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ABSTRACT

In this thesis an automated six-port microwave
measurement system is developed and tested to measure the
complex reflection coefficient of microwave devices. A
six-port network consisting of a five-way symmetric power

divider and a 90 hybrid is the heart of the system.

The six-port is calibrated using a matched load, four
short circuited lines and a new 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 were needed for each frequency. Four
simple.diode detectors are used to measure the power at four
ports of the network and from these the reflection

coefficient is determined.

The temperature (and electrical characteristics) of the
detectors was stabilized using a temperature controlled
oven. Details of this oven are given in this thesis. The
detectors were characterized using a fourth order polynomial
relating the incident microwave powér to the output dc

voltage.




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.

- vi -




Chapter I

INTRODUCTION

" Reflection coefficient measurements have been performed
for many years with instruments such as the slotted line,
directional coupler, microwave bridge and the automatic
network analyzer (ANA). In 1977 the complex reflection
coefficient was first measured using a network device known
as the six-port reflectometer (1. 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 reflection
coefficient is calculated from these powver readings using
equations derived from six-port theory [2] and >seven
pre-determined calibration constants. Chapter II introduces
background six-port theory and presents a new procedure [3]

for determining the calibration constants which minimizes
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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 lines to be used to determine
the calibration constants at any frequency 1in the band.
Previous procedures needed four lines, each of specific

length, for each calibration frequency.

The actual six—-port system and 1its components are
described in Chapter III. The software for both calibration
and determination of reflection coefficient are also found

in Chapter III.

The electrical characteristics of the diode detectors
used to measure RF power 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

© Ch Each detector was

temperature to within + 0.5
charécterized by measuring the detector’'s output dc voltage
as a function of input RF power for a prescribed range of
power levels. This voltage versus power data was applied to
a curve fitting procedure to determine the coefficients of a
fourth order polynomial which relates the voltage to the
input power. The RF power incident on a detector could then

be closely estimated by measuring the dc voltage at the

detector output and applying the polynomial approximation.
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Chapter IV of this paper deals with the details of the

detector power calibration.

Chapter V presents results of experimentation with the
reflectometer system. First the calibration constants were
determined for the frequency band of interest, 200 MHz
centered at 1 GHz, 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
[11] using a different calibration procedure, with good
results. Secondly, the system was used to measure the
reflection coefficient of several 1loads at different
frequencies. These measurements were compared to those made
with an ANA and a slotted line with agreement to within a

few percent for most of the frequency band.

Chapter VI presents conclusions and includes some general

comments on the use of the automated six-port system.

The rest of this chapter is devoted to necessary six-port
network theory and a description of a few previously

reported systems.




1.1 PREVIQUS SIX PORTS

In 1972 Hoer and Engen [2] published their work on a six
port measurement system which made use of simple amplitude
detectors and several directional couplers to measure the
‘power incident on a load. An equation is derived from the
scattering parameters of an arbitrary six-port junction
which relates the net power at the test port to the power

measured at the other ports.

MICROWAVE I I ’ l
@——{— SIX —PORT

SOURCE 1 | 2

TEST LOAD

Figure 1.1: AN ARBITRARY SIX-PORT NETWORK

For the system shown in figure 1.1 we can write
6

and at ports 3 to 6

a.:b.r. j=3 ...6 (1.2)
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where I'; is the reflection coefficient of the power meter
terminating port j and is considered fixed. The a; and b
are the complex amplitudes of the 1incoming and outgoing

waves at port 1. These ten linear relationships of twelve

terminal variables can be wused to solve for any ten _

variables in terms of the remaining two. For instance :

b,=r‘la2+t,b2 i=3"'6 (1’3)

where r; and ¢

; are functions of I'; and [S], the scattering

parameters of the network. We can write the power at port i

as

Py = 1012 = Ir 12lay1? + ritfasby + rlitiashy + 16,126,120 i =3 --- 6

(1.4)

Now la,| and |h,l could be solved for in terms of P;(i =3---6)

and

6
P et = 16317 — I“2'2= E q; P, A 15
i=3 ’

where ¢; are functions of [S] and T; only and are the
six-port constants to be determined. To find the g¢q; , port
2 is first terminated with a power meter so that P, 1s known
and P; j=3---6 are measured. Now the power meter 1is

replaced by three offset shorts with P, = 0. P, are again
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measured and equation (1.5) is 1inverted and wused to
determine gq; . The actual system tested in [2] is shown in

figure 1.2.

10 dB 10 4B
O— -
3dB’ 3dB

SOURCE LoAD
Figure 1.2: AN EARLY SIX—~PORT NETWORK
where all the components are X band waveguide. This system

agreed well with generalized reflectometer measurements to

better than 0.25 % 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 toby . But to
measure the phase, frequency conversion is necessary adding
expense and complexity to the system. Modern day automatic
network analyzers (ANA) wuse frequency conversion and are

indeed very complex.

Engen continued work on the six-port and in 1977
developed a system , [1] and [4], (using three guadrature

couplers and a hybrid) which measured both magnitude and
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phase of the reflection coefficient of a terminating device.

Four simple amplitude detectors were again used. Figure 1.3

shows the system.

—i”\?‘ bl + (1 +4)V2] 1 ‘P5~® A ——"?- 6, - (1 - j)V2]

76"17(1‘1."]'\/2) AL

o 0 4T

Figure 1.3: A PROPOSED SIX PORT

In general for the power measured at the four detectors

we can write

Py = 1bs1? = |Aa, +8 ba!?
?
Ps = |E ay +F byl? |

P6= |Gaz+Hb2|2

’

(16a)

(1.65)

(1.6¢)

(164}



where A ... H are complex <constants determined by the

system. Equations (1.6a) ... (1.6d) can be rewritten as

Py = 1A12 16,12 1T, — gq31? (17a)

b

IE 12 15,12 1T, — g2 (176)

~
w
i

’

Py = 1G121by1% IT, — ggl? (17c)

’

B H [
where Q3=‘X ’ Qsz_g » ‘16=—'—5 and T “2/[’2%.

If we can design the system such that C€=0 (which is
nearly possible for é good directional coupler incorporated
in the six-port and well matched detectors), and consider P,
to be a reference power, then

16,12 =P,/ ID 2 (1.8)

We can eliminatelbzlzin (1.7) with the result

. D 5 P3
IT, —g3i2 =112 =
L 93 A P, ’
D , Ps
IT, —ggl?=1=12 == (19)
E P, ’
P




If 93,95 96 P3 P4 Ps Pg ID/AILID/E 12 and ID /G 12 are known we
can represent these equations as three circles centered at

93,95, 9¢ (known as the g points) on the complex Iy plane.

/

UNIT CIRCLE

Figure 1.4: Q POINT DISTRIBUTION

The intersection of these circles within the unit circle
determines the value of I, in both magnitude and phase. The
constants !Al,I!DIl ,1El and |G| are evidently, from eqguation
(1.9), scale factors which determine the poWer levels at the
four power meters for a given load. These are chosen so
that the power levels are compatible with the power meters.
Details of the determination of ¢3, ¢5 and ¢¢ for the system
of figure 1.3 were not disclosed. However, the optimum
design criteria were given in [4] as 1)ligsl = Igsl = lggl = I},

2) their arguments differ by 120°and 3) the Igl lie in the
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range of 0.5 to 1.5. The six port of figure 1.3 only
approximately fulfilled these «criteria and six-port
reflectometer work was continued by Riblet and Hansson [5],
[6], Cullen et al [7], Cronson and Susman [8], D. Woods [8]
_and others. The six-port developed by Riblet and Hansson is
of particular interest because it achieved the ideal g point
distribution given by Engen [4] using a matched reciprocal

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

SOURCE | TEST DEVICE
Figure 1.5: RIBLET'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 [10]) to have the scattering

coefficients given by
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Spu=(8,+25,+255)/5 (1.10)
512 = SIS = [Sl + 252005(2’15]:‘) + 2S3COS(4“§") ] /5 (1.11)
Sp=Syu=[5,+ 2Szcos(4l;—) + 2s3cos(2i‘5*—) J/5 (1.12)
where §,, §, and S, are eigenvalues which represent the

reflection coefficients of three eigen-excitations of the
junction. Because the device is assumed lossless, these
eigenvalues must have unit amplitude. If we arbitrarily

choose the phase of §; to be 180° we have

Sl=’”1 ,

5, =el® (113)
b

S3 — e.jd’}

Also if we assume a matched junction condition we have from

(1.10)

S11=(Sl+2gz+253)/5=0

and upon substitution of (1.13) that

ej¢’+ejd”=1/2

or

cosd, + jsind, + cosdy + jsind; =1 /2 (1.14)

Inspection of (1.14) shows that by =% 755 ° since
sing, = —sind; and cosd, =1/4 . Substitution of ¢; and ¢;

into (1.11) and (1.12) yields
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]Slz| = |Sl3' :1/2

o}
L Sy=L Sp=%120 .

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

divider.

Riblet and Hansson [5] built two five-port ring
structures using RT duroid stripline with measured
scattering parameters close to theoretical values. In 1983
a six-port devicé was developed by Jagdish Girimaji [11].
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 [2] which will
be described in greater detail 1in 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

X2 T, 1241 +2X, 1T, | cos(d;, + &)
ZZIT 12 +1+22Z (T 1 cos(dy + &z)

i

(1.15)

— = 18;1%
Pg

where P; is the power measured at detector i = 1,2,3, Pp is

the reference incident power; |B;|, X; b , Z and ¢, are

r
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the calibration constants to be determined. I, | and ¢, are
the reflection coefficient magnitude and phase,
respectively, of a given 1load at the test port. If a
matched load is applied at the test port then I, = 0 and we

see thatlBil is easily determined from P; . The remaining
constants are found from the measured powers Sy appliigéA
four loads whose reflection coefficient are of known phase
and unit magnitude. D. Woods [9] presented a solution
whereby the shorts must have specific 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 Girimaji's [11]
procedure we apply a matched load (to determine the |B;| as

described before) and four shorts of known phase and unit

magnitude. He chose Iy, =1,-1,j,and —j as the calibration
standards. The test loads are applied one at a time and
four power measurements are made for each load. To

determine Z and ¢, we first normalize the measured powers
with respect to the reference powers and IB;| which have been

previously determined by the matched load termination, thus

P.

R, =—-
Y PR IB, |Z (1.16)
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Writing (1.15) in matrix form and using the normalization of

(1.16) we have

Ry Rycosdy —Ry;sind, 1+22 1 cosd; —sind, 1+x2
R, R3;cosdy —Ry;sind; 2Zcosd, | = |1 cosd, —sing, 2X; cosd;,
R3; R3;cosd; ~R y;8ind; 2Z sind, 1 cosds —sindj 2X; sind;,

and Ry (1 +Z2) + Ry; cosdg2Z cosdzy — Ry sindg 2Z sindg,
=1+ X2 + cosdgy 2X; cosd,; — sindg 2X; sind,; .

(117

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

1

All (Z + E) /2 +A12COS¢Z +A13Sin¢z =0
1

Ay (Z + -Z—) /2 + Aypcosdy + Aysingz =0 (1.18)

1 .
A3 (Z + ) /2 + Agcosdy + Azpsing, =0
The first two equations when subtracted yield

(1.19)

Once ¢, has been determined we can find 2 from

Al +ZY + Ap(2Z cosdby ) + A3(2Z sindz) =0
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and

1+22+22

Aq

A 12COS¢Z +A 13Sin¢2 ] 0

Wwhen these equations are rewritten as

Acosd, + Aqssind, ]
?

