

so the range of 3 dBm to -5 dBm was chosen for the

characterization of the reference detector.

For detectors 1,2 and 3 the circuit of figure 4.3 was

used to collect power versus voltage data.

Ô¿ is

find
be:
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POWER I(EAD
A

-ö LOCK

DETECTOR A¡\{p

Figure 4.32 POWER VS. VOLTÀGE MEÀSUREMENT

First the source is phase locked at the center frequency.

À starting maximum povter is measured with the power meter

connected to the source at point À. Then the source is

connected to point B and the voltage is sampled ten times by

the x/o converter and the information is passed to the

computer. The computer takes the average value of these ten

samples and stores the information in an array along with

the measured power. The power is then lowered 1 dB by

monitoring with the power meter and the procedure is

repeated until the entire range is covered. The SWR's of

the detectors and the povter sensor (Hp model 8481 A) are

very close (l.l <

Iaborious but accurate.

B

IOWER

ME'IE'RMICROWAVE

SOURCE

FREOUENCY

COUNTER

r(P 85Nt)
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The procedure for characterizing the reference detector

r{YßRID REF DE_I'ECTO

50(l

PITASE LOCK

POWER HEAD

Figure 4.42 REF POWER VS. VOLTÀGE MEÀSUREMENT

is somewhat different. Figure 4.4 shows the set up. The

reference detector is in its proper place in the six-port

system with the five-port junction replaced by the power

sensor. Now the detector can be characterized such that its

output voltage corresponds to the power incident on the

five-port junction. Again the voltage and povrer are

correlated in an array by the computer. The data collected

for aII four detectors is found in appendix D

À curve fitting Procedure wïtt be

coefficients of a fourth order polynomial

power versus voltage data. I ntui t ively

the smaller the range of. the curve, the

applied to
that best

find
fits

the

the

that

can

we can Sense

AMP AlD t{P 85
MtCROw,\VE

souRce

FREOUEI..lCY

COUNTER

POWËR

METER

more easily we
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fit the polynomial. For this reason, w€ have broken up the

data for detectors 1, 2 and 3 into two subranges. That is

there wiLl be two polynomials for each of these detectors.

By doing so the polynomials will fit the curves to +0.01

dBm., wheJr _1 p-olynomial was determingd for the whole range'

the accuracy r.¡as only about +0.1 dBm. The range f or the

reference detector was smaIl enough to have an accuracy of

better than +0.015 dBm with only one polynomial.

À Statistical Ànalysis Systems (S¡S) routine calÌed NLIN

was used to determine the coefficients of the polynomials.

NLIN uses a nonlinear regression procedufe to produce the

best least-squares estimates of the parameters. First NLIN

evaluateS the residual sum of the squareS of each

combination of a grid of starting values to determine the

best place to start the iterative procedure. Then the Gauss

- Newton iterative method is used to regress the residuals

on the partial derivatives of the model with respect to the

parameters until the iterations converge. More detail on

the Gauss - Newton method can be found in 1121. Table 4.1

shows the results of the NLIN procedure for each detector.

the model used for the procedure was

P =85x4 +Bk3 +ßZxz*ß3x +84

The complete output for one detector is given in appendix E.
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TÀBLB 4.1

POLYNOMI AL COEF'F I CI ENTS

4 3 POWER TRÀCKING

To make sure the six-port was behaving linearly, the

circuit of f igure 4.5 vtas used to track discrete input power

changes. The change in power vtas monitored by an HP power

meter at one arm of a matched power Splitter. The power was

changed in 1 dB steps and the power measured at the four

detectors was stored. Table 4.2 shows the results of the

test

Àverage errors

ranges. This

smaIl errors

of 1.48 and 1 .08

represents a good

could easily be

9o were found for

tracking of power.

accounted for

the two

These

in the

COEFFICIENTS

DEr lRANGE BI B2 B3 B4 B5

REF lr 0323 -2.176 8.72C - t4.t 1l -0.0æ

L/r
t/2

0.178

7.t45
-1302

- 15.181

5549

t8.276
-12556
-r7.t64

-0.009
-1341

z/L
2/z

0.433

3.832
-2562

-10.783

8510
16.790

-t5.779
-18.647

-0.029
-0525

3/r
3/2

0.205

5599
-t.423

-t3.747

5.643

18.486

-12.975

-t7.943
-0.012
-0.900
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MICROWAVE

50f)

50rl
SOURCE

SPLTT'I[-ER t{YBRID

Figure 4.5: POWER TRÀCKING SET UP

TÀBLE 4.2

PO TER TRÀCKING

calibration procedure and would cause a maximum of 3 eo error

in f¿ (as wilI be shown in section 5.1).

POWER CHANCE AT P

DETECTOR

READINGS

(dBm)

CHÃNCE IN

POWER

DETECTED
ERROR

Vo

1.00 to O.O0 dUm

REF DET

DET I
DET Z

DET 3

0.18 to -0.83

-5-30 to -6.29

-5.91 to -6.94

-5.26 to -6.27

1.01

0.99

r.03

r.0l

0.6

1.4

2.6

IJ

0.00 to -1.00 dBm

REF DET
DET L

DET Z

DET 3

-0.83 to
-6.286 to

-6.2S6 to

-6.27 to

-r.82
-7.31
-7.95
-7.27

0.94

r.03

l.0 r

t.00

0.6

2.6

0.7

0.4
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4.4 DETECTOR FLÀTNESS ON FREOUENCY

The detectors are said to have a flatness of +0.5 dB over

their entire range (100 kHz to 4 GHz). To check this the

power versus voltage procedure stas followed at 900, 950,

-i000,- 1050 and 1100 lúlz for three of tliè detect'ors. The

results shown on figures 4.6, 4.7 and 4.8 indicate excellent

agreement over the band of interest. This allows us to use

the same polynomials determined at 1 GHz for all freguencies

from 900 to 1100 MHz.



tr)

J

tr?

o(]
:f

(f
tn

=o
[¡.)f r f

,..! c-r
Ctr
F
J
Ð

c¡Þ

(f(]
cr)

(r,

g 900 Htll

o 950

À t0Û0

¡, I 050

X I t00

?. oo - 10. 00 .00 .00
POI^IER

O
(v

(f
t.r)

o
cl

o
tf,

-6. 00
(DBM)

-1

Figure 4.6'. DETECTOR 1 P vs. V WITH FREQUENCY

.00



ú)

:f

O
(:)

o
tn
cr)

(]
O
(r)

o
lf)
C\I

cfo
(\t

(f
U)

o(f

o
U)

=
tr-l
c3
C
F
J
Ð

m 900 íH¿

o 950

r¡ 1000

o t05c

f. I 100

r?. oo - 10. 00 .00 .00
(OBM)

-8. 00
POI^{ER

5B

Figure 4.7: DETECTOR 2 P vs. V WITH FREQUENCY

.00



:f

:Í
s9

X

Ú 90c rlhz

o 95C

¿ 1000

./ 1050

x lloc

.00 .00

(f
(')

(r¡

Cf

(r)

(f
g)

C\I

o
:r Lr-l

00 -10.00

(-3
cf
t-
J
cl

cu

(f
cD

o
j

(:)
ct)

(]

o

2. -8.00
POI,{ER (OBM)

-l

Figure 4"8: DETECTOR 3 P vs. V WITH FREQUENCY

.00



Chapter V

EXPERIMENTATION

The experimentation performed on the six-port system is

described in this chapter in three main sections. First a

Sensitivity study on f¿ measurements was done with respect

to the power readings. Then the calibration constants were

obtained over the frequency band and their variations were

observed. FinaIIy, a series of reflection coefficient

measurements were performed to evaluate the System accuracy'

5.1 SENSITIVITY

Initially a sensitivity study was done to see how errors

in the power readings affect the final determination of f¿'

To do this the calibration procedure vtas run in the usual

manner and f¿ $¡aS measured f or a known load ( one of the

calibration shorts). Then errors of t 1, t 5 and r-10 eo w€E€

art i f ic iaIIy introduced to the povters measured. For

instance a 5 eo error was added to P( 1 ) and the other powers

were left as measured. The results are shown in table 5'1'

Errors in the reference power had the greatest effect on lf¿ l.

This is not surprising since errors in P(ref) will be passed

on to aII of the other power readings during normalization'

The phase of f¿ was unaffeeLed by changes in P(ref) because

60
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TABLE

POWER REÀDING

5.1

SENS I TI VI TY

DETECTOR

uuunerl ¡

To ERROR

/N P(¿)

FINAL

tl¿ t

FINAL

6lt

ToERROR

/N tl¿ I

o/oERROR

IÌ'{ öL

0 1.007 259.75 0 0

1

I

-l
5

-5
10

-10

1.021

0.992

1.084

0.930

1.150

0.845

260.05

259.40

25t34
257.92

262.79

255.85

-t.97
1.48

-7 51
7.68

-t4.20
16.10

-0.r2
0.13

-0.06
0.70

-t.20
t52

2

I

-1
5

-5
l0

-10

r.c 19

1.000

1.047

0.97t
r.080

0.933

259.25

260.20

257.43

262.03

?.55.27

2(t4.30

-1.i9
0.70

-3.90
3.60

-7 30
7.4C

0.20

-0.2r
0.93

-0.9r
1.80

-1.62

3

I

-1
5

-5
10

-10

1.01ó

r.003

1.031

0.9E9

1.049

0.970

2s9.E0

259.65

260. l 8

259.28

260.67

258.84

-0.90
0.4c

-2.3t
1.84

-4.t 1

3.73

-0.02
0.41

-0.2?.
0.20

-0.43
0.40

REF

t

-t
5

5

t0

-10

0.9E2

1.033

0.876

1.t34

0.736

1.259

259.76

259.73

259.84

259.65

?59.92

259.56

255

-?..51

t3.02

-t2.22
26.93

*25.0r

0.00

0.00

0.00

0.c0

0.05

0.05
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all the povrer readings were changed by the same amount. The

magnitude of f¿ nas also sensitive to errors in P(1) and

P(2) but to a lesser extent to P(3). The location of these

detectors around the five-port junction is most likeIy the

reason for this since detector 1 and detector 2 straddle the

test port and are more tightly coupled to if than detector 3

which is almost opposit.e in junction location.

