
DEVELOPMENT
OF

À COMPUTER CONTROLLED
STX-PORT MICROWÀVE MEÀSUREMENT SYSTEM

JAGD]SH GIRTMAJI

À thesis
presented to the University of Manitoba

in partial fulfillment of the
requirements for the degree of

Master of Science
1n

Electrical Engineering

l{innipeg, Manitoba, 1.983

(c) JÀcDIsH GIRIìÀJ'., 1983

by



DEVELOPMENT

OF

A COMPUTER CONTROLLED

SIX_PORT MICROI^IAVE MEASUREMENT SYSTEM

BY

JAGDISH GIRIMAJI

A thesis submitted to the Faculty of Graduate Studies of

the University of Marritoba in partial fulfillment of the requirenrents

of the degree of

MASTER OF SCIENCE

d'rsa¡

Permission has been granted to the LIBRARY OF THE UNIVER-

SITY OF MANITOBA to lend or sell copies of this thesis. to

the NATIONAL LIBRARY OF CANADA to microfilnr this

thesis alld to lend or sell copies of the film, and UNIVERSITY

MICROFILMS to publish an abstract of this thesis.

The author reserves other publication rights, and neither the

thesis nor extensive extracts from it may be prirrted or other-

wise reproduced without the author's writte¡r permission.

<fiç. uN¡væ

OF rHÁ^lJfOS,{-____
{/aR¿nrr.s



i

ABSTRACT

This thesis presents. a description and perfonnance resu'lts of

a comouter controlled microwave six-port measurement system. In the six-

port system concept a mfcrowave cr'rcuît is synthesized in such a way that

both the magnîtude and phase of a load reflection coefficient is deter-

mined from four power readings generally derived from simp'le diode

detection measurernent circuitry. At present, complex reflection coefficient

ts measured by yery tine consumtìng slotted ìine techniques or by automatic

network anaìysers ( ANA ) whi.ch are based on compìex hetrodyne detectÍon

methods. The apoeal of the six=port system, therefore, lies in the simpìicity

of tts anolitude detectiþn systen and tts potential for use at miljimeter

wave frequenctìes where hetrodyne detection ts diffi¡ult.
The six-port systøn used in this research has been synthesÍzed

usi¡q a synunetri.c ft\e-port Junction and a directional coupler.The

synrnetrtc five-port junctîon has optimum propertlìes for the accurate

determination of complex load reflectfon coefficients and has been realized

on stripline r'n the form of a ring type circuit with simp'le internal

structure matching. All ports of the junction are welì matched at the center

frequency of I GHZ and the Junction has a useful bandwidth of at least

20 % . A micro-computer,mode'l HP-85, through an interface bus controis the

experiment, acquires and processes data for the determination of the

comp'lex load reflection coefricient ( f¿ ). Usînq the',ix-nort system f, for

varíous test loads has been determined over a 2û% ïandwidth and the.results

obtained have been compared with the computed values as welì with readings

obtained frqn the microvnve network anaìyzer(MNA).
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CHAPTER I

INTRODUCTION

l.ì Background

Almost twejve years ago, Hoer and Engen at the National Bureau of

Standards (NBS) began to investigate the six-port junction as the heart

of a simpler and less expensive network anaìyzer ff, ?7 . Since then

there has been considerable work in the anaìysis, design, and testing of

six-port systems /-37. The application of automation to the field of

microwave measurements is perhaps best i'l'lustrated by the automated net-

work ana'lyzer (ANA). The 'large reduction in measurement time and in

operator effort which it provides are we'lj known. Although techniques

for measuring complex microwave impedence, scattering coefficients, etc.,

have been known since the inception of the art, until the advent of the

ANA much of the subject of microwave measurements was focussed on the

more easiìy determined scalar parameters such as power, attenuation and

vo'ltage standing wave ratio. In the absence of phase informat'ion, it
was necessary to determine "worst case" ìimits for certain phase inter-

actions which were Jabe'l'led "mismatch errors." Prior to the introduct'ion

of the ANA, the key to improved measurement accuracy was often an improved

hardware item, ê.g., a directional coup'ler of higher directÍvìty. Even-

tualìy it was recognized that the hardware would aìways be imperfect and

the empha',is l¿as shifte¡ to methods for measuring these imperfections

and correcting tnen l!7. In the existing ANA the phase information is

obtained with a hetrodyne detection system which requires multipìe fre-

quency conversions, ìocal osciìlators, phase detectors, €tc. The need
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for a costly and complex hetrodyne system has been eliminated in the pro-

posed six-port systemwheresimple amplitude detectors are used for deter-

mining the comp'ìex refl ection coefficient.

1.2 Review of Existing Six-Port Systems

Extensive work towards realizing a six-port system has been done ìn

the U.S.A. at the Nationa'l Bureau of Standards (NBS), the Sperry Research

Center and Microv{ave Development Laboratory (l\lDL). In 1977 G'lenn F.

Engen working at NBS proposed one of the first six-port circuits l!7.
The basic configuration of the six-port circuit is shown in fígure 'l .'l .

P:-
5

Po

-ils4b1r¡ Q+Ð/2

P-
J

/6b (r L- i/2)

| 
^/s

-/s.a¡r r- 
,:-Ð/?:

P4

- jb/3
2 iì

:ì

:l:

ii
lì'
:tì

ti

2

%rot..:
--- 

-:-
6 db DIRECTIONAL

COUPLER

b

f-r

MEASURT}IENT PORT

Figure 1. 1 A six-port circuit as Pro posed by Engen t5]
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It consists of three quadrature hybrids and one lSOo hybrid p'lus a 6dB

directional coupler. The emergent and incoming wave amp'litudes at the

measurement ports of this circuit are designated by 'b' and 'a', respec-

tively. The wave amplitudes at other se'lected positions in the circuit

are shovrn in figure ì .ì .

The ideal performance of the six-port is dependent on a set of comp'lex

parameters ca1'led q-parameters. These q-parameters shal'l be discussed in

depth and presented in Chapter II. At this stage it wi'll suffice to know

that for an ideal q-distribution the magnitudes of the q values should

'lie in the neighbourhood of 0.5 or 1.5 and their arguments shou'ld differ

by about + 120o. Although the NBS circuit fails to achieve the design

objectives for the ideat q-pojnt distribution it however is closer to the

design goals than any other six-port devised until then. As compared

with the +'ì200 objective, the differences in the ang'les are 1350,900

and - 1350, respectiveìy, with the magnitudes of the q's being 2, 2 and

,fZ respectively.

Harry M. Cronson and Leon Susman lli, working at Sperry Research

Center (SnC) extended the work done at NBS and developed a dual six-port

system. The dual six-port is capab'le of measuring transmission coeffi-

cients in addition to reflection coefficients. The six-port junction

used by Cronson and Susman is shown in figure .|.2 
and consists of four

quadrature hybrids and two power dividers. The SRC six-port is sìmilar

to the one used by Engen at NBS and the q-dirtribution is no cìoser to

the design objective than that achieved by Engen at NBS.

1.

'
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Figure 1.2 Block diagram of dual six-port (sperry Research center)

Till recent years the major thrust of published research has been

towards developing the dual six-port system with the six-port itself con-

sisting of quadrature hybrids and l80o hybrids. It was onìy in lggj that
Gordon P. Rib'let and E.R. Bertiì Hansson, working at the l4icrowave Deve-

lopment Laboratories (t'lDl-), proposed a six..port cÍrcuít consisting of a

s¡mmetric five-port iunction and a directional coupler lQ7. l.lith this
circuit configuration they could achieve the ideal q-point distribution.
The design detaits of their five-port junction has not been dÍsclosed and

their proposed six-port configuration is shown in figure .|.3.
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Figure 1.3 Proposed I'IDL six-port configutation

This was the first six-port circuit ofthiskind to be realized without

using hybrids. Based on the concept of the syrîmetric five-port junction

deve'loped at HDL our six-port aìSo consists of a symmetric five-port

junction, the design details of which are given in Chapter III.