Y = —
Ay
1-2ZY +2%=0
they can be solved by use of the quadratic equation. The

ambiguity inY=x V Y*#—-1 is overcome since for a passive

device, Z < 1 (see [11]).

Now the powers at the four ports are measured for each of
four shorted lines of known electrical length terminating
the test pert. These powers and the previously determined
Z and ¢, are applied to (1.15) to determine the remaining

constants.

The described system and calibration procedure were found
to work very well with measured accuracies approaching those
using an ANA. 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 II

SIX-PORT CALIBRATION THEORY

The first part of this chapter 1is devoted to the

derivation of the basic equation which relates the six-port

constants to the powver readings and the reflection
coefficient of a device terminating the test port. This
equation 1is then wused to obtain equgtions for the

calibraticn c¢onstants in the new calibration procedure.
Finally, the basic equation is cast in a form for evaluation
of the 1load reflection coefficient from simple powver

readings.

2.1 GENERAL SIX-PORT EQUATION

As previously stated, [1], the relationship between the
response at a given detector port i and the load at port 2
of a four arm junction is b =r;a; +1; b, . We can
extend this relationship to a six-port [4] and write the

response at port 3 and reference port 4 as

by =Aap + Bb; | @1

b4 = Caz + Dbz . (2.2)
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where A,B,C and D are complex constants. If we divide

equation (2.1) by (2.2) and use I'y =a; /by we have

A
by  Aay + Bb, 5 (EFL 1) 23)
b, Ca,+Db, ~ CI,+D
With appropriate scaling (see [7]) we can assume D = 1, so
A
that by (El L 1
2 =p 2 . 24)
Letting X elOr = 4 ’ Z ¢'%* =C  and 1Ty | el = I, we are

B
able to write (2.4) as

by BXe“" IT, le/® +1 25)

bse  zed¥ T 17 + 1

The product of (2.5) with its complex conjugate yields the

following power ratio,

P53 bsb; 512 X2IT 12+ 1+2X IT, | cos(by + &) 25
Py byby ZUT, 12 +1+2Z IT ! cos(dy + ;)
Since the power ratio equations for ports 5 and 6 are of
identical form, we get the general eqguation
2 2
Pg ZUT 12 +1+2Z 1T | cos(dz + &)

This equation-is wused 1in many applications of six-port

theory and will be referred to as the six-port egquation.




18

2.2 NEW CALIBRATION PROCEDURE

The degree to which a six-port «can make precise
reflection coefficient measurements depends on the accurate
determination of the calibration constants and accurate
power meter readings. This section presents a calibration
procedure which minimizes errors due to power readings or
other system imperfections. The procedure was developed by

J. Dobrowolski et al., [3].

2.2.1 Calibration Standards

In chapter I several six-port systems were discussed.
The system developed by Girimaji [11] worked well, but the
four reflection calibration standards had to take on
specific values of I, =1, -1, 3, -j. These loads were
implemented by cutting and shorting specific lengths of
coaxial cable such that the electrical lengths fulfilled the

input reflection coefficient requirement at the calibration

frequency. The task of cutting and trimming exact lengths
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 [3] shows that the optimum phase
separation between the standards is 900° As such four short

circuited lines were cut from coaxial 1line so that at the
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center freqguency the reflection 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 ;an‘berrgggily cqlibratedAat_a> new gfequepcy using

the same calibration standards.

The phases of the standards were measured on a slotted
line 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:
b =0433w « dy=7 . ;= -0558r and 3= —0.058% . If we
consider a Smith Chart representation, as in figure 2.1, we
can calculate the physical 1length Xj or the electrical

length ¢j at any frequency uéing

(w =) _ % . (2.8)
217' )\0 / 2

m —¢; is the clockwise angle of the standard j from the
short circuit position on the Smith Chart. Initially, at
the center frequency, we can calculate the physical length
X; of each reflection standard using (2.8) and the slotted
line phase measurements ¢j, j=0,1,2,3. When the frequency
(hence wavelength)v changes, we can calculate the new phase
angle of the reflection standards by replacing Ao by the new
wavelength, X; by the value previously calculated and solving

(2.8) for &;.
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The Smith Chart of figure 2.1 shows the phase of each
standard for the frequency range 900 to 1100 MHz " in 50 MHZ

intervals.

\

Jo el
Sy

e saoRT 3,

N

Fiqure 2.1: Phases of Reflection Standards
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2.2.2 Calibration

The eqguation relating the power readings and the Six port

constants was found in section 2.1 to be

; X2 T 124+ 1+2X; IT, 1 cos(dby + b))

= |B;1? 29

Ppg Z2IT, 124 14+2Z 1T, 1 cos(b, + dz)
The power readings will of course differ from the actual
power (due to detector inaccuracies etc.). The calibratiocn
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 I, = I 1 £ ¢, applied to the six-port
we obtain three detector power readings Pi,i#1,2,3 ; as well
as a reading of the reference power Pp. I1f we apply a
matched load ( I, = 0 ) we see from {(2.9) that the constants
IB;| can easily be determined. It will be shown that the
balance of the constants in (2.9) can be determined by
applying four unit magnitude reflection offsets of known
phase (¢; , j=0,1,2,3). Each detector power reading can be
normalized by dividing by the reference power and the
appropriate {B;| . For detector index i=1,2,3 and calibration

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

Pi (2.10)
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The twelve normalized powers R;; SO obtained are the basis

for determining the final calibration constants.

If we expand (2.9) wusing (2.10) for a particular known

offset short (II' 1= 1) we get

Ry (1 +2Zcos(dy + &;) +27]=1+2X;cos(bq + &;) + X (211
Expanding the cosine terms gives
R [1+2Z cosdy cosd; — 2Z sindz sing; +2%]
(2.12)

=1 + 2X; cosd,; cosd; — 2X; sind,; sind; + Xx?

For i=1,2,3 and j=0,1,2,3 the resulting twelve equations can
be written in matrix form.

For j=0 and i=1,2,3 :

Ryy 2Rgcosdy —2Rgsindg z? Ry — 1
RZO Z.R20COS¢0 —2R zos.ln(bo A COSd)Z + RZO -1
Ryy 2Rycosdy —2R3psindg Zsindy | Ry — 1
) (2.13)
X{ Xcosby, Xsindy, 1
= Xzz XzCOSd)xz XzSin(bx'z 20054)0
X} X3cosdyxs X Isindy s —2sindy
or
(2.14)
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where the elements of (2.14) are defined by direct

comparison with (2.13). For j=1,2,3 and i=1,2,3

Ril ZR‘- 1C0$d)1 "2.R‘~15in¢1 Zz Ril -1
Riz ZRi 2C0$d)2 "'ZRizsind)z Z COS(bZ + R‘-2 -1
{ Ri3 2R13COS¢3 —2R‘~3Sind§£ o ZSind)Z " o LR"3 -1
1 2cosd; —2sind, X2
= |1 2cosp, —2sind, X;cosd,; (2.15)
1 2cospy —2sind;, X;sind,,
or
Az +¢ =[brbabal x (2.16)

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 zZ , X1, Xz and X3, We obtain X;
by letting B =1[byb, Q3]T in (2.16) and by appropriately

post multiplying, thus
x = BT (Az to) @17)

A substitution of (2.17) into (2.14) yields

Az +¢c =B Az +¢;) BT Az +¢y) B N Axz + ¢l by
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Some further matrix manipulations (see appendix B) casts

this equation into the form
— T n—-I\T
Az +¢c ={A;z Az Ax] (B7) by

Tt ey g aal” BN by e

Finally, letting

y=B"H bo=1|v2

With placement of X in (2.19) we get

Az +¢c =[Az Az Azl v +[cy cp cal' 1 (220)

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

for the Z vector. From this we can find Z and ¢z.

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

substituting R&;; and exposing the Z vector, becomes

[A1z Az Axz]" y =

RuvYy + Ripvz + Rizys 2R 1cosdyyy + 2R15008byv; + 2R 13005373
Ra1vr + Rypvz + Ra3vs 2R cosdyyl + 2Rpc08dyy, + 2R y3c058d3Y3
Ryyy + Rypvs + R33y3  2R3c0sdyyy + 2R3c08d27; + 2R 33054373
221)
—2R ysindyy — 2R ppsindgy, — 2R (3sindsys 7y
—2Rysindyy — 2Rpsindyyy — 2R y3sindsys z4 =D
—2R35ibdyyy — 2R 3sindyy, — 2R33sindays z4 | -
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The second term on the right hand side of (2.20), 1including

¢ from the left hand side, becomes

- Riop = Ry + Rigvy + Ryzvs) |
T _
e c2 ca]' ¥ —¢c = = | Ry~ Ry + Ry +Rp3v3) | = 4 (222)
Ry — (Rypvy + R3pyy + Rayvs)

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

[A-D]z=d (223)

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 minimizing the errors. Defining an

error vector as ﬂl such that

=Mz —d (224)
Noting that zy=2zf +z§ , dy=-=M, .+ dp=-My , and
dy=— M3 we are able to write
My My M 2} + 28 M
11 12 13 2 3 11
}I{ = M 21 M 22 M 23 Z2 + M iz (225)

My My Ma zy My
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or
Yy =Myl +z2f +23) + Mypzy + Mz,

Vo =Mpu(l+2F +23) +Mpzy + Myzs (2:26)
Y3 =M1 +27 +27) +Myzy+ Moy
A measure of the total errors of the system is
E =y =9l +¢f+¢F (227)
which will be minimized for
JE Yy ¥, Y3
— =2y — + 2Yy—— + 2p3—— = 0
P 32, ¢zazz 37 . ,
| (228)
dE sy g, s,
— = 2y = + 2yy—— + 24 =
813 qjl 623 4’2 (323 l{"3623 .

Performing the above partial differentiations on (2.26) we

obtain
0, = ;E = 2az } +2azzz32 + 3bz ¥ + bzd + 22923 + z3(e +2a) + gz3 +b =
Z2
Q3= -g—g- =2az? + 2azfz4 + 3cz} + czf +2bzyzy t z3(k +2a) t gz tc = 0
Z3
(229)
where

a =AM121 +M221 “l‘M321
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b =MyuMp tMyMgy + MMy
¢ = MM+ MyMys + MyMis
e =MhH +MH + M}
g = M712M13 + M Moy + M3M 3
k=M% +ME +ME

Equations (12.29) form a set of two eqguations in two
unknowns ( Zz and z3). We can find the roots of these
equations using the generalized Newton's iterative procedure

as found in [13] . The iterative eguations are

1] 90, 30, | 230
2§t =20 - D LQz-(‘;z-; - Q3 oz, | @30

- ’

[ a0 305 |

K+ 1) — (k) _ L z2 _ 3 (231)

Z§ )"Zé ) D LQ3 3z, Q, 3z, MONSS

where
p = |22z @3 902, 0903
dz, Jzj dz3 9Q 7 |0, 0

Iterations k are performed until the results converge. As

an initial estimate of z; and z3 we can use any two of

(2.26), setting the error vector to zero. This gives

My(zy +1) + Mppzy + My3z3=0

b

(232)
Mo(zy +1) + Mopzy + Mpyz3 =0
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If we multiply the first by Mi;and the second by M we can

eliminate (zy +1) and get

23 MMy — MMy

2 MpMy — MM

From (2.13) we know that z;=2%, Z;=7Z cosd, and z3=2Z sind,
so that
g | MMy — MMy

¢z =TAN . (233
MMy — MMy )

The 180° ambiguity in the inverse tangent function can be
resolved by using the first eguation of (2.32) with

appropriate substitutions for zy, z, and z3 , thus

M(Z2+ 1) + MpZcosdy + My3Zsingz =0

or

M {; cosd, + M 13sind, ‘
=0 (234)
M 11 .