with the detectors at the stabilized temperature and the

fourth order polynomial approximations applied, detectors 1,

2 and 3 agreed with digital power meter readings to within

Seo. The reference detector readings vrere within 1eo because

its range lras smaller and its detected povter r¡as higher. If
yre consider a worst case of Seo €rrot in povrer readings at

detectors 1, 2 and 3 and a 1eo êEFor in the reference power'

we can add the errors found in table 5.1, since the six-port
is a linear device, and find a total error of about 16e" in

magnitude and about 1eo in phase of f¿

5.2 CÀLIBRÀTION CONSTÀNTS VERSUS FREOUENCY

The six-port was calibrated at 900, 950, 1000' 1050 and

1 1 00 MHz to see how the six-port constants vary with

frequency. The figure 5.1 shows a polar display of the

constants. The constants X1 , X2 and X3 lrere found to vary

smoothly over the band" This is a positive result because

the six-port could be calibrated at discrete frequencies (as

was done here) and val-ues for any intermediate frequencies



could be approximated by interpolation. Although

do not vary as smoothly, one could stilI
intermediate values by characterizing Z and þz as

for the detecLors"

63

Z and S7

determi ne

was done

We can see f.rom f igure 5.1 that Z very nearly passes

through Z=0, the ideal va1ue. By running the calibration
procedure at several f requencies between 950 and 1000 l'ft12,

it was found that. 980 MHz h'as as cl-ose as the system would

come to ideal. The constants at this frequency were: Z =

0.019 ¿'r9.Bo, x1 = 0.s21 LB2.1o, 2<2 = 0.48s L-162.20anð,
x3 = 0.444 L -39.40. The x values are close to the ideal

value of 0"5 (given in [5]). The phase differences between

them are 1161 12f, and 121owhich are also close to the ideal
o

120 separation. À matched 50 O load was measured using

these constants and was found to have a magnitude lI" l= 0.07,

which is close to a perfect match. À short circuited 3 dB

attenuator was also measured using these constants and the

results vrere compared to calculated values. The magnitude

tras within 0.5 eo and the phase vras within 1 .6 eo of- the

calculated values.

It is interesting to note t.hat the six-port constants

found here agree closely to the ones found by Girimaji [11]

for the same five-port ring structure (see appendix G for
his results).
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5.2.1 Trial lrMeasurements

The first and simplest triaL measurements of lL are those

made on the calibration standards themselves. Accurate

stotted line measurements are available for comparison. The

Smith Chart of f igure 5.2 shor+s the results of such a

comparison. The agreement at 1 GHz for all loads was within

0.3 eo in phase and better than 1 eo in magnitude. At 1100

MHz the error in magnitude of one of the standards, short 0,

vras about 9 eo but the phase was almost exact (less than 1o

error). Àt 1050 l*12 this same standard had an error in

magnitude of about 4 eo and l¡as near exact in phase when

compared to slotted Iine measurements. Àt the other

measured frequencies, this standard had l-ess than 1eo error

in magnitude and Iess than 1o error in phase. The

measurements for the other standards were also within 1 eo in

magnitude and 1o in phase for all tested freguencies.

À short c i rcuited 3 dB attenuator nas used as a

reflection coefficient standard (ideally lf¿l = 0.5).

MeasuremenLs vtere taken for the enLire frequency range in 50

MHz steps and the results were compared to ÀNÀ measurements'

see table 5.2. Here again the largest magnitude error,16.5
eo, lras found at 1100 MHz. Àt this frequency the phase error

was 7.8 eo. The smallest magnitude error , 1.45 eo, was found

at 900 MHz, where the phase error was 1.33 eo.
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TÀBLE 5 "2

3 dB ÀTTENUÀTOR RESULTS

Next a matched load was measured in the same frequency

range and interval. The magnitude of the reflection

coef f ic ient was found to be less than 0. 1 for all

frequencies while the phases varied considerabty as

expected. When the reflection coefficient for the same

matched load was measured on the ÀNÀ, with the reference

plane set at 1 GHz, the same general phase distribution ltas

observed.

As a final test load element I a coaxial T junction was

terminated at t.wo of its junctions in sliding shorts. An

ANA was used to adjust the short lengths such that an over

coupled resonant circuit was formed. The results of ft

measurements over a 1000 MHz to 1100 MHz range with both the

FREQU ENCY NETWORK ANALYZER SIXPOKT
%

ERROR

%
ERROR

tl-¿ I ör tfr I 0¿ tl-¿ I ó¿

900

950

1000

1050

I 100

0550
0.555

0.560

0570
0575

975
955
93.0

90.0

87.0

0.558

0566
0.569

0.540

0.480

98.8

94.7

90.0

84.2

80.2

- 1.45

- 1.98

-i.6i
5.26

r65

-133
0.84

3.23

6.44

7.82
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ANÀ and the six-port are shown on the Smith chart of figure

5.3. Magnitude errors from 1.1 to 10.3 eo r{ere found and the

phase errors ranged from 1.4 to 12.5 eo. These errors are

not as bad as they seem when figure 5"3 is studied. The

rapid change of impedance with frequency shows that the

resonant circuit has a very high Q. Because the sliding

shorts vrere not fixedr êrrors in the magnitude and phase

could have been introduced by small movements of the st.ub

lengths when the T junction was moved from Lhe ANÀ to the

six-port system. The reference planes of the two

measurement systems may also differ enough to change the

resonant frequency of such a high Q circuit" The six-port
measurements did follow the basic shape of the resonant

path.
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Chapter VI

CONCLUS I ONS

In this paper a six-port microwave measurement system was

developed Lo measure the complex reflection coefficient of a

terminating microwave device from power measurements at four

of the six ports. Before the six-port can be used to

measure reflection coefficients seven calibration constants

must be determined for each frequency, using a new

calibration procedure [3], which relate the power at the

four detector ports to the refLection coef f icient of a

device terminating the test port.

The six-port consists of a symmetrical five-port power

divider, a 90o hybrid junction and four diode amplitude

detectors. The five-port power divider operated weLl at 1

GHz, the center of a 200 MHz freguency band. However'

closer to the band edges, the performance was l-ess than

ideal. The new cal ibrat ion procedure !.tas implemented to

minimize the effects of these system imperfections and

errors in the polrer detection scheme. The six-port

constants determined using this calibration procedure were

close to the ideal values given by other investigators t5l

at the center frequency.

-70
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Power detection at the four ports is accomplished by

measuring the output dc voltage of a detector and applying

it to a fourth order polynomial approximation which models

the detector's input RF power versus output dc voltage

curve. Àn HP 85 desktop computer obtains a digital value of

these dc voltages from an l/O converter through an interface

bus. The electricat characteristics of the diode detectors

are stabilized by placing them in a temperature controlled

oven. The temperature of the oven vras held at 35 t0.5 C by

a temperature control circuit developed in this thesis.

With the fourth order polynomial approximations applied and

the temperature stabilized, the povter measurement of the

three detectors on the five-port had an average error of Seo

when compared to digitat power meter readings. The

reference detector had an average error of about 1eo.

To Lest the six-port System, the reflection coefficients

of several loads vrere measured and the results vrere compared

to slotted Iine and automatic network analyzer (eH¡)

measurements. First, the calibration standards were

measured for the 200 MHz frequency band in 50 MHz steps.

The results showed agreement to within 4eo in magnitude and

within 1eo in phase when compared to slotted line

measurements for aII frequencies but 1100 MHz. Àt this

f requency the error in magnitude was 9eo but the phase þtas

within leoo À short circuited 3 dB attenuator was also used

as a test load over the band and the six-port results were



72

compared to ÀNÀ measurements. Àgain the largest error'

16.5e", wâs found at 1100 MHz where the phase error was 7'8>"'

At 900 MHz the error in both magnitude and phase were within

1.5e" À matched load was also measured, with a reflection

coefficient magnitude of Iess than 0.1 for aII frequencies'

Finally, a high Q resonant circuit was measured over the

upper half of the frequency band. The six-port results

followed the pattern of the resonant path as measured on an

ÀNA, though errors in magnitude of 1 to 1Oeo and errors in

phase of 1 to 12eo were found.

In conclusion, the six-port syst,em developed in this

thesis vrorked very well for most of the band of interest and

the computer control ot the cal ibrat i'on procedure and

reflection coefficient measurements make it as simple to

operate as an automated network analyzer. The nevr

calibration procedure produced good results and errors in

power measurement and system imperfections vfere minimized

for most of the band. The new calibration procedure can be

extended for use with other six-port systems which use the

symmetrie five-port ring structure. For instance, the

dimensions of the five-port could be changed to measure

reflection coefficients in a different band of freguencies.