The purpose of this thesis is to design, implement and test a sìngle

six-port system for the measurement of complex reflection coefficient.

In Chapter II the six-port theory is presented defining the q-parameters

and determining the ideal q-point distribution. In Chapter III the de-

sign of a six-port junction is covered and the performance resu'lts of the

junction is presented. In Chapter IV the operation of the six-port mea-

surement system is explained and the closed form expressions for thE ca-

libration constants determined. Finally, in Chapter V measurement re-

sults of return loss, complex reflection coefficient at IGHZ and over a

200 ilHZ band width are compared with theoretical results and also with

values obtained from a corrmercial network analyzer instrument.

b" l/l
-1(L)

'ìx\
/'\/

lESr
oE vtc E



CHAPTER II
SIX-PORT THEORY

?.1 The Four Port Reflectometer

The scattering parameters for a mu'ltiport network are defined as the

ratio of the outgoing to the incoming wave varìables. We have at the

n'th port the scattering coefficient Srn which relates the outgoingwave I

at thetn'th port to the power wave entering the n'th port, expressed as

ai=0(ifn) (2.1)

Thus, the evaluatÍon of S*n involves obtaining the ratio of two complex

quantities, b, and a;. Network analyzers are designed so that they pro-

cess signa'ls which are proportional to b, and an, in order to determine

thejr complex ratio. Usualìy, ar, bn, etc., cannot be measured right at

their port tocations, but are sampled with the help of a linear measure-

ment network, e.g., ä directional coupler circuit as shown in figure 2..l.

Ports I and 2 in this circuit are the source and load ports, respective'ly,

whjle ports 3 and 4 provide the measurement signals. The power waves

emerging at ports 3 and 4 are given ¡V F, 9J

^bsmn=J
ân

b3

b4

Auz

c^z

Bbz

Dbz

(?.?)

(ä .3'

where A, B, C, and D are the cornpìex constants of the directiona'l coupler

circuit. The factors A and B give the fraction of the refìected and in-

cident load port waves, respectively, coupìed to port 3. Simi'larly C and



D give the

pectiveìY,

fraction of the

coupìed to port

refiected and

4.

incident load port waves, res-

az bz

tOAD
PORT

IIEASUREI{ENT

"/-

PORTS

-\

SOURCE

PORT

LOSSLESS

RECIPROCAL

4-PORT HENORK
arì

Fig. 2.ì A directional coup'ler scheme employed to measure
ref'l ection coefficient

In the practica'l four-port network ana'lyzer A and D are made as close to

zero as possible so that the measured lraves b, and bO are essentia'lly

proportionaì to b, and a. respectiveìy. The basic set-up for such a

mÍcrowave network anaìyzer uti'lizes a duaì-directionaì coupler and is

illustrated in figure 2.2. The constants B and C can be ietermined by

app'lying standard loads to the ìoad port. After having calibrated the

system the ratio of a, to b, (reflection coefficient) for a given ìoad

can then be determined.
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MEASURIN6

UNIT
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SWEPl
SIG NAL
SOURCE

DEVICE
UN OER
1E 51

MEASUREMENT lcxì¡xxe
NEIIYORK ^¡l

OUAL DIRECTIONAL
COUPLER :

Fig.2.2 Network ana'lyser set-up for the measurement of
complex reflection coeffîcr'ent

If both the refjection coefficient magnitude and phase is required then

frequency conversion is necessary in order to measure both the relative

magnitude and the phase d'ifference between b, and bO. If only the magni-

tude of the ratio of b, to bO is required onìy simpie power detectors need

be used. In present network analyzer systems the key signal operation is

then the conversion of the test and reference signals to a ìower frequency

for the measurement of phase difference. Thìs frequency conversion com-

pìicates the design of network analyzers and makes their cost high. It
is possible, however, to eliminate the need for hetrodyning by the add'ition

of two more near.¡rement ports, which makes the intervening four port net-

work into a six-port.



2.2 The Six-Port Network

The configuration for the six-port circuit

The four measurement ports are terminated with

power delivered to each of the detectors of the

is shown in figure 2.3.

power detectors. The

six-port ìs given by

Pg

Pq

Ps

Po

lp.az

I caz

lEaz

I Gaz

Bb2(

Dbzf

Fb2l2

Hb2lz

(2.4)

(2.5)

(2.6)

(2.7)

where A to H are complex constants determjned by the properties of the

six-port network.

SIX-PORT

NETI,IORK

Iqrnsun¡¡lrnr

Detector, source and load
of a six-port circuit.

arrangement
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In this six-port system one of the four neasurement ports is essentia'ì'ly

used only to monitor the input power. This has been selected to be port

4 and in practice, using nearly idea'l components, it is possible to force

the first term in equation (2.5) to zero. Thus we have C = 0, and (2.S1

reduces to

p4 = lol2 lrrl' (z.ay

Takingtheratios of several of the constants A to H we define a new set

of parameters, called the q-parameters. These are,

Q3 = - B/4, Qs = -F/E, q6 = -HlG

Appropriateiy substituting the above into (2.4), (2.6) and (Z.l¡ and re-

cognizing that lL = uZ / bZ, we obtain

Pg

P5

Po

lA l2 þ zl2

lE t2 þzf

lG l2 þrf

(2.e)

(2.10)

(z.ll )

(2.12)

(z.ts¡

(z.ta¡

,2
9gl

,2qsl

o, l2

l¡l' .(.

lrt
lr¿

Us'ing (2.8) to elìminate lOrl' in these equations gives

- or lt = ll/n12 l< P3lP4

- oult = ll/tlz ^ 
P/Pq

' ou12 = ll/e 12 * P6/P4

l¡
tt.(-

lrt
lrt

In particular, let us examine (2..l2). Given only two measurement resu'lts,

P, and PO, and assuming q, and lOtll2 as known, the locus of possible

va'lues of I must lie on a circle with center at q3 and radius lt - qSl



as shouJn

known, the

in figure 2.4.

locus of I¿ in

Similarìy, assuming PU,

order to satisfy (2.13)

11

and I DlElz to be

shown in figure 2.5.

q5

is

COMPLEX T.PLANE

UN IT CIRCLE
- q¡l

%

detector power

Pt

Rc I'

Fig.2.4 Locus of ft when
measurements are

onìy two
used

-qgl

3s

\-

ti8. 2.5 Locî of f, with three detector power
measuremeñts

--gì-
I

I

I

ï-
I

I
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Here, only two possible fnvalues can satisfy both (2.12) and (2.13) and

are given by the intersection points of the two circles. In figure 2.5

one of the intersection points falls outside the lrl ='l circle and

we are able to choose between the two solutions on the basis that for

passive networks lf¿l

fall inside the lf¿l = | circle, then it is clear that the reflection

coefficient can not be determined unambiguous'ly. However, the addition

of a fourth power measurement results in an explicitly determined re-

flection coefficient. Assuming Pe, Q6 and lo¡gl2 tu be known a third

circle can be drawn using (2.14) with center at Q6 and radiusll -eUl2

upon which l, must lie. This situatÍon is shovrn in figure 2.6.

lr¿ -%l

Frg.2.6 Loci of r¿ with four detector
power measurements

ln¿-qsf

uN 1T C tRqL E

I

- - -¡-o'
I
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For the typical q-point distribution used I¿ is then determined unambì-

guously from the intersection of the three circles.