Z2+1+2Z

1f we let X be the bracketed term in this equation then
Z2-zX +1=0

for which the solution is

X + Vx2 -4 (235)

Because Z has to be real, X?~4= 0 , and we require

X=2 . (236)

Now we can use (2.33) to find ¢z and solve for X. If

(2.36) is violated, we know that we must add 180° to the
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value of ¢,. Z can be found by employing (2.35). Riblet

and Hansson address the problem of the * sign in (2.35) in

[5]. They find that Z < 1 so the negative sign must be

taken.

Discontinuities in the inverse tangent function can be

resolved by writing (2.33) as

_ L [sine, 1 Zy
&; = TAN [——————wsd)z }—-TAN [22 (237)

and noting the following:

23=0,Z2,>0 -~ ¢z = 0
23=0,Z,<0 - dz= =
Z3>0,Z;=0 =~ ¢¢p= mw/2
Z2,<0,Z,=0 = ¢y =-7/2

Now that Z and & are known, we can use (2.16) to solve for

X;:i=1,2,3. Write (2.16) as

iz + (2.38)

>

Bx; = ¢ =U;

For the imperfect system we have an error vector 7 such

that
- U ‘ (239)

n =[nymemal = Bx

we can follow the same procedure as for Z by letting the

error function ‘F be
(2.40)
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and minimizing it as

oF amy up) M3
9x ;2 X2 9x; 9x ’
oF My an; dng
=2m—— + 2 t2mT— =0 |
dx ;3 i3 9x ;3 90X ;3
Performing the above partial differentiations we have
L, = aaF = 6x} + 6xxfy + 6ax +2axfy — 4bxiptss
X2
+2(2g — Z%; — 2Zcosd,v; +2Zsind,e; —d; + 3)x;, — 4sx g3
+2(a —v; —ZW; +2Zsind k; — 2Zcosd,t;)
(242)

aaF =6x‘% +6x,-22x,-3 "‘6bx‘% —be,22 +4(1x,'3x,'2
X3

+ 2(214 - sz‘ — ZZCOS(bZV" + ZZSind)Ze‘- - d‘ + 3)):,3 - 4SX"2
-2(b — ¢ — Z%e; + 2Zsind,n; — 2Z cosd k;)

L3=

where

a = cosdy + cosd, + cosds;
b =sind, + sind, + sind;
g = cos’dy + cos’dy + cosid,
d; =Ry + Rz + Ri3
" e; = R;sindy + Ripsind; + R;3sind;

v; = R;jcosdy + R;ocosdhy + R, 3C0sdy




31
s = sindcos$; + sind,cosp, + sind;3cosd;
t;, =R, 1cosz¢1 + Rizcos2¢2 + R;3c08%hy -
k; = R;isindcosdy + R;,sind,c0sd, + R;3sind;cosd,

u = sin’p, + siny, + sind,

n; = R;sind, + R;,sin’d, + R;5sin’ds

-

The same iterative procedure is used to solve equations

(2.41) where the iterative formulas are

[ oL aL, |
xi(zkﬂ):xi(zk)“’l" L, e
D | "dx;3 3x;3 |, )
_ ’ (2.43)
k+1) - k) 1 aLz aL3
x4 = x4 ~ o (E3ae. T g ‘
| i2 xiz ‘Xig)sxi(l‘)

where
dL, 0oL, dL, 0L,
D = -

dx;7 0x;3  0x;3 8xpp o), 1

As an initial estimate we can solve for x; in Bx; —U; =0
as was done for Z. All the calibration constants have now
been determined and the next section will describe how 'L is
calculated from a set of éower readings when an unknown load

is connected to the six-port system.
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2.3 DETERMINATION OF T,

Once we have the calibration constants we can use the
six-port equation to solve for T,. We can rewrite equation

(2.7) in matrix form as follows:

P
1= 7 ;
S1uu Sz Si3 1T, 12 ;1
2
S21 SZZ 523 Z‘FLICOS(’)L = 1 - (2.44)
. PrB,
S31 S32 S33 Z'FLl smd)LJ p
3
1_
PrBj
where for i=1,2,3;
P.
Si1 = —|z? - x}?
PrB; | ’
s B Z cosb, — X; cosd
2 = | cosdp, — X; cosdyy
1 PRB"} 1 Xt s
" Sia=X,sind.. ~ Z ‘ Sing¢
i3 i d)x. PRBi] 4)Z N

All of the S matrix coefficients are known from four simple
power readings taken with the device connected to the test
port. We can obtain I’y by post multiplying (2.44) l:>yS"1
which gives I'y = I, 1?, T,=2I 1cos¢;, and I'3=2I[,1sind, .

These yield I | =(T)¥? and ¢ =Tan"{(T3 /Ty .




Chapter III

SIX-PORT IMPLEMENTATION

Now that we have discussed the six-port theory in detail

we can proceed to describe the entire six-port system.

[

MICROWAVE - FREQUENCY
PHASE A/D HP 85
SOURCE COUNTER

LOCK
AMPLIFIERS f {

l T R\ | TEMPERATURE .
- : I
REFDET[] CONTROLED OVEN
10 d8 COUPLER soq ' L///’
M l

|

|

T —TEST PORT
HYBRID |
[

Figure 3.1: THE SIX-PORT SYSTEM

Figure 3.1 shows the components of the system. The HP 85
desk top computer controls the entire six-port process, in
both calibration and measurement of I, . All software is
written in BASIC and keyboard interactions control the

program flow.
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Microwave power is supplied by an HP 8620 C mainframe
equipped with a 0.01 to 2.4 GHz 86222B RF plug 1in. The

frequency is controlled by an EIP model 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 59313 A analogue to digital converter. This device is

controlled by the HP.85 by means of an IEEE 488 interface
bus. An analogue signal is converted to 11 bit two's
compliment binary data which is transmitted in two eight bit
bytes. Its input range is set to five volts maximum and
conversion rates of up to 50 samples per second are

possible.

The first step in preparing the system for use is to
determine the calibration constants. The procedure 1is
similar to Girimaji's [11] in that four offset shorts and a
matched load are used to determine the constaﬁts. Once
these calibration constants have been determined for a given
frequency one 1is ready to make reflection coefficient

measurements.

The rest of this chapter describes the major components
of the system in more detail and introduces the system

software.
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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 equal power division junction that is placed

“in tandem with a hybrid coupler wused 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.

MICROWAVE PORT 5

SOURCE HYBRID

©
PORT 1
WA

Figure 3.2: THE SIX PORT NETWORK

FIVE —PORT
PORT 3
TEST DEVICE

The powers P; are measured by detector - amplifier -
analogue to digital converter systems as shown in figure
3.3. Details of the power detection scheme are found in
Chapter 1IV. A hybrid is used to couple power to the
reference detector system. It provides good 1isolation
between sourcé and five-port and allows the reference

detector to operate at the fairly high leyels of the source
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RE DETECTOR TO §
— ! AD | —> |
) | COMPUTER |
|
Figure 3.3: POWER DETECTION SCHEME
(0 to -5 dBm). A previous system [11] wused 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 d4Bm levels. Wwith this system the gain
necessary to boost the dc-detector output to the 0 to 5 volt
A/D converter operating level was in the order of 500. This

high gain caused unnecessary error in the system.

3.2 THE SYMMETRIC FIVE-PORT JUNCTION

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 §; =S5 and Sii =()§5
for i=1...5. I1f 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
=S =S3=S3=5s=515 @Y

B=8S13=825=S35=524=814, (B32)




Applying the unitary property, we have

0 o B* B @ | [0app af (1 00 0 0]
Ja 0 o B B | [« 0 a BB 01000
B* «* 0 o B Balal}p 00100
B* B* a° 0 o BB alla 0 00 10
o g g o 0| laBBao] |o0o0 01
which yields
21al? + 21812 =1 (3.3)
Bata'B+IpIi=0 34)
B'a +a"B + la12=0 . 3-5)
Subtracting equation (3.5) from (3.4) we find that lal = IB|
which if placed in (3.3) yields tal = %—. We can choose the
reference planes so that a =a° = [¢] and use (3.4) and (3.5)

to solve for B . Thus

B'a +a'B + IBIZ=0",

' 36) .
o' (" +B) = o o
Letting B =x +jy in the last equation of (3.6) gives
o . - ) 1 3.7
x —jy +x +jy == (37
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which requires that x =—-1/4 ., This result together with
) V3
1B|2==x2-+y2==1 /4 gives y = & —zz. Therefore, for « real and
positive we have
V3 _ 1
=== /*120
¢ 2L

B=~-1/4=

Now that the scattering parameters of the five-port junction

are known we can find the outgoing waves p; from
6] =1[S1la] . 38).

Using these equations we could find P{,Pyand P3 (where for
instance Plcxlbllz ) and then follow the procedure set out
by Engen [4] to find I, by use of the gq point equations
(equations (1.9)). We have thus far assumed ideal
properties, thch are of course impossible to achieve in
practice. Thus I, determined in this way would only be an

estimate.

The actual five-port 1is 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]. 1In the
band of interest (900 to 1100 MHz) the 1insertion loss for
all ports was tested to be less than 7 dB (about 6.5 dB at
the band center).  See appendix H for a detailed graph .
The return loss was better than -30 dB for all ports at the
center freguency. On the band 975 to 1050 MHz the return

loss was still better than -20 4B 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 frequency band
of interest. The new calibration procedure (described in
chapter II) takes into account these imperfections as well
as power measurement errors and calibrates the six-port as

an imperfect device by minimizing the errors.

3.3 SYSTEM SOFTWARE

The software for the six-port reflectometer is broken up
into two programs. The first program, "6CAL", performs thé
calibration procedure and the second, "GAMMA", calculates
r,. Both are written in BASIC and acquire data from the
A/D converter through the IEEE 488 interface bus. Program

listings are given in Appendix F.
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3.3.1 6CAL PROGRAM

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 frequency of operation and the phases of
the four offset shorts are calculated using equation (2.8).
Thén it prompts the user to connect a matched load to the
test port and wéits 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 (with indicies for detector number and
standard number). The offset shorts are then asked for one
at a time and data is stored 1in the array. The power
readings are found by using the characterization curves and
normalization with respect to the reference power 1is done.
The values obtained with the matched load are wused to
determine |B; | 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.




INPUT
FREQUENCY

CALCULATE PHASE
OF OFFSET SHORTS

FREQUENCY
LOCKED ? no

yes

PROMPT FOR EACH
CALIBRATION LOAD

COLLECT FOUR POWER
READINGS FOR EACH
LOAD

LAST
LOAD

no 2

yes

CALCULATE AND PRINT
SIX-PORT
CONSTANTS

STORE CONSTANTS
IN DATA FILE
ON DISK

Figure 3.5: 6CAL FLOWCHART
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3.3.2 GAMMA . PROGRAM

The first step in GAMMA prompts the user for the frequency
of operation. The six-port must be precalibrated for one or

several operating frequencies. The appropriate calibration

constants are taken from memory and the user is asked to

lock the source at the required frequency. When a carriage
control is received the program takes a ten sample average
of each detector voltage. These voltages are converted to
powers and equation (2.44) ‘_is used to find I, . IT Il is
printed as a four decimal place number between zero and one
and ¢. 1is 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.