Future considerations rdould include automatic frequency

control to enable the user to catibrate and use the six-port

system over the entire frequency band at once' If a

prOgramable Source were used, power measurements eould be
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taken for the band of frequencies in certain intervals for

each calibration standard. This would save the time of

connecting and disconnecting the five standards for each

frequency. Then, once the calibration constants were

determined on these intervals, they would be stored in

computer memory. In measuring reflection coefficients' one

would enter the measurement frequencies, connect the load

device, and start the data acquisition. Power readings

would be taken at aIl frequencies of interest and the

calibration constants would be called from memory or

calculated from the stored values by an interpolation

routine. The reflection coefficient would then be

calculated for aIl frequencies entered.
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Appendix À

SOLUTION OF THE MÀTRIX;

RU

Rz,

R¡t lI lI
R 1, cos$,

R, cos$2

R1.cos$3

-R 1, sin$1

-R2r sin$2

-R ¡ sin$3

7 +Zz
22 cos$t

2Z sin$2

1 + xiz

2X cos$r,

2X sin$,,

cos$1

cos$t

cosS3

-sing 1

-sin$2

-sin$3

l+xiz
2X, cos$.,

2X¡ sinS,,

I
I
1

(A.1)

and

Letting

where

Ro¡ (1 + Z\ * Ro¡ cosþszZcos$2 - R.l, singçZZ sing,
: 1 + X2' + cos$s .2XrcosSr¡ - sin$s 2X¡sin$,¡

(A2)

(A3)

l=,,,f
L+22

22 cosþ,

22 sinþ7

sin($3 - 0r)
sin$¡ - sing3

cos$t - cosg3

íBl: IL J sin(gr - 0z) + sin(92 - 0¡) + sin(g3 - ôr)

sin(92 - ôr)
sin$3 - sing2

cos$3 - cosS2

sin($1 - óz)

sing2 - sin$1

cos$2 - cos$1

R

R

R

It

2i

3i

R¡ cos$1

R¿. cos$2

Rl cosg3

-R 1, sin$1

-R¡ sing2

-R3¡sin$3

76



substituting (A3) ínto (A2) we have three equations in the qrnntitics

l+22 Zcos$7 and Zsin$¿

We can write these equatíons in nntrix f orm as :

1+22
7Z cos$7

22 síng,

77

(A.4)

í:1,2,3

tA)'

Where the elements of [A] are f ound f rom :

Rt¡ - Ro¡

R1,cos$r - Ro¡

-R 1, sin$ 
1

Rz¡ - Ro,

R2rcos$2 - /lo¡

-R 2, sin$2

0

R¡¡ - Âo¡

R'cos$, - ñ0,

-R 3, sin $3

l+zz
2Z cosþ7

22 stnST

sin$2 - sing3 - sin(ôz - ór)
sinS2 - singl - sin(93 - 0r)
sin$1 - sinS2 - sin(91 - öz) tI

A¡t

A¡z

A¡t

From (A.4) we can write

Au(Z + 1 / Z) / 2 t Ar2cosS2 r.A,3sinÔz : 0

Azt(Z + 1 / Z) / 2 * Arrcosl>, + A23singz : 0

Ay(Z + I / Z) / 2 r.4rrcosSz + A33sin<þr : 0



Àppendix B

MÀTRIX MÀNIPULÀTION OF EQUATION

Az * c : W.-t(4¿ + gr) p.-t(ezz + ç) n-L(4*_',- ç)lr þo

: (g-rØ.r¿ * cr 4*- + gi)r þo

:Ø.tz*rt 4*- + q¡lr @ -t)t ¿o

: (Øe 4*. t-*-l + [e.t sz çi)r (n -t)t ¿o

: Ø.É- 4zz 4*-lr (q-t)t åo + þ t 9z slr (E-t)r þo

4t+92

4zz + cz

78



Appendix C

RESULTS OF DETECTOR RANGE DETERMINÀTION
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Àppendix D

DETECTOR POWER VERSUS VOLTÀGE DÀTÀ

DETECTOR t RANGE VOLTAGE POWER (dBm)

r/1
4.90

4.25

3.43

2.75

2.t9
1.74

1.7 4

137

1.07

0.83

0.35

0.50

4.67

4.28

3.58

2.97

2.M
2.00

1.64

-13
-2
-3
-4
-5
-6

-(r
-l
-8
-9
-r0
-11

- 1.5

-2
-3

A

-+
-5
-6
-7

1lz

z/r

-80



B1

DETECTOR t RANGE VOLTAGE POWER (dBm)

1/)

3/r

3/2

REF /r

4.75

429
3.49

2.80

2.25

1.80

1.64

t.34

r.08

0.86

0.70

0.s6

0.45

-1
-8
-9
-10
-11
-17
-13

-15
-2
-3
-4
-5
-6

-6
-7
-8
-9

-10
-11

3.2

2.2

1.2

0.2

-0.8
-1.8
-2.8
-3.8
-4.8
-5.8

1.80

r.43

1.13

0.89

0.7 |
0.55

4.96

4.31

3.77

3.27

2.83

2.44

2.09

t.79

153
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POLYNOMI 
^L: 

y=B5rxr r 4 | D I rx^ I 3, D2 rX' r 2 rB3rX. 04

I{ON-LINDAR LEAST SQUÂRES IlERATIVE PHASB

DEPENDENT VARIABLE: Y METHoD: GAUSs-NEwToN

D2 D3 I]4

I8:10 FRIDAY, JULY 26, I985 1

I TERATI ON BI

40.00000000
0.32342667
0 .32342664

B5 RES I DUAL SS

6557064.06490077
0.00032198
0.00032198

1B:10 FRIDÀY, JULY 26, ]985

0
I

2

-50.00000000
-2,17641448
-2.17641431

40
I
B

00000000
7 | 9 62299
7 1962279

- r0.00000000
-0.01954561
-0.01964561

-20.00000000
-14.f1138986
-t4.lll3897l

I{OTE: CONVERGENcE cRITERIoN HET.

PA RÀMElE R

POLYNOMI ÀL: y=05 r xr r 4 I D I I x r r 3 , B2 rXr a 2. D3 r X + D4

NON -LI NTÀR LEAST SOUÀRES SU¡,IMARY STAî¡ SlI CS DEPENDENT VÀR¡ABLE Y

MEÀN SOUÀRE

19.87993s60
0.00006440

ASYMPTOTIC 95 9"

CONFIDENCE INTERVÀL
LOWER UPPER

0.24840936 0.39844392
"2.50986023 -1.842958s2
8.10061261 9.33863291

r4.5 r338070 - 13. 70939875-0.02563948 -0.0t365t74

B5

SOIJ RC E

REGRESSION
RES I DUÀL
UNCORRECTED TOTAL

(CORRECTED ToTAL)

EST I MATE

DF SUM OF SQUÀRBS

99.39967802
0.00032r98

99.40000000

5
q

0

9 82.50000000

9847 t2 -0.963536 -0.9973t3
995666 0.9816r2 0.987886
000000 -0.994 Bs2 -0. 969939
994852 1 .000000 0.9432?2
969939 0.943272 I .000000

ÂcvMolñ1ra
STD. DRROR

BI
B2
o?

B4
B5

0.3234266c
-2.11641437

B .7 1 96227 9
-r4.11138973
-0.0r964561

0.029r8342
0. 12971798
0.24090896
0.15638358
0.00231r75

i\SYMPTOTIC CORRELATION MATRIX OF THD PÀRAMETERs

Bl t2 D3 ll4

BI
B2
B3
B4
D5

I .000000
-0.995s38
0.984712

-0.963536
-0.9973r3

-0.996538
1 .000000

-0.995656
0.981612
0.987886

0
-0

I

-n
-0

@
GJ



POLYNOMIÀL: y=D5rXr r 4 r D I rXr r 3, B2rX,, 2, B3 rX I B4 I I r 1 0 FRI DAY, JULY 25, I 985 l
PLOT OF Y'X
PLOT OF Y}IÀTTX

STHBOL USED
STMDOL USED

IS A
IS P

Y
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POI,YNOMI AL: y=85'Xr I 4 I B I rXA r 3, 02 ^xr . 2. 03.X, B4

PLOî OF YRESIDiX LEGEND: A = I ODS. B = 2 OBS, ETC

lB: l0 FRI DÀY, JULY 26, 1985 .l

YRES ] D

0.00s

-0.00s

-0.0t0

-0.015

0.000 '

A
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25ø,
29Ø
33ø
37ø
4lÇ4
45q
49)ø

Àppendix F

PROGRÀM LI STINGS

OISP -IIEfIgUREHEHT fJF REF.CI:IE
FF . t15 ¡ ¡C 6-PORT N.,l ! "
OISP
OISP ..ENTER tIftTE|"TRIHL d,.
OIgP
INPUT R$,U7
PR i NT U5I HI. 45ø J FJf , UZ
tNÊ'-E " OBTt'{6" ,3X, É.É, bX, t¡frúfr
PF..INT "

PRINT
CLEHR
OPT I rlt.l Ex:ìE 1

RHO
o IH F[r(: I ÇJ ), Xi: j), ù,r f, .. f ,', .. H( j, ¡-
), P (.3), g(.f ), Prl(3i, G6(3)
O I :-ìP ..FRE6!UENÜ./ SE T? ..