From inspection of (2.8) to (2..t1) it is evident that l0l ' lAl,

lEl and lOl are scale factors, which for a g'iven input signaì level and

depending upon the load at the output port determine the range of the

power level at a measurement port. The dynamic range ofthe power mea-

suring instrument determines the sca'le factors lAl ' lEl ' lgl and lDl'

If, for instance bolometric-type power meters are assumed then the typÍ-

cal performance specifications might inc'lude an upper power 'limit of

l0 ml,J Hence, the values ot .|nl, lfl, lel and l0l are chosen such that

the'10 mt^l lim'it may not be exceeded for al'l possib'le values of f¿where

lr¿l < r.
It is in addit'ion important to know what the optimum q-point dis-

tribution of the six-port circuit should be. A maior design question

centers around the choice of 93,95, and q6 and this sha'll be presented

in the next section.

2.3 Ideal q-Poi nt dì stri bution.

A rigorous mathematical proof for the ideal q-point distribut'ion

has not been undertaken and only a quajitative discussion followed cìosely

along the lines provided by Engen [lJ is presented. A typ'icaì q-po'int

distribution is shown in figure 2.6. However, it is aPpropriate to ques-

tion if a bett¿r choice wot'ld be to place one of the q's, say 93 at the

centre of the unit circle? If this is done, one has a response (Pq )

which measures the incident wave (lb2l ) while P, now measures the reflected

wave (l arl ). In this case the six-port incorporates the reflectometer.
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There are several considerations, however, which argue agaìnst this choice

for qr. AssumÍng one could obtain the condjtion q3 = 0, the prospect of

achieving a direct measure of the reflection coefficient magnitude is

indeed attractive. In actual fact, in the current state of the art, and

even with this as a design goal, the expected deviations of q3 from zero

are such as to large'ly negate the potential advantages. A more serious

objection arises from dynamic range versus measurement precision considera-

tions. This point is perhaps best il'lustrated by a specific example as

given by Engen ÛJ:

In figure 2.6 tet Q3 be moved to the center of the diagram, let 9S=2,

and qU = i2. Bolometric-type power meters wi'll be assumed, for which

typical performance specifications include upper power limit of lOmW and

error 0.1 percent + 'l El{.Next",the values ot Inl , lEl , lGl and lDl are

so chosen that the tO-mW lim'it may be approached (but not exceeded) for

a'll possìble values of I¿, where fU -. ì. If one wishes to measure a

termination for whjcn lf¿l = 0.01 (matched), Pt wì1'l be approximately

lu¡¡, thus the signal-to-noise ratio for this detector has dropped to un'ity.

By contrast PU and PU wìì1 be operating at approximately Smt,l, and the 0.1

percent wi'll be the dominating error term. Since this applies to power,

the error in lf, - qS[ and lf¿ - q6l wi]l be ha'lf of this. 0n the other

han{, the nominal value of lf, - qSl or lf¿ - qOl in this example is 2,

so that the uncertainty in the rea'l and imaginary parts of a value of f¿

in the neighborhood of the origin represents a l0% error. The Ínteresting

conclusion is that if one requires operation over the entire range of

lf¿l , a poìnt in the neighborhood of the origin shouìd not be chosen.

It is seen that the response of P, contributes litt'le or nothing to the

determination e¡f¿when lf¿l is small, and it appears that a better
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choice of q3 would be a value in the neighborhood of that shown in fi-
gure 2.6. Although the foregoing arguments do not necessariìy hold for

al'l choices of power meters, they do appear valid for the immediate can-

didates whÍch include the bolometric and diode types.

Having disposed of the question of pìacing one of the q's at the center

of the unìt circìe, it now appears, from symmetry considerations, that

Q3, Q5 and qU shouìd be'located at the vertices of an equi'lateral triang'le

whose center is at the origin. This calts for lq'l = lqSl = lQ3l, while

the arguments differ by + 120o. Thus, the only remainÍng choice is

the magnitude of le3l. It is unneasonable to choose a large value for

lCal. In particular, since r¿ is determÍned from its dÍstances from q'
g5 and Q6, it is evident that an ill-conditioned sÍtuatÍon will result

if these distances become large in comparison with the distances between

q3 and 95, g3 and qU, or g5 and qU. 0n the basís of these considerations,

it appears that an optimum value for lqrl might be expected to'lie in

the range 0.5-1.5. Anexperimental study with the aid of a computer done

at NBS shows a decrease in the measurement accuracy when lf¿l = le3l.
Since there is usua'lìy a substantia'l interest in values of f¿ with a no-

mf naì magnitude of unity, there is a doub'le reason for avoiding lqgl = l.
Apart from values close to unity, the other region of primary interest

is lr¿l < 0.3. In order to provide the largest possible bandwidth, a

faírly loose to'lerance on the performance of the individua'l components

from which the six-port is constructer is desirabl:. This, now reduce;

the choice for lqrl to values in the neighborhoou of 0.5 or .t.5.

Now, having determined as to what the ideal q-point distribution

should be it is of interest to find the q distributÍon of the six-port

proposed by Engen, which has aìready been briefly touched upon in the
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fÍrst chapter.

2.3a The q-point distribution of a typical six-port.

The basic configuration of the proposed six-port circuit is shown

in figure 2.7. For convenience assuming an incident power wave 2b from

the source and 6dB coupling for the directional coupler, we then have

P3 Po

-itsoagrt e+Ð/2

PJ

2b 
(f 

L- i/2)

I 
^/s2

dB DIRECTIONAL
COUPTER It

MEASUREI'ÍENr PORT

Fig.2.7 SÍx-port confiquration



I7

C I RCLE

FÍ9.2.8 I'l I ustration of the q-poi nt di stributl'on
for the cì rcui t of f lìg. ?.7

b / 3 as the incident power wave at the input to the hybrid 'l . Th'is hy-

brid, being an in-phase equa'l power divider, delivers b / 3 to one of-T
the inputs of quad 2.

output of quad 2 is

./ia/3 -
,/,

where lL= uZ /bZ

Hence P, is given by

P^ - (la
"4

(r¿ il 2)

The other input to quad 2 bejng d-1 Thus the
?

jb/3
(/2) (/2)

l2 I ul 
2 ( - ¡/ z)z

(2.rs)

(2.16)

=/6n

It

comparing (2.16) with (2.9)

jl 2

we have

Q3= (z.n )
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Thus, g3 has a magnitude of /2 and the argument equaìs + 900. In a

simÍlar manner we can determine q5 as /2 L:115-o and QU as 2 L:lso

for this circuit with the distrÍbution shown in figure 2.8. As a va-

riant to the circuit configuration of figure 2.7, one may repìace the

6dB directional coupler with a 3dB coupìer. If this is done, the power

level at the measurement port is doubted, but at the exPense of the power

levels at P, .....P6. In addition, the q magnitudes are multiplied by

I f tZ. Apart from a constant multipìier, the q-va'lues are determined

entireìy by that portion of the circuit enclosed within the dotted lines

in fi gure 2.7. Having determined the q-point dÍstribution it is possible

to obtaÍn a visual dispìay of the reflection coefficient on the oscil'lo-

scope /97. For the circuit of figure 2.7 it has been shown that the

powers P3, P4, P5, P, are proportional to lb (r¿ - J J4(, lul2,

' [ 
(]-i) /2f, respectively. In addjtionfo (rr+ {t + i) /21' and lo ( r

to.obtaining an expression for I¿ it is possible to get a reaì time dis-

pìay on the osciììoscope. The foregoing represents a straightforward

and useful solution to the problem when measurement accuracy can be traded

for computational simplicity. In order to make accurate measurements the

q's and the complex constants A, E, G and D have to be determined. An

attempt to obtain A, E, G and D dírectìy by using (2.8) - (2.11) results

in numerical singu'ìaritiet [9J. However, using a calÍbratjon procedure

which will be described in chapter four, the calibration constants are

determined explicitly. Before proceeding to determine these const,nts,

the design of the six-port systems which we have used is first presented,

along with some performance results in the folìowing chapter.
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CHAPTER III
THE SIX-PORT SYSTEM