INPUT
FREQUENCY

RETRIEVE
CALIBRATION
CONSTANTS

FREQUENCY
LOCKED ?

no

SAMPLE
DETECTOR
POWERS

CALCULATE AND
DISPLAY T,

yes no

Figure 3.6: GAMMA FLOWCHART
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Chapter IV

THE DETECTORS

In this chapter the power detection scheme is discussed.
This includes a description of the diode detectors used,
their temperature stabilization, the characterization

procedure and a power tracking test.

The detectors used in this system are. zero biased
Schottky diocdes made by Wiltron (Model 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 SWR
is 1.2 where 1.1 is typical. As mentioned earlier, these
detectors are used to measure power 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 the A/D (HP 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 amplifiers with gains ranging
from 40 to 100. The input noise to a typical amplifier was
measured to be less than 0.1 mV and the output noise was

bet&een 6 and 9 mV on five volts full scale.
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4.1 TEMPERATURE STABILITY

It is well known that the electrical characteristics of
diode detectors change with temperature. This can be seen
in the family of power versus voltage curves for detector 1
in figure 4.1. _The output_dc voltage verses input RF power
has been plotted for several temperatures. A method for

obtaining these curves is described in section 4.2.

Accurate power measurements can be made by stabilizing
the temperature of the detectors and modeling the power
versus voltage curves as high order polynomials. In the
detection system, temperature stability 1is 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 1is controlled by a type LN 3911 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, a power transistor
and two high power resistors. A temperature sensor is built
into the bottom of the ceramic package of the controller.
The sensor voltage 1is compared with a reference voltage
level set by a simple potentiometer circuit. The output of
the controller gives a high dc voltage for temperatures
below 0.5 degrees of the reference temperature, and a low

voltage for temperatures above this range. This logic swing
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- POWER (DBM)

Figure 4.1: POWER VS. VOLTAGE WITH TEMPERATURE, DETECTOR 1
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swing drives two amplifier stages which in turn drive the
power transistor (NJ 311) mounted on the plate. The circuit

is shown in figure 4.2.

'ﬁ) Isv.. . o 1s5v , L IS5V O
-51V +
. <, 140 N~ 9.6 0

= 10 kN LU

01 uF . ~ 522 01 1SkD { 439 mA
— 741
0£Q - J\', 741 MJE205
LM3911 522 0
4.7 k0 = 1x0
1 920 =~

Figure 4.2: TEMPERATURE CONTROL CIRCUIT

The transistbr supplies heat through the emitter and

collector resistors as well as its own heat sink. The
collector circuit dissipation is 2.62 watts, the emitter
circuit 1.8 watts for a total of 4.42 watts. It takes

about two hours for the plate temperature to stabilize.
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4,2 DETECTOR CHARACTERIZATION

The detectors were characterized located in the
temperature controlled oven at the stabilized temperature of

35 + 05°C. The first step in the characterization procedure

is to estimate the range of powers expected to be applied to ™~

each detector. It has been shown that the six port equation
relates the power at a given port i to the six port

constants

i

— 2 X2 T 12+ 1+ 2X; 1T, 1 cos(dy, + ) (4.1)
Pe Y ZTAT 1P+ 1422 IT 1 cos(db, + dz)

Riblet and Hansson [5] have shown the 1ideal six-port

constants to be as follows: 1B;12=025, Z el®r =0,

.
. ]
and Xse/® = %—e 6,

. T
- j=

1 5%
2, Xzejd)xz:_i.e

X elbri= 1,
2

These values when used in equation (4.1) with the phase éL

varied, but-withl!I'yl= 1, determine the range of the power
delivered to the detectors. When ¢, is varied over 360° we
find:

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 the detector powers of the actual six-port

varied, the constants found by Girimaji [11] were used in
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the same manner. These constants are: 2 = 0.051 / 266.7°,
x1 = 0.41 / 69.7°, X2 = 0.52 / 197.77 X3 = 0.48 / -58.6,
1B,1%= 0.273 , 1B,1° = 0.232 , igy? = 0.251.  When these
constants are applied to (4.1) and ¢, is varied over 360° in
- 10 degree intervals withlrLvaiﬁ‘ygrﬁind>;he power extremes

(for a reference power 6f 0 dBm) to be:

Detector 1; Pmin = -10.7 dBm, Pmax = -2.218 dBm
Detector 2; Pmin = -12.5 dBm, Pmax = -2.8 dBm
Detector 3; Pmin = -11.4 dBm, Pmax = -2.9 dBm

These extremes lead tc a choice of -13 dBm to -2 dBm for the
range of detectors 2 and 3 and -11 dBm to -2 dBm for
detector 1. The same procedure was followed for II; 1= 0.8
and I, i= 0.2 (where the phase ¢, was again varied over 360°
). For these cases the minimum and maximum povwer levels for
each detector were within the limits found for the Iy l= 1
study. Full results for the complete study can be found in

appendix C.

The power incident on the five-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.
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Figure 4.3: POWER VS. VOLTAGE MEASUREMENT

First the source is phase locked at the center frequency.
A starting maximum power is measured with the power meter
connected to the source at point A. Then the source is
connected to point B and the voltage is sampled ten times by
the A/D converter and the information 1is 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 1is
repeated until the entire range is covered. The SWR's of
the detectors and the power sensor (HP model 8481 A) are
very close (1.1 <A SWR < 1.2 for both) so the method is

laborious but accurate.
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The procedure for characterizing the reference detector

HYBRID - REF DETECTOR

A/D 1P 85

MICROWAVE

'SOURCE ViV

50

PHASE LOCK

FREQUENCY

COUNTER
POWER HEAD

[::::] POWER
METER

Figure 4.4: REF POWER VS. VOLTAGE MEASUREMENT

is somewhat different. Figure 4.4 shows the set up. The
reference detector 1is in its proper place in the six-port
system with the five-port junction replaced by the powver
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 power are
correlated in an array by the computer. The data collected

for all four detectors is found in appendix D.

A curve fitting procedure will be applied to find the
coefficients of a fourth order polynomial that best fits the
power versus voltage data. Intuitively we can sense that

the smaller the range of the curve, the more easily we can
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fit the polynomial. For this reason, we have broken up the
data for detectors 1, 2 and 3 into two subranges. That 1is
there will be two polynomials for each of these detectors.
By doing so the polynomials will fit the curves to +0.01
_dgmi H“Whepdq Qplypomia; vagudeteymingd ﬁp;mghg ypole range,
the accuracy was only about +0.1 dBm. The range for the
reference detector was small enough to have an accuracy of

better than +0.015 dBm with only one polynomial.

A Statistical Analysis Systems (SAS) routine called NLIN
was used to determine the coefficients of the polynomials.
NLIN uses a nonlinear regression pfocedure 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 [12]. Table 4.1
shows the results of the NLIN procedure for each detector.

The model used for the procedure was

P =B5x* + BIx3 + B2x? + B3x + B4

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

POLYNOMIAL COEFFICIENTS

COEFFICIENTS
DET /RANGE Bl B2 B3 B4 "~ BS
REF /1 0323 ~2.176 8.7290 —14.111 ~0.020
1/1 0.178 1302 5.549 —12.556 ~0.009
1/2 7.145 —15.181 18.276 ~17.164 —1341
2/ 1 0.433 —2562 8.510 ~15.779 ~0.029
2/2 3.832 ~10.783 16.790 ~18.647 ~0.525
3/1 0.205 —~1.423 5.843 ~12.975 0012
3/2 5.599 ~13.747 18.486 —17.943 ~0.900

4.3 POWER TRACKING

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

circuit of fiqure 4.5 was used to track discrete input power

changes. The change in power was 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.

Average errors of 1.48 and 1.08 % were found for the two
ranges. This.represents a good tracking of power. These
small errors could easily be accounted for in the



54

MICROWAVE
50
-SOURCE -
SPLITTER HYBRID
Figure 4.5: POWER TRACKING SET UP
TABLE 4.2
POWER TRACKING
r .
DETECTOR CHANGE IN
POWER CHANGE AT P READINGS POWER ERROR
(dBm) DETECTED| %
REF DET 0.18 to —0.83 1.01 0.6
DET 1 ~530 to —6.29 0.99 1.4
1.00 0 0.00dBm | per o ~591 to —694 103 | 26
DET 3 ~526 to —627 1.01 13
REF DET ~083 to —182 0.94 0.6
000 DET 1 ~6.286 1o ~1.31 1.03 2.6
00 t0 =100 dBm | ppT 2 ~6.286 (o —195 1.01 0.7
DET 3 ~627 to -121 1.00 04

calibration procedure and would cause a maximum of 3 % error

in I, (as will be shown in section 5.1).
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4.4 DETECTOR FLATNESS ON FREQUENCY

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 was followed at 900, 950,

1000, 1050 and 1100 MHz for three of "the detectors. 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 frequencies

from 800 to 1100 MHz.
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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 I, measurements was done with respect
to the power readings. Then the calibration constants were
obtained over the frequency band and their variations were
observed. Finally, 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 T'.
To do this the calibration procedure was run in the usual
manner and I'; was measured for a known load (one of the
calibration shorts). Then errors of = 1,%*5 and £10 % were
artificially introduced to the powers measured. For
instance a 5 % 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 oniTp 1,
This is not surprising since errors in P(ref) will be passed

on to all of the other power readings during normalization.

The phase of I'; was unaffected by changes in P(ref) Dbecause




POWER READING SENSITIVITY

TABLE 5.1
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~25.01

DETECTOR % ERROR FINAL FINAL %LERROR JoERROR
- NUMBER i IN P (i) gl b, IN WL U] 7 TIN &,
0 1.007 25975 0 0

1 1.027 260.05 ~1.97 ~0.12

-1 0.992 259.40 1.48 0.13

1 5 1.084 26134 ~757 -0.06

-5 0.930 257.92 7.68 0.70

10 1.150 262.79 ~14.20 ~120

~10 0.845 255.85 16.10 152

1 1919 25625 ~1.19 0.20

~1 1.000 260.20 0.70 ~021

5 1.047 257.43 ~3.90 0.93

2 -5 . 0971 262.03 3.60 ~-091

10 1.080 255.27 ~730 1.80

~10 0.933 264.30 7.4 ~182

1 1.016 259 80 ~0.90 ~0.02

~1 1.003 259.65 040 0.41

5 1.031 260.18 ~231 ~0.22

3 -5 0.989 259.28 1.84 0.20

10 1.049 260.67 ~4.11 —0.43

~10 0.970 258.84 373 0.40

1 0.982 259.76 2.55 0.00

-1 1.033 259.73 -2.51 0.00

5 0.876 259 84 13.02 0.00

REF ~5 1.134 259.65 ~12.22 0.c0

10 0.736 259.92 26.93 0.05

~10 1.259 259.56 0.05
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all the power readings were changed by the same amount. The
magnitude of I, was 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 likely the

reason for this since detector 1 and detector 2 straddle the

test port and are more tightly coupled to it than detecﬂéfﬁ3ﬂ“m“

.which is almost opposite 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
5%. The reférence detector readings were within 1% because
its range was smaller and its detected power was higher. 1If
we consider a worst case of 5% efror in power readings at
detectors 1, 2 and 3 and a 1% error 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 16% in

magnitude and about 1% in phase of I’ .