BEEP
O I:ìP
I NF.I-f T E$
RSS I Cl.l# I Trl " ûtrHTti . t.lr:rutrs,,
PEHOtr I ; E:(t-t,B(:Z),8if,i..21,
Ptl i t j , Pø,1I j , FrJ ( _ì j , Z, ii i 1 ,r , :i i ã
.J r .1 t- .j. -J

ffS;gfGNS I Tr-t :+:

PF: I t{T 8,. I .j

F.P I I.I T
ttIsP "EI{TER ESTII.lIITE"
I NPt_tT T f
RHO
[r I:]F
F.R I I.{ T
F Fl I lr{T " ++++++ +++ ++ + + ++ ++ +++
++++++++++++"
FË'INT U5It.{G 1.lr=¡ ; Tf
I flHt.E ?rJ:i , I r:rR
r-'LErlR 7
l.'( t i=fr
r'.J(¿-i=tå
I'I(3)=lì
(./i4)=ø
FQF: I=I TÛ ILT
úUTPUT 7Ø6 U:ìINr. ',fi,K..k.,' ;
"H",1.."R.-lttt'tFtt
l.lH I T 3ÇtL1
ENTER 7UÉ. LISINI- '.S,!J.. ; :ì(J(1i=\/(l t+gz?ø44
CIUTPLIT 7ÇJ6 USII{I: "S,K.I.:." ;

"H",2,"H-l "!"F"
].lH I T 3ç1tZ
ENTER 7Ø6 LrStNG ,,$.t.t,, , :l
U ( 2 ) =(/ ( Z,ì +S./2U.{4
r:ll_lTPL|I 706 LTSING ,.Ë,k,K',
"H".4. "fi._t

53ø
57ø
6l r¡
É- 5ra
€.914

73q
77Ø
Ëfq
È5ø
ã9h
93ø

:1¡B
løltV
I U5U
I ø99
I 1f,rJ
f t35
I l7ß
131rJ
1ã5rJ

I ?3ù
l3r-ú
1;-7ß
r41ü
l4=_,r4
149,i
153f1
l 6øÈ
161ø

16¿8
r 6f,È
164rì
16:rl

I 66û
t É'¡È
l6g13
I 6:ì13

86
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| 7 IjçJ
I7 tcl
r7 2S
I7Jø

174çJ
r75ø
r7 6Ø
L7 78
T 7Bø

t79q
I 795
L Aqø
r81A
I 828

I H3ø
1S4ø

18512
r 955
I a6ç4

I :-_t 7rJ

I t:::ltl
I g:r5
1'JrJr-J

1:¡1u
I 9?a

I t¡ jrj
t 3.1 tJ

I 358
I 955
I v6B
197 11

I 98É

1 998
2øøø

341B
34 5B
349u
353ß
35 7r¡
361ü
3rì5r¡

I,IH I T 3411
EtrTEFl 7t¡i r-l5ll{ü "H,l.l" ¡ S
tJ (:3 :, =tJ (.3 ) + S, Zú4 4
CTLITPUT 7ç16 r-r$tflr. "*,Y..,K" i

B,"R_t ","F"
t.¡H I T 3øø
ENTER 7TJ6 LISII.{G..s,L],. ; S(/(4)=V(4)'+S¡'?Ø44
NE >.:T I
CJUTPUT 7çJ6 US I I.{G .,s, K., ; ..H

l<=(/(: I )
Hf-= " tl'{E "
tF x>4.i rlR y.<..2 THE¡.t igitl
IF N(.1.297 THEN t84u
P ( 1 ) -- . rJ I 4g tÉ.3f,t:<.^4+ . ¿+ø:rBZ
4ZtX'-J- I . 57f, t5 t 75*:X''?+b . uf,Ë
8:-{489ÍX- 1? _ É,84.35425
GrlTlr I g5r,J
P( 1 ) =- .JZ255ø4'3*'i¿.^4+4.34¡f,3
L7 t*X^J- I 3 . 9ggt 1255XX^2+ I :i.
5317 t t47:t:X- l7 . 1625t:2ø6
X=U(Z)
H$="F:EF"
IF X>4.:1F_: L-rF: H{.1.f, THEt.t 5:13
ø
p.= - . tlt 1 9¡455 1 *.i'i..4 + . 3if, .12Ë6.1 X
X.^J-Z . L 7 64 | 4f, 7.ti{^2+È . 7 L:16¿:¿
I'Jr:{-1.+.1tt.iÈ!¡f,
X=tI(f,i
Hf= " THREE "
I F )':i 4 . 75 t-rF: l''i¡' i61 THEN 59
.:- t]r

IF i;...1.a THEl.i 1:r4ÈJ
P (f, i -- . ø1 ãøf,74r|i..4+ . ¿ø4,5 I ¡3
4 t!: ..f,- I . 4ï?¡r:r¿ ¡ r3: ^i+5 ;i4Zt, I
.s:rT:Y- l.¡54f,r4f,
Crlr Tr--t I y5r.J
F,: ;- ) -- . .3rJ'j l Uú+5tX..4+5 . Í9S44
14*:X^¡-- I i 74€.€.P-.558*:l.i^2+ I ü .4
rjÉ. 1f,¡.r¡l.f :i- I ¡ :-r.{Z:r I ¡tl¡
)i = r'J 

':. 4 .j

Hf-= " Tl,lll "
I F )iì'4 7 ¡¡F; ..i i. . 4 THEI-¡ 5:r¡ú
I F i'{.i I . ¡44 THEN ãurlu
P ( l- i = - . 13!:l86yrj6.t¡:^4+ . 4 s-34I7
f,f !:^3 -2 . =J6215y96*:X^Z+8 . 5lJ95
6rl7rx- 15. ¡73261323
co To 34 1!?
P ( e i =- . 5E.545885X:,(^4+i . 8.f I gS
5?ïX^J- l tt .7¿17,17381XX^¿+ 16 . 7
8:r3f,426X:{- I S. 6465'3637
P(l)=lù^(F(l>.,1ç7r'
P(3)=1Ø^(P(¿-ttlB't
P( 3.¡ = I ß^r. P( 3 )., I rl;
F:=1r?^(Flllø)
PRII.{T
F[tR I=l Tr_t j
5( I . I )=p( I ).,(RXBr. I ) i*Z^i-i*l(
I i ^i



B8

3€.Yq

37:lS

377ø
38 1Ê
385ø

3e9Ø
393ø

397Ø

4Ø LØ

4ØAØ

4 89ø

4 13S

4 t7q

421ß

4e58

4¿:1ø

.1f, f,ú
477tJ
441fl
44ig
4 439
45f,u
457ß
461f3

4 65ø
4 i-_,7 q
4rtø
477ø
474ß
474Ø
47 6ø
477ú
4 7.3ø
479c1
4 BøA
43trZ
4 820
483ø
484ø
528ø
52rA
5258
549Ê
53 39
5378

r:<

s( L ?)=P( I ) / (RXg( I ).' tZ*t-'t)1,(
Zti-X(l)xCCrS(Pû(l))
S( L 3)=X( I )xSIN(Pø < I > ) -ZX(P
<t >/ (Rx8( I ) ))xsIN(Zl )
HEXT I
FOR I=l TO 3
IF RBS(S(I, 1))+RBS(5(I,2))+
RBS(S( L 3) )=6 THEN 561ø
HEXT I
C( 1, 1)=S<2;2)XS(3,3) -S<3,2>xs(2,3)'
C( 1,2)=- (S(2,I )XS(3,3)-S(3,
1 ) XS <2,3) >

C<T,
xs(2
C<?,
2)XS

=s(2, 1)f s(3,2)-9(.3, 1)
)
=-(S ( 3, -? )x5( l, ? ) -S( J.
ri-!)
=S(3, 3)XS( L I )-:i(3, I )
)
=-(5<3,2iXS( L L j -:ìr.:ì,
t Z,t )

=S(2, 3)'*g( 1, 2 i -S( 2' 2):

=-(S(2,3itS( l, I )-:ì(?..
.. J.J ,r

=S(2, !ix5( I. 1 i-S(.?, l ;'

ÍS
C(:
1)
C(
fLì
rl(
1)

L-: i
*:-c;(..L:)
f =:i ( 1 , I i *ri ( 1 .. I i +g i I . zi'tc.(. L

?>+i(l.jrxCi: l,rì-l
I F ft=ß THEI'{ 5Ë, I tj
FüR [=1 TO f,
FrlR _t= I T0 l
H(L J)=C':.J'I),'[J
hIEXT -I
r-{E)iT I
FrlFl I=l IÜ 3
GË_.,: I )=H,r L l iX( 1 -P,i L ; ¡ i.Fl:t:E'. I
i ) .) +H( L r )'f t: r -P (.2.!.' i R:lB,. i j i
) +Hi I . J) x( 1-P (.J) / (R*:8i 3) Ì ;
I.{E:{T I
0Er,
G7=RBi;(Cc.11 t i r
G7=SQF; ( C¡ i
Gg=G6(3)...,Cij(¿.ì
I F RBS ( CLT ) > 6ø THEN .{8I IJ

IF G6(Z)(CJ THEH 479Û
G9 =RTN ( CB )
GL-ìTO 528ú
Gg= I Bø+RrN ( r:8 )
GùTO 52øø
IF G6(3)(ø THEN 4Lr4Lr
G'l=9Ø
G0TO 52Ø€t
G9=-9Ø
PRTNT
PRINT
PRINT
PRINT
PRINT
PR I NT US I HC 545u ; t-l

3)
¡L
1)
(. I')\

?