3. I Introduction

A six-port network using a s¡rnnetric five-port junction and a di-

rectional coupler has been designed to operate at a center frequency of

lgHZ. In section 3.2 the properties of the five-port junction is briefly

studied and an expression for the complex refiection coefficient, âs-

suming an ideal junction, is derived. In section 3.3 it is shown that

the five-port junction is well matched atlGHZ. Finally, in the con-

cluding section the performance of the five-port obtained from measure-

ments with a Hew'lett-Fackard modeì 84.l0.s¡etwork analyzer system, is pre-

sented.

3.2 The Symmetric Five-Port Junction

The six-port configuration using a directiona'l coup'ler and symmetric

five-port junction is shown in figure 3.1. For a reciprocal junction,

the iunction scattering matrtx [s] is synunetric so that Sr, = Sji. Also,

since the junction is completeìy matched we have Sii = 0 for i = I .... 5.

Empìoying these conditions, the scattering matrix for the five-port is
written as

srz

0

Seg

szg

ses

sr¡

se¡

0

sgq

s¡s

srq

seq

sgq

0

s¿s

s¡s

s¿s

0

srs

szsÏ:,,

l;;
þ,,

[t] = (3.1 )
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using a directional
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Since the five-port junctionisalossless' reciprocal network the scatter-

ing matrix unitary property [\J must hold and

*
S S = l.

From the iunction s¡rnmetry the remaining scattering coeffìcients can

only assume one of two possible values' thus

and

u = SIZ= S?g = S34 = S45 = Sl5

b = Sl3 = S25 = S35 = SZ4= Sl4

condition is aPPlis¿If the un'itarY

*

we get

.I

I

a

b

*
b

*
b

*
a

0

*
a

*
b

*
a

0

*
a

*
b

a

0

*
a

*
b

*
b

a

0

a

b

b

b

a

0

a

b

b

b

a

0

a

F
lo

= lo

lo

t

0

l

0

0

0

0

0

I

0

0

0

0

0

t

0

(3.2)

*
a

*
b

*
b

*
a

0

0

*
a

*
b

*
b

*
a
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Equation (3.2) yieìds

2l u 12*
***b a +a
**

b a+a b

Letb=x*

Subtracting (g.S) from (3.4) we get

lal=lbl

Substitution of (3.6) into

lb12=lalz=t/+
or la l= lbl = I/2

If we seìect port reference

a=lal

then (3.4) becomes

2l
b +l

+l

b 12 = t

b 12 = o

u 12 = o

(3.3)

(3.4 )

(3.5)

(3.3) shows that

pl anes so that

(3.6)

(3.7)

(3.8 )

*t/z(b + þ) +1/4= Q

*or b +b=-L/2

x

orx

jy, then (3.8) becomes

-jy+x*jJ=-7/2
= _L/4

Now, using the result and (g.Z) we can write

1n12 =t¡t
,2 * yz =l¡a
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Having determined the S - parameters it can be readily seen that the in-

cident power wave at each detector in the circuit of figure 3.1 can be

evaluated. From the power readings for a matched'load at the test port

and assumìng matched detectors, the q-point distribution can be obta'ined'

Knowing the q-parameters it is possjbje to obtain an expression in terms

of the detector pov,Er readings for the complex reflection coefficient

for any test port ìoad, suitable for visual display' The incoming and

outgoing power waves at the various ports are labelled in figure 3'l and

are re.lated to each other through the five-port junction scatterìng ma-

trix. Assuming matched detectors we have

y2 =t/q-t/to
v = +/3J-r

Therefore

From (3..l.ì) we get

br = sr3t3

(3.e)

(3. r 0)

]

[.'

I'

l,'
þ

srg

Srg

þ

1,,,

1,,,

þ,,

br

bz

bg

bg

bs

stz

0

slz

Sl¡

srz

0

Sre

st,

srg

srg

slz

0

srz

sts

srg

s.-
15

Srz

0

I 200

(3.t2)
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bz = stzul

b3 = sl3tt

b4 = sr3tr

b5 = sr ztl

P.l o lar1z =

* st2u3

the three detectors (refer

to lbrlz, lb+12 ano loult,

1AL+

(¡.lg)

(3.t4)

(3.'rs)

(3.r6)

to figure 3.'l),

respecti ve'ly.

(3.'r7)

+

+

sr ztg

sr 
3u3

The power de'livered to each of

Pl, PZ and Pt, is ProPortional

Hence

2

=

pz o luo¡2=

P3 o lu5l2=

I sr zur

lsr zl2

I sr zts

Itrrl2

+ s'', b3 I

sì,

I orl2 lr¿ - (-llst3 ) 12

* uglz

lorlt lr t- (-llsl, ) l2

+ s',rbt l2

%

(3.'r8)

I sr ¡us

(3.1e)

comparing equations (3.17) - (3.'19) with (2.9) - (2.11) shows that

Ql = -llS13, 92 = -1lS.,, and 93 = -Sîz /Gß)2 (3.20)

Since, lslzl = lslel =t/?'from (3.7) we get

= Itlrl2 lorlt ¡r¡{-s.,r)12

Çr'

lqr | =lqzl= lQsl = z (3.21)



I'le thus have lq's I ìn the neighborhood of .l.5 which as

Engens FJ¡t an optimum value. Using (3..l0) and (3.20)

of the q's are
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suggested by

the arguments

(3.22)

(3.23)

9r=

Q3=

q2

92

- 7r/s

+ hr/3

Substituting these q values in (3.17) - (3.'19) we obtain the pov,er read-

ings p.,, p, and p, as proportionaì to Ittrl' lorl' îL - ol 12, Itlzl2

lOrlt lrz- qZl2 anA lSl gl2 lbtlz lt- qs 12, ,especti ve'ly. The reference

detector measures the input power P* to the iunction. Using (3.14) we

may write

PR = lu.¡ lt = bl ,
lStt

(3.24)

From the four power readings t can be easiìy deterr¡ined. It is vital

to note at this point that the ref'lection coefficient so determined is

only approximate since the properties of an ideaì six-port have been

assumed and this is difficult to realize in practice. Hence, the system

needs to be calibrated in a more exacting manner and the resuìting cali-

bration coefficients can then be used to determine [ . A procedure for

a calibration process is given in the next chapter.