5.2 CALIBRATION CONSTANTS VERSUS FREQUENCY

The six-port was calibrated at 900, 950; 1000, 1050 and
1100 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 were found to vary
smoothly over the band. This 1is a positive result because
the six-port could be calibrated at discrete frequencies (as

was done here) and values for any intermediate frequencies
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could be approximated by interpolation. Although Z and ¢,
do not vary as smoothly, one could still determine
intermediate values by characterizing 2 and ¢; as was done

for the detectors.

-..We can_ see from. figure.5.1 that Z very nearly passes __ _. .

through 2=0, the ideal value. By running the calibration
procedure at several frequencies between 950 and 1000 MHz,
it was found that 980 MHz was as close as the system would
come to ideal. The constants at this frequency were: 2Z =
0.019 / 19.8°, X1 = 0.521 / 82.1°, x2 = 0.485 / -162.2°and
X3 = 0.444 / -39.4°. The X values are close to the ideal
value of 0.5 (given in [5]). The phase differences between
them are 116? 12§i and 121°which are also close to the ideal
126)separation. A matched 50 ) load was measured using
these constants and Qas found to have a magnitudeIFLl% 0.07,

which is close to a berfect match. A short circuited 3 dB
attenuator was also measured using these constants and the
results were compared to calculated values. The magnitude
was within 0.5 % and the phase was within 1.6 % of the

calculated values.

It is interesting to note that 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 I, Measurements

The first and simplest trial measurements of I'; are those
made on the calibration standards themselves. Accurate
slotted line measurements are available for comparison. The
Smith Chart of figure 5.2 shows the results of such a
comparison. The agreement at 1 GHz for all loads was within
0.3 % in phase and better than 1 % in magnitude. At 1100
MHz the error in magnitude of one of the standards, short 0,
was about 9 % but the phase was almost exact (less than 1°
error). At 1050 MHz this same standard had an error in
magnitude of about 4 % and was near exact in phase when
compared to slotted 1line measurements. At the other
measured frequencies, this standard had less than 1 % error
in magnitude and 1less than 1° error in phase. The
measurements for the other standards were also within 1 % in

magnitude and 1° in phase for all tested frequencies.

A short <circuited 3 dB attenuator was used as a
reflection coefficient standard (ideally Iyl = 0.5).
Measurements were taken for the entire frequency range in 50
MHz steps and the results were compared to ANA measurements,
see table 5.2. Here again the largest magnitude error,16.5
%, was found at 1100 MHz. At this frequency the phase error
was 7.8 %. The smallest magnitude error, 1.45 %, was found

at 900 MHz, where the phase error was 1.33 %.




66
TABLE 5.2

3 dB ATTENUATOR RESULTS

% %

FREQUENCY NETWORK ANALYZER SIXPORT ERROR ERROR
T, | &L T, | & IT, | b,

900 0.550 975 0.558 98.8 ~1.45 ~133
950 0.555" 95.5 0.566 94.7 ~1.98 0.84
1000 0560 | 93.0 0.569 90.0 ~1.61 323
1050 0570 90.0 0.540 84.2 5.26 6.44
1100 0575 87.0 0.480 80.2 165 782

Next a matched load was measured in the same frequency
range and interval. The magnitude of the reflection
coefficient was found to be less than ~ 0.1 for all
frequencies while the phases varied considerably as
expected. When the reflection coefficient for the same
matched load was measured on the ANA, with the reference
plane set at 1 GHz, the same general phase distribution was

observed.

As a final test load elemént, a coaxial T junction was
terminated at two 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 FLE

measurements over a 1000 MHz to 1100 MHz range with both the
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ANA and the six-port are shown on the Smith chart of figure
5.3. Magnitude errors from 1.1 to 10.3 % were found and the
phase errors ranged from 1.4 to 12.5 %. 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 Vér§> high'Q{ Because the sliding
shorts were not fixed, errors in the magnitude and phase
could have been introduced by small movements of the stub
lengths when the T junction was moved from the ANA 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

CONCLUSIONS

In this paper a six-port microwave measurement system was
developed to 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 coefficient of a

device terminating the test port.

The six-port consists of a symmetrical five-port power
divider, a 90° hybrid junction and four diode amplitude
detectors. The five-port power divider operated well at 1
GHz, the <center of a 200 MHz frequency band. However,
closer to the band edges, the performance was less than
ideal. The new calibration procedure was implemented to
minimize the effects of these system imperfections and
errors 1in the power detection scheme. The six-port
constants determined wusing this calibration procedure were
close to the ideal values given by. other investigators [5]

at the center frequency.

- 70 -
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Power detection at the four ports 1is 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. An HP 85 desktop computer obtains a digital value of
theée dc‘voltagés from an A/D'converter thrbugh an interface
bus. The electrical characteristics of the diode detectors
are stabilized by placing them in a temperature controlled
oven. The temperature of the oven was held at 35 *0.5 C by
a temperature control circuit developed 1in this thesis.
With the fourth order polynomial approximations applied and
the temperature stabilized, the power measurement of the
three detectors on the five-port had an average error of 5%
when compared to digital power meter readings. The

reference detector had an average error of about 1%.

To test the six-port system, the reflection coefficients
of several loads were measured and the results were compared
to slotted 1line and automatic network analyzer (ANA)
measurements. First, the calibration standards were
measured for the 200 MHz frequency band in 50 MHz steps.
The results showed agreement to within 4% in magnitude and
within 1% in phase when compared to slotted line
measurements for all frequencies but 1100 MHz. At this
freguency the. error in magnitude was 9% but the phase was _

within 1%. A short circuited 3 dB attenuator_wasﬂalso used

as a test load over the band and the six-port results wefe
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compared to ANA measurements. Again the largest error,
16.5%, was found at 1100 MHz where the phase error was 7.8%.
At 900 MHz the error in both magnitude and phase were within
1.5% A matched load was also measured, with a reflection
coefficient magnitude of less than 0.1 for all 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
ANA, though errors in magnitude of 1 to 10% and errors in

phase of 1 to 12% were found.

In conclusion, the six-port system developed in this
thesis worked very well for most of the band of interest and
the computer control of the calibration procedure and
reflection coefficient measurements make it as simple to
operate as an automated network analyzer. The new
calibration procedure produced good results and -errors in
power measurement and system imperfections were minimized
for most of the band. The new calibration procedure can be
extended for use with other six-port systems which use the
symmetric 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 would include automatic frequency
control to enable the user to calibrate and use the six-port
system over the entire frequency band at once. If a

programable source were used, power measurements could 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 freguencies, connect the load
device, and start the data acquisition. Power readings
would be taken at all 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 all frequencies entered.
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Appendix A

SOLUTION OF THE MATRIX:

Ry;cosd; —Ry;sindg, 1 +22 1 cosd; -—sing, 1+ X2
Rjy;cosd, —R,;sind, 2Zcosdy | = |1 cosd, —sind, 2X;cosd,;
Ry;cosdhs —Rjysind; 2Zsindy 1 cosd; —sind, 2X;sind
and
Roi (1 + Z2%) + Ry;cosd2Z cosd, — Ry;sindy2Z sind,
=1+X%+ cosdg - 2X;cosd,; — sindy 2X;sind ;
Letting
2
1 +X; 1+2?2
2X cosd,; | = [B]| 2Zcosd,
2X sind 2Z sind,
where
(8] = -

sin($y — &) + sin(d, — dy) + sin(ds — &)

r sin($; —~ ¢3)
sing3 — sind,

cosdy — cosd,

- 76 -

sin(¢; — )
sing; — sing;

cosd; — cosdy

Rli RI‘-COSd)l '—R“Sin(bl
Ry Rycosd, —Rysind,
R}i R34 COSd)S —R315in(b3

sin($; — ¢y)
sing, — sind,

COS¢2 - COSd)l

(A2)

(A3)
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Substituting (A3) into (A2) we have three equations in the quantities
1+22 Zcosd, and Zsind,

We can write these equations in matrix form as :

1+22
[A]-]2Zcosd, | = O (A4)
2Zsind,

Where the elements of [A] are found from :

Ry — Ry, Ry — Ry R3 — Ry,

Ryjcosdy — Ry,  Rycosdy, — Ry Rycosdy — Ry,

—Ry;sind, —R,;sind, —R;sind;
sing; — sind;y — sin($; — ds) 1 +272 Al
sindg, — sind; — sin(d; — ¢y) 2Zcosdy | = | A2 i=1,2,3
sing; = sing, — sin(d; — ¢,) 2Zsind, Aiz

From (A4) we can write
Au(Z + 1 /Z) /2 +A12COS¢Z +A13Siﬂ¢z =0
An(Z +1 [Z) ]2+ Apcosd, + Apsing; =0

A31(Z + 1 /Z) /2 +A32COS¢Z +A33Sin¢z = ()



Appendix B

MATRIX MANIPULATION OF EQUATION
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Appendix D

DETECTOR POWER VERSUS VOLTAGE DATA

DETECTOR ! RANGE VOLTAGE POWER (dBm)

4.90 ~-13
343 -3
2.75 —4
2.19 -5
1.74 -6
1.74 -6
1.07 -8
0.83 -9
0.35 -10
0.50 -11
4.67 -1.5
2/1 4.28 -2
3.58 -3
2.97 —4
2.44 =5
2.00 -6
1.64 =7

_80._



DETECTOR | RANGE

2/2

3/1

3/2

REF [1

VOLTAGE

1.64
1.34
1.08
0.86
0.70
0.56
0.45

4.5
429
349
2.80
2.25
1.80

1.80
1.43
1.13
0.89
0.71
0.5

498
4.34
3.7
3.27
2.83
2.44
2.09
1.79
1.53
1.30

POWER (dBm)

32
22
12
02
-0.8
-1.8
-28
-3.8
—48
-5.8
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Appendix E

COMPLETE RESULTS OF NLIN PROCEDURE FOR REFERENCE

DETECTOR
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POLYNOMIAL:Y=BS*X**4+D1*X**34102*X**2+033*X+D4 18:10 FRIDAY, JULY 26, 1985

NON-LINEAR LEAST SQUARES ITERATIVE PHASE

DEPENDENT VARIADLE: Y METHOD: GAUSS-NEWTON
ITERATION Bt B2 B3 D4 BS RESIDUAL SS
0 40.00000000 -50.00000000 40.00000000 -20.00000000 -10.00000000 6557064.06490077
i 0.32342667 -2.17641448 8.713962299 -14,11138986 -0.01964561 0.00032138
2 0.32342664 ~2.17641437 8.71962279 -14,11138973 -0.01964561 0.00032198
NHOTE: CONVERGENCE CRITERION MET.
POLYNOMIAL: Y=BS*X**4 +D1*X**3+B2AX**2+DB3*%+D4 ' t8:10 FRIDAY, JULY 26, 1985
NON-LINEAR LEAST SQUARES SUMMARY STATISTICS DEPENDENT VARIABLE Y
SOURCE Dr SUM OF SQUARES MEAN SQUARE
REGRESSION 5 99.39967802 19.87993560
RESIDUAL 5 0.00032198 0.00006440
UNCORRECTED TOTAL 10 99.40000000
(CORRECTED TOTAL) 9 82.50000000
PARAMETER ESTIMATE ASYMPTOTIC ASYMPTOTIC 95 %
STD. ERROR CONFIDENCE INTERVAL
LOWER UPPER
B1 0.32342664 0.02918342 0.24840936 0.39844332
B2 -2.17641437 0.12971798 ~2.50986023 -1.84296852
B3 8.71962279 0.24080896 8.10061261 9.33863297
B4 -14.11138973 0.15638358 - 14,51338070 -13.70939876
B5 -0.01964561 0.00233175 ~0.02563948 -0.01365174

ASYMPTOTIC CORRELATION MATRIX OF THE PARAMETERS

B! B2 83 B4 B5
B 1.000000 -0.996538 0.984712 -0.963536 -0.997313
B2 -0.996538 1.000000 -0.995666 0.981612 0.987886
B3 0.984712 ~0.995666 1.000000 -0.994852 -0.969939
B4 -0.963536 0.981612 -0.994852 1,000000 0.943272
BS -0.997313 0.987886 -0.969939 0.943272 1.000000

£8
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POLYNOMIAL:Y=B5*X**4+B1*X**3+02*X**2:B3*X+D4

PLOT OF Y*X
PLOT OF YHAT*X

SYMBOL USED 1S A
SYMDOL USED IS8 P

18:10 FRIDAY,

JULy 26,

1985
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YRESID

0.005

0.000

-0.005

-0.010

-0.015

POLYNOMIAL:Y=B5*X**4+

BI*X**3+D24X**2+D3*X D4 18:10 FRIDAY, JULY 26,

PLOT OF YRESID*X LEGEND: A = t OBS, B = 2 OBS, ETC.