-5,l
(1
1)

?\
(1
3.1

(.1

XS

(l
-1 ¡
*t]

2
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538tJ
539ø
54rø
545ø

.46Ø
5462
5 570
56 rø

Í 65S
569ø
i73ø
577q
5B 1ú
585ø
589ø
593ø
597ø
itø Lq
6ç12ø
6ø59
6î39ø
61f,r1

PF:I I.IT
PRINT USINC 541rJ ; G9
It'tÈCE "Êt.lCLE ", t1000 . ûotl
I NRGE " I:ÊHI',IR I'IRGN T TUITE " , OO
ú . OOOt'
PRINT
PRINT
GOTO 569ø
IIi9P "ERROR IN I'IHTRIX Í'IRHIP
I-ILRT I CIN "
PRII.{T "EqROR IH IlRTF:ICE"
BEEP
ttH I T tØ8
BEEF
CLEffR
GOT0 Ltòy€l
CLEÊR
BEEP
IIISP ..PÚHER LEVEL..
O I9F
PR I II.IT H$
BEEF
BEEP
EH!
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6cÀL 4ø
5Ø
6Ø
7Ø
8rl
90

I t4Ø

[ 1ø

OISP
OISP
I NPI-lT
OISP
PRINT
PÊINT
I IIfìGE
PF( I I.1T

'.Ef{TER ['HTE&TRIRL *..
Rt , tJ7

; Rs, t/7

u>(, È,R, Ë:': . ûútt fl

PFINT
PEII.{I
I I.{ TECEF: I , -I
t'Ifl Fl (.f, ), P?i3), X {..J t, P.(..3, 4 )
0Ill R(2, 2i, Bø(2.), X¿1,:f, ),Prl.: ì)
0I ll t')(.4) ,P (3,6)., E t1¡ )., E¡( 3 )
REN PÊRÊHETERS OF FI--ìUFI

SHORT S
RÊtl
P?<r!)=.5279XFI
P?,!. f i =F I
P?(.? r =- . 553tP I
PZ(f,''=-.ú58XF I
0 I îP " FRErl I l'l l1H= "
it{Ft_tT E;ì

']LE H R
PF:I NT U5I¡'II. 4:;U ; Ef,
Illnr,E ?ø1, trotr [r;?x, " HH:'"
FÍR I =Êr Tr:' f,
E4 ( I ) =F'I -F¿ ( I )
EË.( I ) =E4 ( I ) XiÇJ,',,-1l:F I r
IiEiiT I
E5=ìuBuq/Ej
Ft_tFl I =t3 Tr:t 3
P3i I i =-4XP I *:Ec.(. I i''E5*F I
I.{ E ¡:T T

FgINT
PFIII.lT "FUI-IR SHURT:;"
PRII..lT "
FCr R ._l =tJ Tr-r f
PØ=P7(.. _t ),,F I
PF.: I t.{T LIS I NG 5Z¡I ; .I, F.TI

INHCE "PHIL(".. ft, " i= ",OCIO.Ctû
0., "*f",,,
t.lE:.:T -l

r.rR I T 5ø
OUTPI-IT ¡uÉ. USINú "*.t,..ti." : ,,

H",r],"H._l'r. rrFtr

S=u
F[rR -l= l T[t 5
I.IRIT IU'J
ENTER 7È6 USINù "Ë.. 1.1"-; V(Ji
S=::+\J (. ¿ i
t.lEXT _t

us I hlc lh_ø

" 6CÉ{L " ,

T?ø
1 3.J
t 5rl
16r-J
L7ø
1Sø
36ÇJ

7.6i
f, 7[t
f,:l ø
f,9r-?
4]lq
4113
4 ¿çJ
+lú
44rl
4 SfJ
.+51
452
.+5i
45+
I .-t.-r

4i€.
-r cl

'{ .-r ':.

4 È. r:f

4 713
4xrl
4Su
5ßrl
:lø
5eø

5._l þl

54';J
55ø
5rìq

5¡Ë
SgcJ
59ø
Ë [rø
6lrJ
':. â kl
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ç.aq
69Ø
7qq
7rq
7?S
¡f,ø
74ø
7ilj
7 Eç1
77q
7 eç1
795
Bø8
sla
82ø
Ef,q
'¿4ø
eiØ
I6t-r
-c: ¡ rli

ÈgtJ
,?3Lr
9øø
y1ù
!?rt
Y:Ì rl
94ø
S 5rr
969
I7t-]
:r8ø
998
I rJrlrJ
Itllø
t Bzq
1Uf,ú
t ø4q
I B5A
1øt 0
lø7u
1ø813

6lû
t,4 rJ

Ê'5ø
Ë55
66çj
67 ç4

1ø9rj
t t rjrl
I I tu
I t?fJ

tlfet
r 14q
r l5g
I l6rJ

.'.: .c

i=S r i i.z ltiiJ t

r_tf="INITIRL"
IF :/,>4.YV ÛR X<1 . f, THEN 4U¡øU8=- .Ø1964561XX^4+. f,Z.f 426€,4xx^j-2 . 17 64 1 437XX^?+e . 7 t962?7
9XX-14.111f,8:r7f,
CLEHR
tIIgP
DISF
[IIçP "PÚI.IER LEVEL"
t'ISP
t' I SF l/É
I NFIJ T L.lS

IF tlf*"t]" THEN 5.+h
CLETIF:
PRINT
PR I I{T
PRINT " INC IT'ENT PûttER (.rJp,n'),,
PRII.{T "- ----,,
CLEÊR 7
FCrÊ L= I Trl 5
IF LSI THEI.{ ,'-J€,¿I

Rf=,,t_tSE tlrlTCHEB Lûrìtr,,
CUTÙ 96Ø
IF Lfr? THEt.{ TI:JÙ
Èf="USE :ìHùRT r¡
Gû Tt-¡ 36rJ
IF L#f, THEI.{ :]ãH
Êf=,,ugE :iHr-.lFlT 1 ',
Gû Tr:r Y6g
IF LH4 THEN !4U
Ëf,="l.lSE :_ìHr_rFT ¿"
IF Lff5 THEN y6IJ
FS="l_l :ìE SHLr F.: T j,,
0 I:;F ffs
FEEP 4fJ, I UËJ

tIî; P "REÉft \. ,..f).7',
tIIËF

I NPUT O$
L:LEHR
CLEÊF: ¡
t.rr 1¡=¿r
tl ( 2.¡ -q
t/ ti;ì i =¡l
(/ ( 4 ) =l:t
Ft_-rR [=l TCt lÈ
ot_tTFUT 7u6 US I NG '. *, 1.... ti,, ittH", I ., ttR-ltt .. t'6 t'

I^IR I T SUIJ
ENTER ZBô LISINü "fi..J.]" J ::qr( I )=\r( I i+S.,Zt:r.|4
Ul_l TPLI T 7tr6 t_t S I Nt. ,.S, k,. K " i

2,"Ã._l "."p.,
r.lÈ I T 3qø
ENTER 7út. t_t5lNG ,'s.[..t,,-.; :ì
\J ( ¿ i =V ( J.r +5.r2r1.{.{
[rl_l TPLI T 7rl€, Ll SINr. ,.fi,K.1,.., 

;

"H"..4.,"R.-l ",'.rF',
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I17|¡
I I BrJ
I lgrj
I ?Øul

L?Lø
t 22Ø
l23G
| 24ø
L 25Çi

þttl I T :-.tttj
El.{TEP lu€. l-lSItlr,
\/(.l)=\/(3)+I¡2rJ44
crr_rTPLtT 7t;_t6 U5 I t{G
"H",8, "È._t".. "F"
l.rH I T 3øø
ENTER 7Ø6 USING
V(4)=r./(4)+S/2Ø44
NEXT I
CIUTPUT 78 6 US I NG

"H,t,J" , s

,,ll , K, K,,

"#,l^1" c

"fr,K"
L 26ø
I 265
L ?7ø
I 2Sø
L 29q

(l)
"P1"
X>4 'J rlR X(..3 THEN 4g7;j
Y,<1.?97 THEH 131U
, L ) =- . ø I 4g I rj33XX.^ 4+ . 24øg

8'¿42XX^3- I . 573 I S I ZSXX^Z+6 . ø
368 94 Ø9 *y.- L Z . 68435 4?5

tScjø GoTr:r t3z;_l
1318 p( 1, L)=- .32255ø4gXX^4+4 _È4.f

3.f t 71 XX^3- 1f, . 999ø t 2S5*X^Z+ t
e. 53 L7 t t47XX- r7. I 6251eø6

132ø X=V(2)
1325 CJi=" REF "
ti?çJ IF X>4,:rA OÊ :'i<l . f, THEH 4.e7

fl
1 348 E ( L ) =- . rì 1364 56 t f :i'^4+ . f,i3426

64XX^ j-2 . t7t 4 1437*.^,.2+u. Z l:l
E Z?79;{;{- 1 4 . I 1 1 r-u:r7f,

1f,5t1 PFIt.{T EqiL¡
Lii.q x-rr(.f,)
1f,65 C¡$="PJ"
tlZø IF ,{i4.75 úFl ¡i...5t.1 THEt.t.{ä

?tt
1¡-:ftl IF x-(l.8 THEN l4lrl
f f,gr:r P(f, . L)=- .tVl?çJf,74*: t^.4+. zú4:1t

¡ jì.+:t:X^I- I ..{I¿¡U¿¡:f :i-.i+5.:l{!
61:ig*:x- I ? g¡54.1f,4f

l ¿lU13 r-r_tTr:t l4ZL3
I 4 lq pr 3, Li=- .,_rrJrJlhu45xx..4+5. 5.J:{

44 I 4X>i^J- 1 f, 746i5855c1ËX^Z+ I r-:
496 I ¡-i5r¡i,fi:-;-l ¡ ir+!91 ¡97

147t1 )i: ='.Ji: 4.)
I 435 úf="Pt"
14f,tj IF :i>4.7 r:rR,*i.:. .{ THEI.{ {SZE
l44t! lF i{{:1.b44 THEt.l 147rr
1 454 P (.?, L i =- . Uî.8U69ÞJÈ..t!i..++ . 4f,f,4

57f, *X^3-: . 562 I 5:396xX^A+6 . 5[1
y 5 e. cr 7.t:{ - l5 . 7 7:1zbu7i

I468 GtrTr:r l4ûLr
I 47t3 P(e, L)=- . 52545Lìg5XX^4+3 . g.j I

8557XX^3- l0 783 177.ø I XX^Z+ t tr
. ¡8993426xX- l8 . {;465:¡6f,P

l48tr P( I . L)= lr¡^(F( 1, L),, lLj)
t 49rJ P( 3. L ) = I È^ ( F,( 2, L.i.,.1ú i
l5øtl P(3, L )=1ø^(F(3, L > / It:t>
1 5 I 8 E(L )= I r3.^r.E(L'; / lø)
ta?q htE!:T L
153€t FùR I=1 TLì ,ì
1548 86( I )=P( I.. I i zE(l't

H

l=\.1
(J*=
IF
IF
P<t



93

I 55q
r 569
li74
| 5AçJ
r 59ø
L €'ØÇt
t6lq
L 6?çJ
163€t
| 64ç4
L 65çJ

| €,6ç)

I 8.7 ç1

L 6e,ø
16:lø
l7 Øçt
l7lt4
L7 ?Ø
r 73ø
I 735
t74Ø
t 75rl
r 768

1¡7û
l7.c-:¡
I ¡:?ø
l3øtJ
lSllt:r
1âãEr
L'i-:79
I E4rt
t u5Ë

1 ::: 
':. tì

1 :::7rl

I u::r¡

1:i!g

I 3Eg

l:rlel

1:¡?r:t

I vf lJ

Ìl(, .3
c.txcI
f,:tcf, )
l.l( !, ¿
C I t-t;1
f,:tr:f,)
l'l r. f.. ã

r:
Fj

P.