3.3 Design of the five-port iunction

The five-port junction is shown in figure 3.2. It has been realized

by using a ring type structure along with five radial short-circuited

stubs. The stubs are spaced a quarter wave length apart and are an
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eighth wavelength long and provide matching for the junction. The ra-

dial lines for the stubs have a characteristic impedance which is twice

that of the transmission lines forming the ring structure. The five_
port junction circuit diagram is given in figure 3.3. A brief ana]ysis

to obtain design equations for this junction fo]lows:

?7o J 
/t,

Figure 3.2 A matched syrnmetric stripline five-port iunctìon
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z
o

^/8 ^/4
z

o

s0uRcE

r 
ttl

A/8 +c SYHÞlETRY

PLANE

Ysl
I

o=

x14
7o

z
o

^/8

Fig. 3.3 Circult diagram of five-port junction

In figure 3.3,7o is the characteristic impedance of the generator and

load system while zi and zo' are the characteristic impedences of the

^/4 
lines and À/8 stub Jines, respectiveìy. App'lication of a signal to

port I of the junction is equivaìent to an even-mode excitation of the

network. The even mode "half-circuit" is shown in figure 3.4 The tine

admittances have been norma'lized with respect to Zo and we have chosen

Zl = 2Zo; hence, the normalized line conductances are

7o

1
sí= zo

í;

\14
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J3* v2
go --+

^/4
o =o/2'o -o'

eoå
/4+
si =solz

v2
o.,0

OPEN

^/s

^/8

^/8

Fi g. 3.4

SHORT SHORT

Even-mode " half-circuit " of
five-port junction.

The open-circuit terminated line

mittance *jgo, whiìe the y'S te¡9

have an input admittance -jg;
admittanc€ Jl,at node - @ ìooking

is VB in length and has an input ad-

short-circuit terminated lines all

[,le are ab]e to write the equivalent

towards the open circuit, as

(3.2s)

Yì=ì

='l

i9o - isolz

isolz

The À/4 long line between node -@and node -@acts as an impedence

transformer and at its input we have

ui = soT/t1

The admittance yZ at node € is
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!z= 1- i9o * 9oz

T lr=iù2)
=(l+si4soz)/0+iso/z¡

Finaìly, the input admittance f, looking into the

by

vg = 9oz /12

= 9o2 (l + igo/z) / (l + s/qgo?)

If y is the admÍttance of the match

the source (refer to figure 3.3) we

(3.27)

terminated five-port as seen from

are able to write

(¡.zo)

"half-circuit" is given

Y= 2y3- iSo/?

l,lhen (3.27) is substituted into

y = 2go2 (1 + iso/z) /
= 2go2/(l + slqgoz)

(l -s/lgoz) = r/2

2/ ls

(1 +Slqgor)-iso/?

+i(go3- 
^go/2)n TTsd

(g.ZA) we obrain

(¡. ze )

(3.2e)

(3.30)

Now, in order for the imaginary part of (i.zs¡ to be zero we requr-re

that

no? /

oro=

l,lhen

yis
(3.30) is ptaced into (3.29) we find that the conductance part of
of unit value. Thus, when (3.30) holds each port of the ideai five-
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port circuit is perfectìy rnatched at the design center frequency. From

synrnetry we see that equal powers are transmitted from port I towards

port Z and port 5. To estab'l'¡5¡¡hat there is also an equaì power split bet-

ween ports 2 and 3 (or ports 4 and 5) we proceed in the folìowing way.

Assume a norma'lized vottage v, at node -@ of figure 3.4 A power ,:

is then delviered to the unit load at this port. The admittance look-

ing toward node -@and inrnediateìy to the right of node -@, is ob-

tained by inspection to be

tí= nzo / 0 + iso/z)

= s3 (1 - igo/z) / 1t + sr?¡+) (3"3r )

The power delivered to node -@is given by "f n" $! t and c'lear'ly

we require that Re {Vi} be of unit vaìue

to the unit load at node -@to be equaì

unit load at node -@. Hence

no? / 0 * go2/4) = I (3"32)

tor go= 2/¡, this equaìity hotds and the proposed five-port synunetrÍc

junction is matched at all ports and it acts as a four way power dìvider.

Specifically, the vaìues of 7- and 7i' , when the source and load base
00

characteristic impedance is 50 ohms, are

ZO ' 7a/So = 43.3 ohms,

ZO'= Lelgí = 86.6 ohms.

ìn

to

order for the power delivered

the power delivered to the

Using these line impedance va'lues a five-port stripìine circuit has
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been etched onto standard polyguide substrate. The strip widths for

the various line impedences have been determined from the manufacturers

graphical data (see Appendix A). Photographs of the fabricated strip-

line five-port are shown in figure 3.5. Detai'ls of the performance of

this junction is presented in the following section.

3.4 Experimentaì Performance of the Strip-'line Junction

Using a Hewlett-Packard rnode] 8410S network ana'lyzer, insertion

loss and return loss measurements were made on the stripline junction.

The results are presented in figures 3.6 to 3.8. The insertion'loss

between any two ports of the ideal iunction ìs 6dB. From figure 3.6

it is seen that the measured insertion loss between the non-adjacent

ports, €.g., S.13, Sì4 etc., all track very closely (within 0.5d8) to-

gether over the entire frequency range. At the center frequency of

IGHZ the insertion. loss is about 6.5 dB. Below IGHZ the'loss is about

6.5 dB. Be'low 1GHZ the loss increases slowìy to a value just over

7 dB, whereas, above 1GHZ it increases more rapidly to l0dB at 1200 MHZ

and then sìow'ly to t2dB at'l.5GHZ. 0ver a 25% bandwidth, from 875 MHZ

to ll25 VÌHZ the insertion loss remains within about ldB of the ideal

value of 6dB. Similarly from figure 3.7 it is seen that the measured

insertion loss between adiacent ports, €.9., S23, S43 etc., also all

track c'loseìy (within t dB) together over the entire frequency range

from 750 MHZ to ì500 MHZ. At the cetner {requency of IGHZ the insertion

loss is about 6.5 dB. Below fGHZ the loss steadiìy increases to 8dB

at 750 l4HZ, whereas above IGHZ the loss remains constant at about 6.5d8

tiìl 1400 t'lHZ before dropping down to a value of slightly under SdB ¿1



Fig. 3.5 Stripline synønetric five-port junction.
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1500 MHZ, 0ver a 25% bandwidth from 875 Î','tHZ to ll25 ¡{HZ the insertion

'loss remains within about ìdB of the ideal va'lue of 6dB. The results

of the return loss rpasurements appear in figure 3.8. It is seen that

for the frequency range 975-1050 l.lHZ, each port of the five-port junction

has a return loss of less than -20d8.. Below 975 MHZ the return loss

rapidìy increases to -lOdB at a frequency of about 900 MHZ and then

slowìy to a value of about -7dB at 750 MHZ, simílar'ly' above 1050 MHZ

the return loss increases to -lQdB at ll50 MHZ and stays around this

value to 1500 MHZ. Hence, if we consider a -lOdB return loss as a suf-

ficient port matching level a 25% bandwidth is readily obtainable with

the junction power split remaining within ldB of the idea'l value of 6dB.

Having designed, fabricated and tested a synnetric five-port stripline

junction we are in a position to build a six-port measurement system

based on this junction. The folìowing chapter covers the development

work for the six-port system.
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CHAPTER IV

SIX-PORT IMPLEMENTATION

4..l The Six -Port Measurement System

The schematic representation of the six-port measurement system is

shown in figure 4.ì. In addition to the synrnetric five-port and a d'irec-

tional coupìer the six-port system consists of a power sp]itter' a set

of four amp'lifiers connected to rf detectors' a source locking microlave

counter, a sweep generator, a four channel A/D converter and a desk top

computer. The counter, sweeper and A/D converter are controlled by the

computer through the IEEE-488 interface bus (IB). The A/D converter'

sweeper and counter are completeìy compatìble with the IB, thus yield'ing

compìete system control to the computer through software. A Hew'lett-

Packard model 854, desk top computer, functions as a System controller'

data acquisition and computationa'l device. It offers a fu'lìy integrated

system including alphanumeric, editing, graphic and operator interaction

capabitities. This fully integrated system is used to control the ent'ire

automated microwave measurement system using the BASiC software language.