1985
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Appendix F
PROGRAM LISTINGS

DISP "MEASUREMENT OF REF.COE
FF.USING 6-PORT NW!(*

ISP

DISP “ENTER OATE&TRIAL #*
DISP

INFUT R$, 47

PRINT USING 45@ ;: R,y
IMAGE "OBTH6", 3X, 60, 6X
PRINT o _____

PEINT

CLEARR

OPTION EBHSE 1
RAO

sl

OIM FAc1a), X<3),C03.32.HCZ,
DPC3Y,BC2Y,PBCI,G6(3)
DISP “FREGUENCY SET?2*®
BREEFP
0IsP
INFUT Ef
ASSIGH# + T
PERDH® 1 : E{1
Padls.PAczs.FaC
ASSIGNE 1t TGO %

PEINT B

FRIMT

OISP "ENTER ESTIMATE"

INFUT T¢

EHO

or=r

FRINT

FREINT "4+4+4+4+4+++4t++++++4+++44+4
+t+++ 4+t +++++ 4"

FRINT USING 1238 ;. Ts%

IMAGE 20X, L&A

CLEAR 7

Y1 r=a

V(2r=a

Y32 =0

Vid4)=0

Faf I=t TO 1@

QUTPUT 7?06 USING "#,K.K"
"H" . L. Al " F

WRIT 364

A.Woanps:
YL.BOZ 2
7 .

=
o
(AR

ENTER 746 USING "#.W" ; §
UL y=UCL Y +S 2044

QUTPLT 7@86 USIHG "#.K.K"
" H " . 2 . " H »_l " . " F "

WRIT 264

ENTER V86 USING "#.1" S

V(22=V(23+S-/2¢44
QUTPUT 7A& USING “"#.K.K™"
||Hll . 44' " H.-' " , IIFII




NN NN
ot
R D

G N

NANAN NN
DWNNDNN L
DI

Pt b b pa pea
Qo0 00~ ~)
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[xeRucisse]
Oy NN
DN ]

iy
A

[aix]

=4

X

N CRNY)

[P
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1ol

—
[Ya N ¥u]
) =
[ax iy}

MY

-
o

¥R R ¥

PO

i

-
!

Pt ek pma et ha
[VYa RN« RV YR N¢)
0 NI LA N
USRI ) ]

[}

[avii¥e}
Dol

N s

PNR NE S N RIS RN |
TN NH & A
N NGO L -
DARCUNNE M I RS EX]

HMATT Zaa
ENTER 736 USIHG “#, W
VC23=VYC3y+5-2044

CUTPUT 7&6 LISING “#,K, K"
"HY, &, tR/A,NF

MRIT 399

ENTER 766 USING “#,W" ;
V(4o =V(4,:+S-2044

NEXT I - . i
CUTPUT 7as USIHG "#,K" ; “H

o

[Xa]

X=yC1y
He="0OHE"
IF X>4.
IF X<t
PClr=— &
42¥K~3

— L
fOA &N

W1 = f\l '.C'
~N LG

E3409%X-1 5425

GATO 1285¢

PC1Y)=- 3222558424 K~4+4 34332
171FX~3-13 . 99801235384 ~2+1 2
53171147%K-17.16231266

L]

TR T A (D

LT e

RN
[na W]
L0 T e

o - n.ﬁ ,'J“ .
f 'E'
— ) -

PO )

-] B

[V

DU XY B B |
'

LR IR TR S N Y
1]
e
=
Lot

Mg 4 THEMH S22
IF X< EH zZaaa
P{2y=-. SEEIA6 KK ~4+ 433457
ZEXAZT-2 G215996XX~2+8 _ 5495
607X ~1 FezRazZ3
GOTO 34

T
~
)
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i

7o D e en ][ e LY 2
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[ RV e ]

(43 M= al
NN N e OO
—— NN
3SR W
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S S e N ~N N
o

S el anlianl UL IR RS IS
N> D> ) e (NN
—_ s AR R
VTV MW -

T D e o el X
MODE T -

U R N L UL |

T2 3
PCOIMACRYXBCIDI 2 ¥ Z~2-x(

~
oiondien NP IR T I RN IS - 3

R

II-‘

~WNMOVDDVTDW
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MY

Tyl bl LD N On

BERIR CNE (O (O O S N
NN NS Ty
[

DN Dm0

=DM T SO~ ONO

SCIL,2)=P L) 7 (REBCID HXZXCOSC
Z11-XCIH>XCOS(POCLI)
SCIL,3)=XCIXXSINCPACI D) -2% (P
CIX/7(RXBCIXD)KSINCZL S

NEXT 1

FOR I=1 TO 2

IF ABS(SCI, 1))>+ABS(S(I, 230+
ABS(SC(I.,3>)=6 THEN 5610
NEXT 1
CC1,10=6(2725%5(3,35-S(3,25
¥5(2,3>°
C(1,2)==(S(2,13>%¥5(3,35-5(3,
1>%S8C2,357
CC1,3>=S(2,1)2%5C3,23-5C3.1>
¥S5(2.,2)

(2,12==(S(3,2>%35(1,27-5(2.
YXSCL, 3D
(2,2>=5¢(3,334%5C1,12-35(3,12
S, 30
(2,33=-(5¢3,23%5{1,12-5C=,
YESCL, 200
(3,1)=8(2,32%8C1,23-5(2,2%
3¢, 30
(3,2)=-{5{2,324%5(1,1)-5C2.
1¥ECL.300
(2,30=S5C2.83%5C1,12-5C2, 12
S22

=S¢, IMRCCTI L +SCL. 204001
PRSSEE WRCHD 0L WRON

F D=3 THEM Scl14d

FOR I=1 TQ 2

FOR Jt=1 TO &

HL. O=Cad, I1>»0

NMEXT J

HEYT I

FOR I=1 T0 3

GECIM=HOL, 1%L -FPO12 CR¥EEC]
P22 +HAL 2RI -P 22 A (REBCS 20
Y+HCL IR (L -PCEr/ (REBCSI 37

MEXT I

OEG

C7=ABS{GeC ] ¥y

G7=5QR (L7

GB=G6(3 ) G (2n

IF ABS(GE83>6@ THEN 4214

IF G6C(2><8 THEN 4734

GO=ATN(GS3)

GATO 52064a
GS=180+ATN(GE?

GOTQO 5289

IF G6¢(3><@a THEN 4&4a
L9=980

GOTO 5296

- G9=-99

PRINT
PRINT
PRINT
PRINT
PRINT
PRINT USING 5456 .,

[
~4
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PREIHT

PRINT USING 5414 ; G9
IMAGE "AHGLE ",MODD.OODD
IMAGE "GHAMMA MAGNITUDE *.,D0O
0.0DDO0

PRINT.

PRINT

GOTO 56834

DISP "ERROR IN MATRIX MANIP
ULATION"

PRINT “ERROR INH MATRICE“
BEEP

WAIT 104

BEEF

CLEAR

GOTO 1854

CLEAR

BEEP

ODISP "POWER LEVEL"

OISk

PRINT H$

BEEF

BEEP

END
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DD N DAL
ANV I AN IR EAN]

[N I R S

Jid )i

NN LR ) AL B ) [ 0 00~

DI M R e DD @D S D S D N
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190 T

AN SR SN B
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DIsSP

DISP "ENTER UATEXTRIAL #°
INFUT R$,V7

oIsep - S e -

PRINT USING toa ; Es$.Y7
PRINT

IMAGE “6CHL"™ , 3R, &R, &X. 0000
PRINT o ___

PRINT

PRINT

INTEGER ., J

OIM FPLC3X.P2C30 . . K.23,R(3.4)

OIM ACZ,23,BA(25,Xa8C32,PACE)

DIM V(4. P(3,E).E(R). . B3y

REM PARAMETERS OF FOQUF
SHORTS

FAO

P2{a»= 9S273%FI

P2t a=F1

P2{2i=-_553%P1

P2Z{3r=~ AS8XFI

QISP “FREQ IM HMH=z"

INFUT EZ

CLEAK

PEINT USING 45@ ; EZ

IMAGE =zaXx. DODD S UMHZz"

FOR I=& T0O Z

E4{lO=FI-FZ{1)

ECCIY=E4C] 230, {q4tF ]

NHEXT I

@0

7
Far I=¢g T 3
2l a=—4XPIXECCI X "ES+F]
NEXT I
FRINT
PRINT "FOUR SHORTS®
PRINT Y- - "

FOR =6 T 2
PA=PZ (1) /F]I

PEINT USING 52“ i Jd.Fa
IMAGE “PHILC{".
. "¥a",
NEXT

C=2

WAIT Sa
ouTPuL YBA U
HY, C."/JI","F"
S=4a

FOR J=1 3
HATT 184
ENTER 706 USING “#.W"-;: Yoz
S=C4+U 2D

HEXT U
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-
AN

RogevRuyelvs s e BN IEVILNIENTENIE NI

RICART I U N L FE

s AN I

oy
N

LD LG O D0 S0 0 0D
ey )