R

I

(.

I..U.i=Pt. l,r' j/',8,..?t t.L.r.,. I
L l )=p¿ 1 . j ¡ ; i.8,. j r tg6( I
1 . 7:) =P Ì. L 4 ¡ z <E( 4 ).l:8ô r. I
L 3),=P.: L -J),'tE(.5.)f BÉ,( I

NEXT I
F.R I NT
PF:I NT
Ft:rR -l=Ø Tû 3
FOR I=l Tú f
l,li=_l + I
PR I NT US I NG tË.6à ; L t.13, Fi,. I
, -l')Iífft:E "R( ", ú, O , " ) '.t , ¿'x, fi û. oo
tl
I.{EÏT I
PÊ I h{T
NE:4 T .-I

PR I I.IT
PF. I I.{ T
REI.1 II.{ITIHL üUESS
RET1 GHIIÌ1F VECTI]R C 1 .. C2.. I,f,
RRO
ttlfl H(t:ì.:ì), Z 1r.3), fic. ji
Cr= I
11 1 =S I t{ ( P¿- (.? t -F ¿ (- 3 ) I +5 I i.l ( F¿ (
f, i -P?( 1 ) i+ç lN <P7(. I )-F2(2.¡ )
$tlt=¡ìIN(Fli:tlj)
S1=Itt{iPJi. I:i.¡
---;!=1_-; I l,{ ( F !,:.. ! :t')
5j=i::IN(F:(f,,ìj
üt¡=[:ftS (P?(t1') .¡

Cl=COS(P3(l:1 )
[:t=l_-:t_-r¡ì ( P! ( 2 j j
C.l=CC¡S (P?,:3 ):!
G 1 = (::; I N (:F ¡ i: ) -PZ,:. i ) .¡ +Ë I t,lI Pi
(. f,.¡ -F 7¿..çt., ) +L:: I N (: PZ ( B.r -F¡,:: t- r i
i.¡1.1 I
l, ¡ =,, :_ì I l.l,.. I-, ¿ ( .j j - P ! i: I ) i + :: I t.{ ( F!
( I i -PÏ ( rJ ¡ ) +Lì I t{(F ¿ ( tf i -Plr= j ) 'i
J ,'l'1 I
l-J =,:. Ë I t.l,.. F ¿-,, I ) -F''2,:. ? .1,¡ +::; I t.{ i. P¿
i ¿: -F'¿(.tj i ) +5 I t.{ ( F¡-,1 t¡ , -Pã t L' .:,

¡,'f'1 I
f.ti I
. :.ì
Niï
,?)
m( f,

,. l.lli-F: i. l,1.,:t: r, l-F:(I
,:. I ' J j *: l;.f
(. !, úi -R( J.. I .r.t:r, ¡ -p,ta(.ã.3)Xl::
(. 3, ø)-Rt 3, I ) tr. I -R,,f,

,¿)*:G2-R(f,,3)*:üJ

, I .J =R
ÍG ¡-R
'li=R.T.CZ_R

.. I i =R

i=3t:(R( l, üi.f rlt¡-Fl( l, l.,x
-R( 1.2itC?tGe-F:( L 3i *:C

)=?:t(P,(2, ùi.l:tçt-F:r.¿, I j*
-F: r. !, : ) XLìZtCZ-Fl r. ï, i i t rl:

) =!.t i R (. 3, ø ) Í.ùr:t-R( 3, I .r *
C I rC I -F:'í i. 2 i l Lì2XC2-F: i -ì, 3 ) :tC
3:tr;f,)
f.l( I . ji=-¿.ßiR,:. l, ür.ixsú-R( l, I j
rs I Íct -P t. t, !)xs¿xcz-R( 1, 3:¡*:
5.frtr-f)

I :r-1û
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r 95ú

l9Ërl

I 97ø

I 99S

I 99ø

zØØc4

2ø tø
?4?ø

?Ø3çJ

¡a4ß
¿9 5q
ã8 6ß

zq78
'¿Øgct

Zç19ø
! I tlt:r

:t l1:r

'r I ¿r:r

ã1f,ß
¿ 14u
¡158
¿tÉ.ù
.:i I 7rJ
¿'t arl

2I'JÈ
2?ç:t1
Z3t-1
2¡2rJ
z?3ø
2¿-4 u
ã258
2?Eï3
-¿?781

¿¿sÐ
?29ç4
.e3BrJ

3s- I r:ì

z3 ?0
33frr
23+rl

f.l( r . J, =--'.1 (R ( ¿, U.,.1 ::,r_r-F:,.¡, I )
:t::; l tGl -R' Z, ? ) tS2 t.t.¿-F.:,:..2, Ì, tt.
sf,tr;f.¡
l{( f . i,'=-.,t( P(.1, ú ; *sv-R,,f, , 1 )
f s I :tc I -R i. 3, ¿>Y.s?tG2_R,1j.. 3 ) X
S3TGf, )
Ft7=11<2, I ittli L Z)-t1( l, I )l:t1(a
, Z'l
¡t3=tl(. l. t.1ff1(2,3) -f'l( t,3iXl{,1¿
.. 1)
IF ft85í.nZ) í . úøttøçrøriøØt THEN
2øør4 EL:-;E ?ø?S

I F Ê3> r.l THEH pv=ø ELSE pØ=p
I
Cr_rTO 2ø6u
IF ÊBS(R3) ( .úúiJuJç1øc488t THEt.{
?Ø3ø ELSE 2ø5t3

IF RZ)t3 THEt.{ ptj=pl,t'Z ELSE p
U=-P I ¡'ã
r;C'TCr Zø6.4
Py3=RTN ( HZ,,Hf, )
IF ffBS(Ìl( l, l)'), .t4ØØøø46øt1øl
THEN ?IF:Ii

ZØ=ìt
IF t.l( l, Z):tcrls (.pøi+ft(. 1, ii*:_ìI
N ( Ptl.) (=ü THEN PØ=Pú ELSE pB
=Prl+P I
CûTr_r 214r:r
R 1=- (:¡l,i l. i i:+:üú:_i (. F.ti ) +|1(..1.. J.j.*:
SIt-{,;Fur i.'ll( 1, 1 :¡

I F 111 ,, =¡ THEt{ Ptl=F u ELsE pø
=Pû+P !
Ft t =- { t,l( I . Jì rt:[[r:ì(.FrJ i +f.l( I ..f, r *:
5 It.{ ( Fu i :r...1'1( l, I )
Zú= r. Ê I -:ì'jR( R I tH | -4 ]t j ¡.2
Z?=Zçlxr::u:i i Fu i
¿-¡-=fqtS I t.{ ( prc j
r-L'Tr:r 3l ÈU
t'I11 [: i.;ì,4i,::,(: ji,Ti: j,4j,ït1 J.r
REI'I L-: i. J, J ) _ ÜUEFF I L. I EI.IT ÌIF{
TRIü, L,:. L.+,i _ FjH:ì llEt_-T0R,
s,.J') - srlLr_rTI[rt.{ \JEr]TüFl
FtlFl I=1 T[r ]
Fl:lFl -l= I Tt-t f,
r::( I . _r) -f1,í L _tj
t'{EäT -l
NE}< T I

F:EI'I EN TEF: SUÉ SÛLUT I UN OF F
SET OF -J L I NERR EI]tJÊT I L-II.I:j

Cú51_le 23Ër8
GUTO 31É.ù
REN SI.IB SOLLTT T I]N ':IF .:ì L I I.IER
F: EI;IURT I UI.IS
Fr_rR I=l TÛ l
FLlf.': _l=I T[r 4
T,.. L .-l'r =rì i. L _1.¡

NEXT -I

FUF: I=1 TÛ J
[:i I .. 4 J =fi (' I ì
NE:(T I
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2l5rJ
?i€,çr
2i.7 q

238u
239A
?4øø
24tØ
242ø
?43ç4
?44q
2 45ß
24€.q
247 çt

?48çt
349r¡
?'r4ø

I.{E:i T I
fr = I
f= g[iúgB I I t1 I t.{ l I,ft-tN HLLUUTig
LE NÊGNITI.¡3E FOP H PIVÙT EL
EIlENT
FLìR K= I TI] ]
K1=K-1
P=8
FOR I=l TO f,
F0R _l=l ,Tfr 3
IF K=1 THEN ?5øÇr
FC'R I2= I Tü t( t
Fr-rR J2=t TO K.L
IF I=l(I2) THEI.{ ?.54u
IF ,l=-l(JZ.r THEN ?34Ø
NEXT,t2
I.{ E.\:T T ?
IF R8:-;(T(. L J.ì i r.=ÈB:,.F..r THEI{

L-54tJ
P=T (- L -t¡Itll()=I
J(K)=.J
NEäT .-l

I.{E:{T I
IF HBS(P)>E THEti :5:tu
Ct=u
RE TI-IRN
J.f =I (.F.;r
.-l ;- =.-l ( l'. .t

fr =ft *. F
Ft:'Fl ._f=1 T[r .l
f ( I ¡, -l) = I ( I3 , ._t) ,'t
t.tE:.:T -t
T(I3.-l.J)=l¡F'
Fr_t F: I=l Ttl l
T=T( I , -lf,i
IF I=IJ rHEt{ 2f;ìú
T i. L ._l i.t =-T.¡F
Fl:lE ._l= I Tr_l .{

I F -l r:) _l-ì THEN T ,ì L .-t.r = T r. L ._li
-T:t:T{ll,_tj
t'{E:.:T ._t

r.{E}ir I
NE:iT [..