The ¡4.iltron sweep generator, a model 6l0D mainframe and mode'l 62470 mu]ti-

band rf plug-in, supplies the measurement system with a wide range of

frequency coverage (10 MHZ to ISGHZ). The EIP mode'l 371 source 'lock'ing

microwave cognter is capable of automaticalìy measuring any frequency

within the range ¿0H7 to I8GHZ. A bus controlled option of the counter

enab'les the frequency output of the signal generator to be locked (using

a feed back-loop process) at any desired frequeycy. The ìocking routine

is capable with the aid of software to alter the srveep generator output
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untit the desired frequency is being generated. The advantage of the

lock.ing routine is that the generated frequency is of much higher accu-

racy than can be attained from the sweep generator itse'lf. The HP

model 5g3]3A analog to digìtal converter digitizes the analog outputs

from the four rf detectors and transmÍts signaìs via the IB to the com-

puter for storage. A Hewlett-Packard mode'l ll667A power splitter is

used to divide the source signal between the counter and the six-port

circuit. The detectors produce a dc output approximately proportional

to the rf input power, The detector outputs are at a low level and in

order to use the futl range of the A/D converter (+ 5 volts) amplifiers

are introduced between the detectors and the counter.

4 la System Operation

The six-port system shown in figure 4.ì operates as follows. Ini-

tia'lìy, the counter locks the sweeper at the first frequency called for

by the computer. The A/D converter then takes signal samples from each

of the four detectors and the digitized output is transmitted over the

IB to the system controller where the data is stored for processing. It

shou'ld be noted that the response characteristic of each of the four

detectors has been characterized in the computer by a po]ynomial equation

so that, from the voltage readings of the A/D converter, accurate poþrer

readings are obtained,.t the four measurement ports of the six-port c'ir-

cuit. Details of the detector calibration procedure and the characterizing
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éQuations have been presented in Appendix B. The sweeper frequency is

then incremented by the computer to the next frequency and the counter

locks the sweeper and the process is repeated. After all the power read-

ings have been co'llected the system controller processes the data to

evaluate the complex reflection coefficient of the device under test

(DUT) at each frequency. However, in order to determine these comp'lex

reflection coefficients the system needs to be ca'librated. The process

of ca'libration is necessary in order to determine all the comp'lex con-

stants in (4.t9), (4.36) - (4.38) and (4.42).

4.2 Calibration of the Six¡Port System

From Chapter Two (equations (2.2) - (2.3) the detector response at

port 3 and reference port 4 are

bg

b¿

Auz

cuz

Bbz

Dbz

(4.1 )

(4.2)

Dividins (4.1) by (4.2) and

(4.3)

where A, B, C and D are compìex constants.

using

lr=ar/b,

we get

bsB
b4

(4.4)(n/e \. *

For convenience, the constants and t. in (4.4) are redefined as
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i0..
A/B =Xg Ã

J0-
C=7e L

rr.= | r¿ |

and Z are rea'l constants.

port is given by bb*, so

*

(4.5 )

(4.6 )

(4.7)

In general the pov{er emergìng at a

(4.8)

"t%

where X

matched

Pg=

%

bgbg

Substituting (4.4) to (4.7) into (4.8) we have

þ=e[ffi-' . 
jo¿

(4.e)+'l

+l

= lel? x2 ¡r¿2 + I + e x lr¿l cos ( 0I+ 0¿-)

zz Vr( + 1 + zz lr¿l cos ( or+ or)

Generalizìng (4.10) we can write fi?J

(4. r o)

(4.r1)Pi=
PR

where p., (i = t, 2, 3) is the power emerging at each detector port of the

five-port and P*= P4 is the reference power delivered.;o the five-port

junction. The purpose of the calibration procedure is to determine the

constants lBil, Xi, Or¡, for i = I , ?, 3, and Z and O r. An examinat'ion

of equation (4.tì) reveals that a matched load (r¿ = 0) will suffice to

î¿

OF M.4NJIOSA

-__!/aRenres

determine lBi l.' The remaining constants are determined
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loads. These standard ìoads, unfortunately, can not be of any arbitrary

value. D. I'loods fi! nas shown that by choosing arbitrary vaìues the

calibration constants cannot be determined expìicitìy and numerical sin-

gu'larities are encountered. Renato G. Bosisio and Shire Li flli have

determined that the numerical singularities can however be avoided by

carefully setecting four refìection standards (Ir) such that lrrl= l.

l'le have chosen as ref'lection standards an open, I, = ì, a short, Is = -1 ,

and two offset opens, I, = i and I, = -i. The phase distribution of the

reflection standards used is shown in figure 4.2. Thus, to calibrate the

six-port at each required frequency we need a matched load, a short, an

open and two offset opens of + 9Oo phase. There is no problem at low

microwave frequencies in using the same matched load, open and short

standards for the different required frequencies, however, the length

OPEN # I

SHORT -+ e0PEN

I

l€-

brrsgr oPEN i# z

OFFSET
ú

lrrl=t

Fig. 4.2 Phase distribution of refìection standards used
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of the offset ìoad standards has to be changed for each calibration fre-

quency. Hence a method of fairìy accurately obtaining these offset

standards is required.

A load with a unit reflection coefficient mudulus and of varying

phase is generated by terminating a length of transmission line with a

sliding short. A network anaìyzer was used to set the phase of the re-

flection coefficient of this circuit.

4.3 An Expression for determining Ca'libration Constants

As metnioned earlier the constants lBil are determined by connect-

ing a matched load to the test port. lrJhen a matched ìoad t¿ = 0 is

used, from (4.11), we get

lt., lt = P.i/PR (4.12)

loads of unit re-

by 90o are used.

in section 4.3a

a norma'lized power

cos (Ø, * g¿) + zz t.¿ l2J (4.I3)

stants four

ted in phase

ure is given

) we define

To determine the remaining calibration con

flection coefficient magnitude, but separa

Assuming that Z and Ø, are known (a proced

for separately determining these constants

ratio (PilPR) such that

FiJ' 
=[+¡/',r'[ 1+ zz rr¿l

Substituting (4.13) in (4.11) we have

I

[ål= ì + 2xi lr¿l cos (ør., +

L o*J
(4. t4)e¿) + xl lrtlz
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open standard at the test port pìane of reference we getUsing an

Next,

For an

we obtain for

ltrí = 'l

Lr*.jt

offset open

(4.'¡7 )

[;tJ, 
= t -2x., Sin Ø*i * *2

= I + 2x., Sin 0*i **?