NIV B G ) ) ) -

USRI AN WA I

-
'
-
AN

v—-:—-v—-t-‘»-v—-.—»——’-a',‘[jkﬁ'
R D@ R DT

AU OB NI N VAV IR A R Y R ra]
CONITA B LN =

Pt ba o pea
e AN
g =~ L0

S

DD,

-
U

TN iy

e pmt pm pa
— et e
[l

C=RSH (S tBaz2)
A=%
OfF="INITIAL"
IF X>4 .98 0OR X<1 .2 THEN 4a7a
UB=—- BA1954561%xX~ 4+ 32242664 %
XN2=2 . 17641427XX~2+3 7195227
9%kX-14 1113€373
CLEAR- -
OIsP
DISF
Ogrsp “POMER LEVEL™"™
GIsP
OIsk us
INFUT &%
IF Qf#"C" THEN S44a
CLERE
PRINT
PRINKT
PRINT "INCIOQENT POWER (dBmi"
PRINT "—mmmm e e "
CLERR 7
FOR L=1 TO S
IF L#1 THEHN S6uv
Af="IUSE MATCHEG LORO"
GOTO Q6
IF L#2 THEH &34
AE="USE SHORT &
GaTo 264
IF L#32 THEH 37246
As="USE SHAQRFT 1
GOTO 9Ra
IF L#4 THEHN 944
He="UISE SHORT 2¢
IF L#S THEN 984
HE="UUSE SHORT 3¢
QISF A%
REEFP 44, 1a0
CISP “READOY Yy »or
OI1sfFr
INPUT Ds
CLEAR
CLEARR 7
WOl =a
U(2r=01
Y{Zr=p
V{4)=0
FOar I=1 70 1&t
QUTFUT 786 USING “"#,K.E“
YH" 1, "R, "F
WHIT 3Ha
ENTER 7668 USING "#.14" =
Yty =VCL Y +5-2a44
QUTPUT 786 USING "84,k.K"
YH"LZ,"HA L FE
WHIT 30n
ENTER 7@5 USING "#.W" -; S
U(22=U(2x+5.-2844
QUTPUT P86 USING “"#,K.K*
YH" .4, /I, F "
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ENTER 796 USIHG “#,W" ; <
VC2Xx=U(2y+S,2044

QUTRPUT ves USTIHG “#,K,K"
YHY L&, "/ AT N E"

HAIT 32aa

ENTER 786 USING "#,UW" ; ¢
U4)>=0C4+S-2044

NEXT I

OUTPUT 796 USING “#.,K" ; “H

K=UC1)

Os="P1*~

IF X>4 .9 0OR X<.3 THEN 4870
IF ¥<1.237 THEN 1316
POL,L)==.01491633%X~4+ . 2409
BZ242%XXK~3-1 . S731S175%k%~2+6 . &
268340Q9%%X~-12.68435425

GOTO 132# _
PCl.L)=-_.32255049%X~4+4 2432
33171%X~3-12.99801255%¥X~2+1
2.93171147%X-17.16251206
K=U{2)

Of="REF*"

IF X>4 .28 0OF X<{1 .2 THEN 427

“

ECLY=~ A1 236458 1%kX~4+ 223426

CAEX~NZI~-2 176414327 K~248 . 713
CE279%¥-14 11138373

PRIHT ECL

M=t 3D

Gg="p3a"

IF ¥X4 .75 0OR %<

F4%

IF X<1 & THEN

PCZ.L)Y=—-.0R12632

CTRdERX~2-1 4227

G129¥K-12 975473

GOTO 1426

FCZ.Lx== 303010

4414%XK~3-13 74¢

L AZR1EZ6R2KX-1 T

AEWCa)

Os—"PE"

IF X>4. O <. 4 THEM 487
IF X<t h44 THEH 14706

P(b,L'——,328863E6KV‘4+ 4234

STIXRKXAZ~-2 Q6219336 KN~2+5 . S@

QLeu7¥X-19 . 7726023

GOTO 14&a

PC2. LY== SZS4S3ESEX~4+3 . €31

BAS7XX~3-10 VEIITIBLIAR~Z+1E
.TBY93426%kX~-13 64659637

P(l LY=1a~(FCL, LY 108

PC2.L0=1a~{PC2. L1102
PCZ,L)=1a~{F(3,L) 16>

ECLY=1a~(EL 122D

HEXT L

FOR I=1 TD 3

BECI»=PI PrECE Y



DB WP = RO NI A

Pt et bt b pea ped s e s e
YA NN DM A LA
D QDI IQRR D TS

—
[aa]
oy

Ll e e T TP Y
SN N NN S Y O

VA B A P e SN0 0
QXD ARIIDDOD

. e e et pea pa et pea e
XREAVE NI

00D Q0 QD 0 D) oy

AR A Y e D00 =Y

DI E A I A

]

— —
D) 0
~J Ty
13 =

r—
O]
(x|
ey

._.
[N
¥

)

15040
1914
1226
19324

Fol.mr=pPd] , o7 802 4B 00
Rl Lo =Pal 307 CECZ 8BS0 )
ECL.2)=P<],43/7CEC48B8CT 2
RCT.E2=PCL,9) CECSIEKBSCL Y )
NEXT 1

FRINT

PREINT

FOarR Jd=8 710 3

FOR I=1 T0O =

W3=d+1

PRINT USING 1669 ; 1,WZ,Fc1

LA

IMAGE "R<*,0,0,"2»".2X,00.00
o '

HEXT 1

PRIMTY

NEXT

PEINT

FRINT

REM IMITIHL GUESS

REM GAMMAR VECTOR - G1.G2.G32
rAO

OIM MC2.25,21¢3),0¢37
0-1

SR -PZCLya+SINHCFR2
2V HSINHCRPZ2CA~FZ( 300

Il‘E-XG?
LRV L PEGLI-RCZ
QLNCE D W
3,8)-RC2,10%G1L-RC 3

Z-RC3,3IXCE
Z¥(RYL, @ ECA-FR(CL, 1%
(L. 22%C2X062-R(L, 33%C

ML, 3y=-2KkCROT,
xq1*cx—9«1,:) S
." fb?‘
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T
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Na] Vel Vel
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[Ny ficy [ae)

N
[ae]
Q
[\

2a1a
zZaza
20620
Za46
205a
g aray e
2a7a
2080
29
21aa
Zi1a
Z12a
2136
2144
156
2160
Z17a
212a

o~
O VI

ST B Gl () = D

T R D

iy
R

(AR VR SN SN NN &3]
FOIQ M DI MY P D I —

)

RIN M
AN AV W]
DO 0
LD

0 )
(SN 4Y
\J -
s

<
22734

23240

MOZ . 20=-28RO2, 00850 -RO2, 1y
FELXGI-ROZ, Z2VXS28G2-Fe 2,25 %
PSSP

M2 30=-24CROZ, 3%G0m- P\J, p)
¥SITHGI-KRCZ,2)XS2¥C2-PC3. 3%
S3EG3D

AZ=MC2, 1ML 20 =ML, 1o%MC2
P

AZ=MCL. 1P EMC2,39-MCL, 3a%M2
.12

IFTABSTAZY < aoo6086806a1 THEN

2Rad ELSE 2029

IF A3>4A THEH PB=0 ELSE Po=f
I
CaTn 2969

IF ABSC(AZ2) <. agno@aaoatl THEH
2836 ELSE Zasy

IF AZ2>83 THEW FPO=PI~-/Z2 ELSE P

i

GaTO zwrea

PO=RTNCAZ/A3)

IF ABSC(MCL, 1335 a6o0eaadagt
THEN 2184

20=0

IF MO, 2X4COASCPAY+MCL, 30%31
N<PR Y <(=a THEN FPG=Pa ELSE ra
=PA+P I

CaTto Z214n

HI== (MOl 22 8COSCPa»+MCL, 2k
SIHCFA ML, 102

IF Al1>=2 THEN PAa=FG ELZE Pa

Fasx+mCl,

LRSI DI S i
UEFFILIENT MA
: RH= VECTOR,

IGH VECTOR

INEB RN 3
OIn ‘

NEXT I
FEM ENTER SUE SOLUTION OF H

SET OF 3 LINERR EQUATIONS
GUOIUE 2344

GOTOD Ztlew

REM SUB SOLUTION 0OF 2 LIMERA

E EQUATIONS
FOrR I=1 TQ
FOr J=1 TQ
Tl dd=C0T. Jn

NEXT U

(o & 4
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HEXT 1

O=1

E= . @aoaal ¢ MINIMUM ALLOMAE

LE MAGNITUDE FOR A FPIVOT EL

EMENT

FOR K=1 1O 2

Kl=K-1

P=a

FOR I=1 TQO

FOR Jd=1 -TQ
IF K=1 THEN Z5ap

FOr 12=tf TO K1

FOR J2=1 TO K1

IF I=ICI2) THEHN 2S4a

IF d=JdCJ2)> THEN 2S4a

NEXT Jdz

HEXT I2

IF RBSC(T (L, Jrx<=ABS{F THEHN
2540

P=TCI.J02

[(KY=1

JCK =4

NEXT

HEXT 1

IF ABS(PY>E THEH zZ59a

(=u

RETURN

[Z=1CK?>

da=d0K>

O0=0xF
FOr
TCIZ,
NEXT

) (sl

1

ot s
o) L

f
— —
Eat W}
—
L
(.
Newr

.

.
2

— H

TCI3. U3y =1-F
FOR I=1{ Ta 3
T=Tel. 133
IF I=12 THEHW 273@
T¢l. A3 =-T-F

1

T 4
3 THEN T4l, 0a=TCL, a0
-THTCI3E. A

A4 =1C
G1CI4>=14
SCAAd=T(14,4
NEXT I

T=0

Mi=2

FOR I=1 TO HI

Fi=1+1

FOR =Pt TO Z

[F O1aJr>=0101) THEHN 2917
Ti=01Cd)

DICdx=0141>

O1clx»=T1

T=T+1

AV



{

2913 NEXT J

22 NEXT I

292 IF IHTCT- 23%2 t THEM 0=-0
2244 FOR J={ TO 3

28508 FOR I=1 TO 3

2963 I4=I1CI>

29786 14=JC1>

2926 Y(JI4H=T(I14, 1)

2996 NEXT I ..
3600 FOR I=1 TG
20168 TCI.J )=yl
2@ NEXT I
NEXT J

Cal

FOR I=1 TO 3
FOR J=1 TQ 3
I4=1Cd2
d4=_0¢. 1D
YCI42=TCL, 47
NEXT Jd

FOR Jd=1 T4 2

T, Jr=Yd2

NEXT J

NEXT I

RETURH

FRINT

REM PREINT 2 INITIAL GUESS
REM CALCULATION OF 2 USING
LEAST SQUERS METHOOD

(SY IO RIS RV SRR NN RN NN RIS EARSENENEN|
MA Nt et bt ke 2 DD DD DD OD
NI AAWN = DO 0NN
MR IR RNDD OO

3124 EEM NONLINEAR EQUATIOHS

2199 A4=MC1,13~2+M2, 12 Z+MC32, 1)

Z2860 Ba4=MOl 12EMOL, 204+MC2 12 ERCE
SZIEMOZ L LIXMCI, 20

2218 Ca=MC] . P2RMOL L 30+M{Z, L 2EM2
SEIDHMCIL LML S

2228 E4=N§1 SACSHMOZ, 2 A24M O3 20

~EEMOE,

]
—

1L LY ZHMCE,

CEIRMOL, T MR, 2 RMCE
CZIAMCELZIRMCE, 3
TESE H4=MOL, LaEMCL, 2
27 M3, 1) XM,
TAAZHMCE, TN+, 30

12 1 EMC2

Il
=
—

4
2E7E L4=MCLL L3 EMCL, 304MCE . | 34T
CEYHMOE, 1) AMCE,L 3D

22260 REM INITIATE Y2 AND ¥3

2296 V2=ZI2

3@ YI=Z3

3316 REM TWO NONLINEAR EQUATIANS
3220 P2=2XA4KY243+2KA4XYIRYI 243

¥BAXY2 2+B4XYI2+24KC4%KY2¥Y3
+(E4-2XF4XXY2+G4xY3+H4

T30 PE=2XA4%XY3 3+2XR4XY2~2XY3+3
XCAXY3IZ24+CA4XY2Z~2+2%XB4XY2XYE
+(K4-2%F43XY3+G4XYC+LA

33490 P4=6XA4XYZ2 Z+2XA4XYI~2+6%E4
XY2+2XC4A4XY3+E4-2%F 4
33SA PS=6XA4XYIAZ2+2ZXARIXV2~2+6%0C4

XYI+2XBAXY2+K4-2XF4




Wl W
(AR ) |
DN A
BAIOAN SV ]