Ft:t F: I=l Tr_r l
I4=Ic. l r

.-14=.-l( I.!
['l(I4)=-14
S(:.-14)=T( I4,4)
NEziT I
T=Ø
N 1=!
FLIR I=I TÙ I.II
Pl=I+l
F[rR _l=P t Tü f,
IF tr 1t¡,r.';=fìl(l) THEI.{ i:llr¡
T I =O I t -t¡
O I ( _ti =O I c I )
trlr.t)=Tl
T=T+l

¿51r¡
2i2.1
'¿53Ø
2i4Ø
255q
?5É¡J
2i7 tt
:5:? I
25vq
Za4u
361r1
ãr:ì¡u
2Ê.jìß
?t.4ø
2 65ø
",8€.q¿6 7tJ
ã Ë:l: rl
È6 9û'¡708
c-7lt:t

3 ¡¿rJ
:¡f,Lr
e74u
:. ¡: rJ

3 ¡6u
.-¡7ø
? 7Sg
¿ 79r¡
2 8r¡ r¡
eBl14
e 8?Ê
28¡-O
284 ü
ã85Ê
¿8É'ø
er:7û
281¡u
ãS 9€r
¿-9ktI
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¿?lt1
Z') ¿ct
ZJJS
29 4'ii
295çJ
296q
297Ø
29Aø
299rJ
3øØç4
f,a 1ø
3ø 2ø
3838
3A4u
¡-858
386ø
zø7Ø
308fr
3ø:tø
¡-lØÊ
.f 11ø
3 I2ç4
3IZç4
.l14rl
f, 15ø
f,16ø
i L7çt

318rJ
3t9ø

NEXT -I
NE]< T I
IF ItlIiT.,2):fZi.¡j
FOF: .-l= I T0 3
FûR I=1 T0 l
I4= I ( I )
-14=J ( i )Y(-r4)=T(t.4,-t)
NEXT I

IHEi{ L.l=-ú

FOR I
T( I, J
NE:{T
NEXT
FUR I

=[
)=Y
I
J
-1

TCI 3
/I\

TÛ3

.i -fill ( L, Z'i +l'1,í !, I ) :+:l.l i 3
[ ) xr't ( 3, 2.ì
) xl1( 1, 3 ¡ +t{i2, I rx:N,lz
I ) *:f.1( i. i.¡
l'.3+Ìli:Z, ¡ i^¿+f1(f,.. r)

, I )ft.lie
f.1.

FL1R J= 1 TO 3
I4= I r. _t )
-14= _l ( ._l )
Y(I4)=T(L J4)
NE}{T -I
FLIR -l= I TU i
T(L J)='l(J)
NE,\:T -I
NEXT I
R E T I-IRI.{
PR I I.{T
REIl PÊII{T Z II.{ITiHL I,UEsìS
REII CftLCI-ILHT I [tN I:IF ¿ U5I NI.
LEHS T :ìUUERi I'IE THÜO
REN Nr:'NL I NEffF: EAUÊT I ùt{'.j
R4=l{(. 1, 1i^Z+l'1 (.?,l/,.!+N(f,, t i
z. '.i

8.1=1.1 c. I
,2)+l'li:
(-<[ =l.l (. I
, i ) +l'1(.
E4=lf t l

.. 1

., 1

--

f, ¡ rJrJ

i¡-18

ft?u
/. a.

f,if,rJ F-l =
1r"

f,¡4tJ ll-{=

-:-. i 5t¡

ì¡È.r.J

ìã7¡:l

¡- 3:-1[t
f,29È
f,3øø
f,lrß
33?b

f, 3f,o

3 34È

335Ê

- i.Í'1( I . 1 )..¡+t{i. !, I J -'!+lli i.
'.:, \
f'l i 1, J ì ft{,.. l, :ì ¡ +l'1( ¿, ?}'tf{ (¿

. j , +m (: f,, ¡ ) xr'l( ._i., ._1..,

H.{=lf (: l, I j:{Í.1{. l,?.i +ll(i., l.irt:lf i2
.. ¡ j +hI,. :ì., I ) *Hi. i. :.¡
ll..{=t.li_ l, f,¡."!+l'l(.j. . j i^¿ +l.l(.1, f,i
.,t 

.:.

L.l=M( 1, I j:tf.li. l.
..3)+¡1(.i, L )Xtl(f,
REI'I INITIRTE Y

RETl TI,¡O NLINL T NEHR ET.{I-IÊT I I¡I.IS
P 2=?x R 4 x \' 2 " 3 + Z xR 4 *. \'¡- t Y.-ì ^ 2 + 3
X g-1 X yZ^ Z + B4 f y J ^ Z + 2:trl 4 :(y A t \, 3
+ ( E4-ZXF4 ) XY2+C4XY3+H4
Prr = 2 Xff 4 XY3^ 3 t2 xR4 x YZ ^¿x Y 3 + 3
f Lì 4 xY3^ ?+C4 *Y 2^2+2 XB 4 XY 2 X \',f,
+ ( K4 -2*F4 ) x'T 3+C-{ xYA+L4
P 4=6 xR4 xYe^Z +2 XF4 XYi ^ 2 + 6 X84
xY?+?xc4*'/3+E 4-ZYF 4
P 5 =6 XR4 X \'3^ 2 + 2*R1 Y\' 2 ^2+6 Xtl4
r'/3+2XB4x Y2 + K4 - Z*.F 4

3.¡+Ì1¡'¡
,*ìi
2 HNO
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336q

737Q

f,33ø
339ø
34ØØ
341ø
34?Ø

343ø
344Ø
345ø
346q
347ø
3489

74'9ø
35Øç4
f,5 1A

f,5 2ø
733q

f,54&
355b
f,56ø
r-5 7er
f,58r3

P 6 = 4X114 * \',2 * \'.3 + Z I I 4 r:'i' f + 2 r r- 4 t
YJ+C4
P7=4 XH4 *Y ?X'(J+2xC 4 L'( ¿ { 2X8.{ t
Y3+C4
REIl SÙLUT IOI'{ -NEI.¡Tt]I..I IlETHOO
O4=P4XP5-P6XP7
Z?=Y 2- ( PZ xP5- P B'xP 6 > / CJ 4
Z3=Y3- ( PBXP4 -P2*P7 > ,'û4
IF RBS(Y2-22') <.¿tØøç1øØØØør R
Ht' RBS(Y3-23) <.Øø8øøØØøøL T
HEN 346ø
w.>-->.>I C_LL

Y3=23
coTo 3328
ZÊ=S8R <Z?XZZ+Z3XZ3 )
Xø<q ) =Zú
IF IlBS(22) < .JJøØUJçJøØI THEN 3
5l rj
PØ=FITN2 ( 23, Z? )
CCrTO 354ø
I F Zf,> . øøT}ØVJØø 1 THEI.{ Pf¿=F'T I
2
CUTO 35-1&
I F Z3> - .f:tØØØØEil I THEN PØ=t1
ELSE PÈ=-Pl¡?
t-iB=PØ"P I
PØ(.ø ) =Pt¡
REI'I
P.l=GØXP I
REll X( I ).. [=1.!, :ì [.r_rr.lpt_tTHTI

REN RH:ì 1./EC TI-IF:
u( 1 i =R( I:r., I .)Xfú:tZø+¡&P(. I :r, I
).t:zøxcüc (P3 ) *tl I -z*.F;,.: I y, l,ì'r:z
rJ'tg IN(P3.i :tS I +R( I !, I .¡- I
U<?'.r=R ( [ 9, ?') *Zø'lZø+ZxR ( I 3, Z
i rzøxcLls ( Ff, i'{|]2-¿xR ( I 9, 2 ).(z
bxS I N(P3,r *:S!+R( I 9, Z.i - I
U( f, ) =R( I9, -ì j'f-ZvXZÈ+2XR( I:1, 3
) XZOXCTISt P3) XC3-!xR( I 9, 3 ) :t:¡
TJxSIN(P3)xS3+R( I:1, j j- I
PE1.1 INITIftL CUESS CÚMPUTRTI
CIN
FüR IB=l Tr:r f,
Ff_rR -18= I T[r f,
C:( I8, -lLìi=B( IS, JSi
NE X T ,Iir
NEXT I B
Fr:ìR I Û= I TÚ 3

f,5gij
36UU
f6lø
3€.?q
i€.3çt
:l€.4tl
i6iLV
36F_,ç!
f,6 7[r
.3 68[t
.f 6:lB
3 ¡ørl
.f71rl

372rJ

:ì7f,6

r- 748

¡- 75Ê
3 76ø
i77çt
3 ¡8rJ
3 79ø
3BøU

[tI.{ II{I TIHL I:UE::,::;
[f Il'1 e,(.3, i i r f-l r,3.,
E( l, l;r=1
8i2,1i=1
E(i, Li=1

E ( 2.. 3,ì =-¿{SZ
E(i,3)=-¡xS3
F['R I:i=l Tr:l ]

8i: 1,2i-?:tCl
Ei¿-..2)=Z*.Cã
g(:f,..2 ;,-2:trl3
8(. 1,3)=-!f Sl
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Itìlû [( I:::.,4.]=U,: I:::i
i8?ti NE:{T Ir:,
z?3çJ REtl cHLL SUe :j I t1 Er,rr_r