-'t

0

(a.l s ) to

:l=',-[

.l'rl
-J

g

ø

I

v

P.'l

ñ

ng

s

n

lp

In

tin

)os

iin

alì

t

ng'ì

Co

5l

lna

ran

X.I

X.I

fi

arY

and

Re-a form results in

(P''/n*).,

(PilPR)'

( Pi /PR );
(PilPR);

in matrix

00.l
-t ,l

(4. r 8)

P.I

%'*
Hence, knowing

and X, Sin gr-

lilr 
= I + 2x' cos Ø*¡ * *1

a short standard

- 2^i Cos Ø*i + xz.i

standard of 900 electrical length we get

for the offset open standard of 2700 electrica] length,

(4.1 5 )

(4. 16 )

(4.18)

(4.re)

, K = \, ?, 3, 4, we can determine X., Cos Ø*.,
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4.3a A Closed Form Expression for the Constants 7 and 9, t1.4]

LetRo (i), Rt(i), Rz(i), R3(i)' i=l ' 2' 3' be the rneasured normalized

powers at the three detector ports for four unit magnïtude offset loacj

9o, 91, 92 and 9r, respectively. I'lriting

12 ; K =o , I , 2, 3 (4.20)

and substituting C4.20) into (4.1t) we have the following:

Ro[i) tt * ,?7 * ) Cos 9o ?z Cos 9, Sin

standards with phase angles

RKh.r= 
[+J/"

=l
2

z

+

)+

Cos 9o 2x, Cos gr.' Ø 2x.'o I

Rl(i) (t + ) Cos 9, 2z Cos 9,

='l +

R2(i) (t + z?) +

='l +

t(rl (l * z2) *

Cos 9., ?ri Cos 9r.,.

) Cos gr Zz Cos 9,

Cos 0r Zx, Cos 0r.'

) Cos 9r 2z Cos 9,

-Rl (i ) Sin

-R2(i ) sin

-R3(i ) sin

R.,(i) Sin

Sin 9., 2*i

Rz(i ) sin

Sin Ø, 2x.'

Rr(i ) sin

Sin 9, 2x.'

get

Øo 2z sin

Sin Ø*.'

ø1 2z Sin

Sin 9*.'

9r 2z Sin

Sin 0'xl

9r 2z 5in

Sin Ør.'

9z

(4.21)

øz

(4.22)

ø'z

(4.23)

ø'z

(q.zq)

R
o

2x-I

Rt

2x.I

R2

2x.
I

R3

,?I

i)Ro(

Sin

Ii

+

(t

+

(i

+

(i

='l + + Cos 9, 2x.' Cos gr...

tlrítin9 (4 .22) to (4.24) in matrix form we

F,;l

url

d

t\

k

(i )

(i )

(i)

Rt (i ) Cos ft.,

Rz[i) Cos 92

R3(i) Cos F,

*r?

Cos I

Sin I

I
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(4 .2s )

ot ø., *

Cos

Cos

Cos

-sin 0

-Sin I

-Sin I

2xi

Cos

Sin

91

ø?

9sI
vié

Il

This

2x.I

Cos

Sin

From ( 4.26) we get expressions

There are as follows:

þin cø,- 9r) + sin (øz-øì. + Sin (Ø3 -l x

,2

Cos Ø

Sin Ø

(4.26)

for 'l * *.2
ì Øxi and 2x.' Sin Ø*i.

lds

-ør)]

;i
f 
rrn trr-rrt sin (Ør-Ø.,) sin (Ø.,-Øz)

I

f 

stn ør-s 'n Øz sin Ør-sin Ø, Sin Ør-Sin Ø.,

þs ør-co, Øz Cos Ø1-Cos Ø3 Cos Ør-Cos Ø.,

sin (Ør-Ø.) + si n (Øs-Øt, ] 
-t 

x

@z-%) n.'(i) + sin (ø3-ø1) nr{i¡ +

(tl + (zz cos s.) þtn tør-ø3) Rì(i) c

(i) cos gz * sin (ø'.ø) nr(i) cos ø3]

¡n (gz-Ø2,) Rt(i) Sin Ø., + 
_sin 

(9g-91)

sin (Ø1-92) R3(i) si^ ,Jl

x

[*.',t) Rr(i) cos Ø., -Ri(i) sin øI Iì -

fnzt,l 
nr(i) cosØ2 -nr(i) sirø2 

I lrt
l_b(i) nr(i) cos Ø, -R3(i) sln ød V

. ?x. Cos't

+

in

-92)

)Ls

-Øz)

þi

[,'
si Rg

Rz

ß
+

n (Ør

+22

n (gr

ì+xi2=

sin (9r-Ø.,)

(22 Sin Ø.)

Rz(i) Sin g2
(4.27)



2x., Cos Øxi = ù*

[rsin

Sin

þ'.

[tr 
.

(stn

nRt(i

(sin

Irttn

trr-ø, !
+ (S.in Ø1

cos ør) [(
nr(l ) cos

+ Sin

Rl(i)

+ (22

9z)

ü

-si

Ør)

Sin

,rl

9s)

'l
ø1

Øt)

[,t - ,'l ltcos Ør-co s Ø) n.,(i) + (cos Ø1-cos

+ (cos Lr-cos Ør) *rtil] + (22 cos Ør) [ttot
Cos Ø2¡ n.,(i) Cos Ø1 + (Cos Ø.,-Cos Øt) nr(i)

+ (cos Ø2-cos øl) R3(i) cos ø3] - (lzsin Ør)

ftto, Ør-cos Ør) n.,(i) Sin Ø.' + (cos Ø.'-cos Ø,

nr(i) Sin Ø2+ (Cos Ør-Cos Ør) nr(i) Sin ø31

urø

,2)

ø2-

) Cos Ø1 *

-Si n

R3( i

in Ø1

sin (Ør-Ør)
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(q.za)

(4.2e)

used

-l x

-Sin Ør) Rr(i) +

Sin Ø3 - S'in Ø2)

Øz*

ø3

Ør)

(s

øz-sin Ø1) nr(i) cos Ø

ø3 - sin Ø) R.,(i) sin

Sin Ø2 + (Sin Ør-Sin

- (22 Sin

+ (Sin Ø1-

R3(i ) sin

x

Øz)

nr(i)

2x, sin Øxi = [sin (øføz) + si n (Øz-Øs) + sin (ø3-ø1,] -t x

Øs) nr(i)

ø3-

Cos Ø,

Returníng to

as reference)

(4.21)

(4.21)

@z-%ü+ Rz(if þin Ør-Sin Ø.,-sin (ø3-ør)] +

we see that by selecting Øo = 0o (open standard

reduces to

no(i) (1 + 221 + Ro( i) lzcos Ø, = I + *i2 * 2 *i cos Ø*i (4.30)

Substituting (4.27) and (4.28) into (4.30) and re-arranging terms gives

(1 + zzl 
ftnotil [tt 

n (Øz-Øg) + sin (øs-ø1) + sin (Ør -ør\+ R1(il [si 
n Øz-

Sin Ør-Sin



(ør-ø,)] +

z Sin Ør)

Rz(i) sin ø, þin
in Ør-Sin (Øt-rrX

-Si n

-rrü

-ø, 
tr

[sin

ø3[tt'
-Si n

ø2

ø2

ø3

i)

¡] + nr(i)

ø, þin ø,

ø, þin ø,

( ø3-ør I

R3(i

F't'
Sin

Cos

) Sin

,rn ,r-rrn

Sin Ør-Sin

Sin Ø1-Sin

R2(i )-Ro(i )

Rz('i ) cos Ø, - no(i )

n.,(i ) - Ro(i )

xøl -Ro( i )

ø1

Rt(i)

-Rl(i -+(i )sín S, -Rr(l )sin 6,

ø3-Si n (Ør-Ø3)

øl-sin (0r-Ø1 )

øz-s|n (Ør-9r)

2+2"

2z Cos Ø,

?z Sin øz

;