NIV TV Y T I Y Iy N L
= DN NN AWM - @D

IS IR I I IR R R I

(O RIS EAVESS IS RN RN RN N ENE N ENEN |

48}
ey
58]
ix)

)
)

)

=

-~
DY

[29]

NENERENEREN]
W NN
DLONDL A
TEHIDOD

PE=4XAAXY2XVI+2AE4EVI+OHCqy
Y2+G4
P7=4XA4KY2XYI+28CAK V4 2XBI %
YI+4G4

REM SOLUTION -NEWTON METHOD
D4=P4%XPS-P6XP7
Z2=Y2-(P2XPS5-P8*P6> /04
Z3=Y3-(P8XP4-P2%P7) 04

IF ABS(Y2-227<.8AB9600831 A
NO ABS(Y3-Z3)<.00006608a01 T -
HEN 3460

Y2=22

Y3=23

GOTO 33z@
ZB=SQR(Z2%22+23%
XB(ar=26

514
PB=ATN2<Z3.,22)
GOTQ 3544

IF 232> .648av0
4

GOTO 3544

IF 23>-.109084d
ELSE POA=-PI~
aa=Fa-pl
Pacax>=pPa

REM

P3I=0a%xPI

REM (I, I=1.z2.2
O - INHITIAL GUE==
GIM BC3,2x.UC3)
ECL,12>2»=1

@1 THEH PB=FIi~

g1 THEN Pg=a4

nNQ

COMPUUTHTI

BiZ.13=1
BCZ. 1=t
B(l.23=2%C1
BC2.2)=2¥CE
BCZ.23=24C2
B(1,3)=-2%S1
(2. AI=-2¥GD
B(Z.3)=-2%S3
FOR I2=1 TO 2
REM RH3 WECTOR :
UC12=RCIF. 1 IXZAKTA+EEKRC TS, |
YEZ@KCOUSCP3IECTI-ZERCIS, 1 347
AESINCPI RS I4ROTI, 1 0-1

I

UC2r=RCIS.23X26526+2XR(12.2
P¥Z@XCASCPIIXC2Z2-2%KR(IS, 202
BASINCPIIXSE+R(IQ. 25~
UCEY=ROTIT, 338728k 7A+2%R (1
YXZOXCOSCPIIXCI-2%RIG, 2242
BERSINCPIIXE3+ROTR, 301

REM INITIAL GUESS COMPUTATI
ON

FOR I3=1 TO
FOor Jdg=1 TO 3
Ccrg, 43x=BCIS
NEXT J=
NEXT I8

FOR [&=1 TUO
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REM CHLL SUe ST ewu

GasuUe Z3uwi

IF ABSCOY> 1baGguiasnadl THE

N 3&9%9@a

PRINT USING 22376 : 19

IMAGE "S5ET FGR X<".0O,")> HAS
NO SOLUTIOM. PIYOT ELEMENT
< 0. 666“1”

"GUOTO 4334

REM PRINT RESULTES

XBCIAI=SOR(S(2I~2+S(Zr~2 >
IFf S(2>=aG THEHN 3%94@a

PACIS)=ATNZ2CSC(37.5C2)

COTO 3364w

IF SC3535>8 THEN Podiz) 2
IF SC32x=8 THEN PadclsS =a ELS
E PAcI9x=-P1-2 :
Ea=Pa{ISr/PI

REM TWO NONLINEHR EGQURTIOHNS
FOR X2 AHDO X3

AS= F1+C2+C3

BS=S1+52+53

Ca= CIXC1+L2XC2+C3XC3
DE=RCISID+RCIG. 23+RCIS. 2
ES=RCIS.IDIKCI+RCII.ZIRCZ+R(

II
T
—
N\

19, 22%C32

FS=RCIQ. 1 ESI+RCID, 20%82+RC
I3, 23%53

Go=S1HC L+ 524 C2+52%C3
HS=R(19,1)*61*61+Ff19,¢;rL2
YC2+R OIS, 324C3XC3
IS=RCIZ.IDIXSIXCL+RIG, Z2y%a2
YC2+RCIR. 2XKS3%C3

JS=S 1S 1 +S2HS2+S3%S2
MS=RCIS.1DXSIASI+ROI D, 20852
FEZ+HROIS. 20 HEEHS3
SE=SIN(PZ:

CE=COSCP3n

FEM INITIARTE X2 AND %3
He=5C22

XE=S(3)D

REM STAKRT ITERATION
L2=6XX2X X2t RZ+0KH2HKRIENET+5E
ASEXZ2EXZ+2XASKXE xxé—qxesxxz
*X3
L2=L2+2%(2%XC5-20%2840S5~-2%79
XCOXEQ+Z2XZOXSEXFS-0S+22x¥2—
44G5%X3
L2=L2+2%X{AS-ES-ZBXZQXKES+2%7
@*86X13—6*7@X66XH5)
L3=0XX3¥KIXKI+0EKXZKR2EXKI-EX
BEOXX3IXkX3- 2*65*X2XX4+4XHth2
£X3
L3=L3+2%(2XJo-20Xx70405-2%7a
XCHXED+2XZBXSEXFD-0S+3) %03~
1¥L9%X2
L3=L3-2%(BO-FS-ZAXIQLFS+2k2
BYSHEEMI-2XZAXCH¥ IS
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42190

4229

423a

AALAbLADL LN DD R
JAaAnnNCAnn H 5

NN A A WY =R 0
DS RO EA NN EANEACEA IV EY]

LE= 1 SEXZANI+EENIEAT+ 1 2XAS kY
Z-4kBRSKXI+2(2XCTS-20XZGX0S -
ZEZBXCEXES+2EZBXSE6XFS-05+3)
LS=12%X2¥X3+4XASKXI-4%XBSKk A2
-4%GS

LE6=12¥X3XXI+6KX2XX2~ 1 2¥BS kX
3+4XASKX2+2%(2XJS5-26%XZ8%05~
2XZBXCEXES+2X20XS6XFS-DS5+3)
L7=12%¥X2%¥X3-4XBSkX2+4XAS¥X3
~4%G5S

03=CB¥L6-LSHL7

Y2=xX2-CL2*xL6-L3%LS>/09
YI=X3-(L3KLB-L2%L7)>-D9

IF ABS(VYZ~-X2)<.080000068080081 A
NGO ABS(U3-X3><.6888606001 T
HEN 4329

Xe=\u2

X3=V3

GOTO 4154a
XP(I9)Y=SARUZXVZ+VY3XVYD>

IF V2= THEN 4369
FOCI9)Y=ATH2{(VZ, V27

GOaTO 4370

IF Y3>0 THEN PB(IZ)=pPI/2 EL
SE PGOCI9y»=—PIr2
a=PaClIg9) PI

REM PRINT FINHL RESULTS
NEXT I3

REM PRINT FINAL RESULTS
Ga=FPacd)r Pl

IMAGE "“Z= “.M.0DODE, 7, "PHIZ
= *.p0Oo.000O, “Xa™

FOR I=1 Ta 3

ca=Paclr» Pl

IMAGE "X(",0.,">»= ".M.0Q0O00E,
S UPHIX " O.">x= .00 000, "%

ﬂ"

NEAT I

IF O0=1 THEN Wi=.82 ELZE Wi=
nS

@RACLI=PALEA?

RAC2I»=FA]L

T2 C2Hr=Pai?

Q34 ¥y=PAC3>

031 »y=Xa{as

Ra(2x=XaC1>

QRR(II=XEC2)

QA5(43=Xa(3>

ASSIGH# 1 TOQ "60ATA.WOODS"

PRINTH# 1 ; BE(13,B6(2),R6(3

2,PACBY FACLI,PB(2).PAC3) . X
ACAY, KAL), Xad2),Xad3)d
ASSIGN# t TO X

PRINT

PRINT

PRINT

PRINT "PHI'S"

PRINT

FOR I=0 TQ 3

PRINT Pacl>

939
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4670
4684
46934
4784
47148
4729
4736
4744
4754
4764
4774
472a
4794
48010
48148
4820
48340

4248
485a
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4874
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NEXT I

PRINT

PRINT "Z HANOD X'S5*
FEINT

FOR I=8 TO 3

PRINT X@(I)
NEXT I

PRINT

PRINT "B'g*
PRINT

FOR I=1 T0O 3

PRINT B&{I
NEXT I
FRINT
PRINT
PRINT
PRINT

PRINT ™ o _

BEEF
BEEFP
HAIT Z2ad
EEEP
CLERAR
ODrsp X
OI1spP
GISP O%
OIsF

OISP "READJUST POMER

al=F
INFUT 2%
GOTO S4a
END

LEWEL™
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Appendix G

SIX PORT CONSTANTS FOUND BY GIRIMAJI [10]

frequency (MHZ) Z& X, ﬂx‘ | X2 fﬁx2 X3 {9)(3 lﬂll lszl |33'

900 0.276 /176°  0.700 /139.5°  0.673/203.0° 0.309/34.5°  0.248  0.305  0.230
920 0.229 /113° 0.630/130.0° 0.6a3 /173.4°  0.309 /13.1° 0.255 0.293 0.234
940 0.170 /166° 0.589 /116.3° 0.605 /198.6° 0.340 /-11.3°  0.259 0.279 0.235
960 0.121 /167°  0.533/104.4°  0.589 /198.6°  0.369 /-30.2° o0.260  0.264  0.238
980 0.070 /176° 0.477/90.5° 0.567 /1970°  0.408 /-47.0°  0.269 0.248 0.243
1000 0.049/ 269° 0.410/69.0° 0.510/197.7° 0.483 /-58.1°  p.272 0.231 0.250
1020 0.098/ -69° 0.392 /51.0° 0.500 /198.0°  0.506 /-66.7°  0.270 0.213 0.254
1040 0.150 / -65° 0.395/32.7° 0.483 /197.8° 0.522 /-74.0°  0.266 0.194 0.254
1060 0.195 /-66° 0.406 /16.5° 0.472 /197.5° 0.523 /-80.1°  0.268 0.178 0.259
1080 0.232/-70° 0.421/13.6° 0.475/197.6° 0.523 /-86.7°  0.265 0.162 0.260

1100 0.257/-15° 0.436 /-9.0° 0.472 /183.0° 0.513 /-93.0°  0.260 0.147 0.259
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Appendix H

RETURN LOSS AND INSERTION LOSS FOUND BY GIRIMAJI
[10]

Insertion loss between ports 1-3, 14, 2-5, 24 and 3-5 of the five-port junction.

Ref

-10 d8

-20 d8

Sy e [EESTT RTINS 0o | . _.'

-]

Ref ; {
l

|

{ SRR ”;..“'i! R
| | Sl

-10 dB

ey e e O B T T Y O O

750 825 910 97¢ 1050 1125 1200

FREQUENCY IN MHz
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Appendix H

RETURN LOSS AND INSERTION LOSS FOUND BY GIRIMAJI

[10]

e
BRI s Sdy

Return Loss measurements for ports 1,234 and 5 of the five-port junction.

Ref

825 900 975 105Q 1125 1200

750

FREQUENCY IN MHz
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