384r1 Ct:r:ll_l[r ?3çsfi
f,85ø IF flBS(O)) .ttØØitØuaØJøÀt THE

N 339¿l
286Ø PR I l'{T US I NG 237Ø ; I y
3874 IÍRGE "SET FCIR N(.".,I1,".) HffS

NO SÚLUTIIII.{. PI(/ÛT ELENEI.IT(. Ø.øVititl"
389ø GúTO 433rJ
389ø RE!'1 PFJ I NT RESLILTS;
f,948 XØ< | 9 ) =Sr,.lR ( S ( Z ) ^2+ S,i i I ^2,,391ø IF S(2)=Çt THEN 3948t
39?ø Pkr( I9)=tìTN2(S(3), S(:) )
393q f,tlTO 39oË-t
294Ø IF S(3)>¿1 THEN PrJ<I'_t)=pt,,!
395U IF S(3,ì=Ú THEN PØ(.T9)=U ELS.:

E Pø(.19)=-Pl/2
396ç1 CJø=Pøi Iq),,FI
397Ø REM TI.IO Nt]HL I NEHR EúURT TÛf.{5

F'lR '^2 tlt.{O X3
39eø R5=Cl +CZ+CJ
3ggø gS=s^ I +sz+s3
4ØØØ C5=C l XC 1+C2*C'2+ç-3.(.C3
4Ølq OS=R(. I3. I )+R( 19,2)+R( I9, f, )
4ø2q E5=R ( I9, 1 )'f C I +R (: I9 ,2) *C?+R.(.

iY,iift;¡
.+8f,ø FS=R(: I9.I r ttl+Flr. Ig,ïif SZ+R(

I:..' .l i ÍËl',
4t44f_t r-5=S; l.trl t +_ìi:t ùï+_;3 tr_.J
4f35ø H5=F:( lY, I )XL-:l f rll +F:(, I9, ¿ it.t:'.?

xL- 3 + 11. 
(. I',J, 3 i f [: *ì xü:l

4q6ø I5=R( I:1, I )*:-::1 XCI+F:( 19, ?) *::ìi
tül-+ R. (. I ! . I ) f S.j Xûf,

4çj7V ,l5=5I * 51+S?f.S:+Sf,*:j3
414:lø 1.15=E( I y.. 1 ):t::;l *S I +R (.l:J,¿ i:t::¡:

*.5:+R ( I 9, f, ) *.5:ì:t.5f,
4B:10 Sc'=SIN(Pf i
4 t çjg CÉ=CCrS (.P j'i
4I I8 FJEH INITIHTE ."iZ HNO iì.f
4 I 2u li:-S r.2 )
4 I f,O l(3=S ( 3.t
4I4T¡ REIl STIìRI ITEPHTILII.I
415t3 L2=6XX2X:<2*'¡12+ c. f i'i2.tiif,.ti{.f +,:.f.

ft 5 f x2 Y.XZ+z XH5XXf, XX 3 - 4 r: E5 f X:
X:'(J-.

4 I 6ø L2=L?+?tr. 2XC5-ZutZultrS-zx¡6
xC6 *85 + ZxZøx S6xF 5-O5+ ¡l ) *)í 2-
4*C5XX3

4 l7ø L2=L2+2x ( R5-E5 -¿-ùxZ8frE5 +2:(Z
bXS6x I 5-Zl:ZAXTI6XHS )

4 I BO L3=6 XX3 {X3*:,:f, +c'tX2X:i2 .t>i3-È. X
85 x X 3 XX3 - 2 x85 X X2 rXZ + 4 t:rì5 *:Xe
t.X f,

4 1 S€l L3=L3+2.t,. ât-.J5-ZLrtZøttr5-2XZA
xCË XE5+2xZøxS6 rF5-O5+3 ) x>(f, -.ltr,5¡y2

4?ØØ L_ì=L3-2* ( 85-F5-ZrJX¡8 tF5+¿ ÍZ
al:sÂxt'15-2xzøxc6* I 5 )
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42tø

422Ç1

4?3Ø

4?4ø

425ç4
426Ø
427q
424Ø

429ø
43ØØ
43tA
432Ø
433ø
431Ø
435f1
436çJ

4i7ø
438Ê
439ø
.+4øß
441ø
442ß

44 3G
4448
445eì

4 4òg
4¿+78

+4:j11
4 4 --rB
4:,qq
451ø
452Èr
453r3
454r3
455ø
4 56ø
457À

458_i
459u
46ø0
46tq
462Cì
463ù
464ø
4 658

Lu= t It::<zl >í¿+6r y3t:x3+ I2xR5f t:
?-4 (85XX3+2* ( 2{'13-ZrJ XZAXû5-
ZY.ZØ Y.C6 YEs + 2 *:ZçJ* S 6 X F 5 _O 5 + 3 )
L5= I ?XX?rÅ3+ 4XB5tX3-4XB5XX2
-4XC5
L6= I 8xX3XXf,+6 XXZXX7- I 2X85xX
3+4*ß5*X2+2* ( 2XJ5-Z ø*ZØtO 5-
2XZØxC6tE5 + ?*ZØx S6*F 5 -O 5 +3 )
L Z= 1 2*X2*X3-4X85*X2+4 xR5 xX3
-4 XC5
tl9 =LBXL6-L SXLz
V2=X2- ( L2*L6-L3XL5 ) t (t9
V3=X3- ( L3tL8-L?XLZ > / Dg
IF ffBS(V'¿-Xz> <.ùøØØçrØcJAøt f1

HII ffBS(V3_X3> <.øØØØçJBøøø1 T
HEN 432Ø
x2--v2
X3=V3
GOT0 4 158
Xø(.19 ) =Sr.tR <\!Z'*VZ+V3*V3 )
IF V2=Ø THEN 436ø
PØ<f9)=ßTt{2(V3,UZ)
GCrTO 4378
IF U3>ø THEN Pb(I9J=PTI2 EL
SE Pçl< M: =-P l tl
(tú=PFj < l9 > ./P I
REI1 PF: I NT F I NHL F(ESULTg
NE:{T T9
REI.I PR I HT F I NHL FIESUL TË
C.tØ=Ft3 f- B ),'P I
If.1ÉGE "Z= "..ll .ftOOOE,/, "PHIZ
= "..flCt0.ttOO,"*f "
FLìR I=1 Trl 3
GtØ=PÇt<1¡tPl
IllRGE ,. 1¿l,,.,f, ,,,.)= ,,..[.].Ofiú[t E,
,,, .,PHl:'((.,' . ft.', )= ".. Oft .ftfrfl, "*:
fr' "
NEi; T I
I F tlr= I THEN tl l = . U2 EL:ìE [,.11=
. 135

t1!:ìi:1 )=Prð(u)
r.!g':¿)=Fu(li
tl9(3)=Püt2)
t:!9(4)=Pt¡i3i
¡lls(I)=xútØ)
QL1(2ì=)i6(li
CtS(3)=l(tl(2)
Gg(.4)=X8(3)
ffss I GN$ I TLI " fiúÊ TR . HüOOS "
PRINT* 1 ; 86(1),86(2),86(3
i, Pß(ø). F8( 1> ,PlJ (2r, PÊ(.J), X
Ø(4':t,XiJ(. I ), Xø ( 2 ), Xtl( f, )
ftSSTGNS I TÛ X

PR I I.{T
PRINT
PRINT
PRINT "PHI'S'
PP I I.IT
FOR I=Ê TO 3
PRTNT P6f I )
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4 €,€,ç1
4 €.7 çt

4 6Aç4
469q
47 ØØ
47 1Ø
472q
47 3çJ
47 4Ø
475c3
47 6ÇJ
47 7ø
478Ø
479q
4BØø
48TfJ
4 82Çj
4 93ß

HEXT I
PRINT
PRINT
PF: I NT
PRINT
PF: IHT ¡I

NEYT I
PF: I I.{ T
PRINT "Z HNt, X
PÊINT
F0R I=tJ Tu 3
PRIHT XU(I)
NEXT I
PRINT
PRINT ¡IB'SI'
PRIHT
FtlR I=1 TO 3
PRINT 86(I)

484 _i

485ø
486ø
487q
4 88ø
4 89[t
1,JØø
491r1
492 _ì

432çt
49.+q
4945
4 i-¡5G
4 96rJ
+9155
497t1
4 9$ø

PRINT
FRINT
COTO
BEEF
BE EP
r.rÊ I T
8E EP
C:L E RFi
tr I:_ìP
0I:lP
tl I';ìP
[r I:_ìF
tr I:_iP
[rI:iF
I I-{FLIT
CLr Tr_l
ENtI

498Èr

2Øø

:{

rl$

" REÈfr_il_tsT Fr:rt.tEF.: LET.JEL,,

Z5
54t3



Appendix c

SIX PORT CONSTANTS FOUND BY GIRIMÀJI TlO]

Frequency

900

920

940

960

980

ì 000

ì 020

ì 040

r 060

ì 080

ì t00

(HHZ)

0

0

0

0

0

0

0

0

0

0

0

¿&
zto /ttoo

22s /t t to

no Ls6o

tzt /roto

oto 1vso
oas/ stso

osl /:e.so
tso f+_so
ts5 /-660
ztz / -too

zst / -tso

lBrl

0.248

0.255

0.2s9

0.26ì

0.269
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Àppendix H

RETURN LOSS AND INSERTION LOSS FOUND BY GIRIMÀJI
[10]

Insertion loss bctween ports I-3, ]4,2-5,24 and 3-5 of thefive-port iunctiott.
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Insertion loss between ports 2-3,4-3,4-5, I-5 and I-2 of the f ive-port junction.
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Appendix H

RETURN LOSS AND INSERTION LOSS FOUND BY GIRIMÀJI
[10]

Return Loss mcasurcments f or ports 123,4 and 5 of thc f ive-port junction.
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