-'jl [ ^''I

tl L:::l
i = l,

Øz

(Øg

in

nr(i ) [sin ø.,-sin Þr-sln (Ør-rrü + (22 cos Ør) 
[*rtt 

t [sln

sin (Ør-g.,) +sin (øføzü + R.,(i) cos ø, [sin Ør-Sin Ø3 -

Sin Øz-ø3

) Cos

) Sin

91 -Si n

Cos

-Si n

-Si n

+ Rr(

(Øi

-Sin (Ø,

Sin Ø,

Ø.,-Si n

-(2

+

Ør -s
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Ør-ør) +

ø3-

=Q

(4.31)

If we make the foìlowing definition

F'

ll
in Ør-Sin Ør-Sin

in 9r-Sin Ø1-Sin

(i) - Ro(i)

(i) cos øl-Ro(i)

.,(i) Sin 9.'

nr(i )-no(i )

nr(i) Cos Ø2 - no(i)

-Rz (i ) Sin q,

R3(i )-Ro(i )

nr(i) Cos Ø3 -

=Q (4.32)

R3(i )-Ro(i )

R3(i ) Cos Ør- R

-R3(i ) sin Q,

Ro(i)

øt-Sin Ør-Sin (Ør

2,3
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then for¡n [4.32I we obtain

All (l

Ael 0

+

+

+

+

\3 [22 sin ØrL = 0

An (?z sin Ørl = o

(4 .33)

(4.34)

(4.35)

I
I

Ag

\
2?

33

A

ÃF

+

T I
Az

q
Asz

ú

ÍlavÍng

above,

determîned

it is then

[Ar'' A]2 * Agz tr I
LET'T:El

the value of 9= fron

substituted in (a.33)

[,*".l =t- I

L2r)
+ Al3 Sin øz

Arl

x = - (4.,, Cos F, + 4.,, Sin 0r)
All

Equation t4.401 reduces to z? - 2z + 1

,2L * \z Q zcos grl

,2L * Az? Qz cos gr)

[Azl 
Ar2 = Ar t Azz

Lffi

A'tl o *r27* Arr(22 Cos Fr) * Al3 (z zsin 9) = Q

Dividins [4.39) by ?z and re-arranging resu'lts in

- [0., , cos 9,

L-

(4.36)

(4.37)

( 4.38)

any of the three expressions given

to gîve

Asl tl + z?L * A3z [22 cos gr! + 433 [22 sin ØrL = 0

from f4.33L - [4.35I we ge.t tfiree expressions for Ø,

0z= tan-'

.- t

0r= tan

_t
Sr= tan

= 0, which has the solutÍon
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z=x+\/x'-l (4.42)

For z to be reaì ¡{e need x greater than unity. As z is the

couplînq coeffîcient (see (4.6)) we therefore have z -(.1 
( for

passive devices ) and must choose the - ve sign in (4.42). Havinq

determined z and Ø, the remaining constants, usîng (4..l9), can now

be evaluated.

Knowing a'll the cal ibration constants it is quite s'impì e and

straiqht forward using (4.'ll) to determine from the six-port power

readinqs the comp'lex reflect'ion coeff icient of the DUT.

4.4 A llatrlìx Expression for I,

Re-arranginq and writinq (4.11) i.n matrix form we have

9L

ØLIr

srz

szz

Sse

l, zl2

zlr,l

zlr 1l

cos

sin

t -r.,/ (P*xB'r )

t-v rl (e*xB2)

I -P3/ (P*xB3)

(4.43 )

where,

s.'=[Ptl(P*xa., )fr?-*l' , trr=lPz/(P*xB, ))r2-*zz ; ssl =lPs/(P*xB, ))r2-\2

S.,r=[P.,/(P*xB., )]z cos Tr-"j cos Ø*., I szz=lPzl{P*xBt)lz cos Ør-xrcos Ø*,

Srr=[PrlP*xBr)iz cos p..- xrcos Ø*, ; S]3=xìsin Ø*.'-zIPll(P*xB., )]sìn Ø,

Srr=xrsîn 1rr-zLPr/lP^xsr)l sln pr; Srr=xrsÍn Oxg-z[pr/P*xBr)] sin Ør.

From (4.43) the yalues of lrand þ, can easiìy be determined.
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4.5 System Software

The computer software which. has been developed allows automated

operation of the six-port npasurement system. The six-port has been

calibrated for use i.n the frequency range 890-l'llC NHZ. The ca]ibration

constants haye been detennined at e'leven frequency points at 20 MHZ in-

terva'ls. These constants are determined using the program 6PCAL which

is descrihed in the next section.

4.5a Calibration Program, 6PCAL

The program 6PCAL deterrnines the calibration constants at all the

required frequencies between 890 to lil0 lîHZ and a program listing is
given in Appendix C. First, the user is prompted to input the desired

frequency range and the required frequency increments at which the sys-

tem has to be calibrated. The counter locks the sweeper at each desìred

frequency as follows. A sweeper output within IOMHZ of the required

frequency allows the counter locking procedure to be initiated. If the

sweeper output is not within IOMHZ of the desired frequency, then the

sweep frequency is raised/lowered unti'l the frequency output of the

svleeper is within the locking range of the counter. A flow chart for

this procedure is shown in figure 4.3. After having'locked the sweeper

the user is prompted to connect a nratched load (50 a ) and then the A/D

converter, s -arting from channel I through channel 4, samp'les the ana'log

inputs and transmits the digital data to the system controller over the

IB. The Hp-85 computer stores these readings. The process is repeated

for the remaining four loads namely, a short, an open and two offset opens

(r90o). After having done thís the caìibration constants are ca'lcuìated



Input Cajibration FrequencY

termine Counter Range

Establish Counter Settings

Initiate Sweeper 0utPut

Raise Sweeper OutPut

Input Counter FrequencY

Freq tl'ithin Lock Range?

too hi qh?Lock Sweepe

Lower Sweeper OutPut

Fig. 4.3 Flowchart of software for settilng system frequency.
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using the equations determined in the prevÍous sections' Next, the fre-

quency is incremented and the process is repeated. This is repeated till

the calibration constants at all frequencies have been determ'ined exp'licitly.

4.5b The Reflection Coefficient Heasurement Program, REF-6P

The reflection coefficient for a DUT is determined using the program

REF-6P, which is now briefly explained. A listing of the program is given

in Appendix c. The programs REF-6P and 6PCAL are written as two separate

programs because of the operator skill required to perform the calibra-

tions and also because recalibration is not required each time the sys-

tem is used. As in the calibration program the user is first prompted

to i'nput the desired frequency range and the required frequency increments'

The counter'locks the sweeper at each desired frequency and the A/D con-

yerter samples the signal with the DUT connected. These readìngs, aìong

with the appropriate set of ca'libration constants and the system of equa-

tions derived in the previous sections, are used to determine the magni-

tude and phase of the reflection coefficient at each required frequency.

It shal'l be shown in the fo]lowing chapter that the calibration constants

vary slowly with frequency and for the purposes of th'is thesis it has

been assumed to be constant over a 20MHZ frequency interval. Hence, the

system has been calibrated at 20MHZ frequency interva'ls.
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Chapter V

Resu'lts and Discussion

5. 'l Introducti on

Employing the six-port system described in the previous chapters

measurements on various test'loads have been performed at the center

frequency of IGHZ and over a bandwidth of frequencies. In section 5.2

the calibration constants determined at ìGHZ are presented' Using

these constants return 'loss measurements nrade at the center frequency

have been reported i n secti on 5. 3. A vari ab'l e ref 'lecti on coef fi ci ent

ìoad standard has been used to test the six-port system at IGHZ and the

results obtained have been compared with those obtained with a MNA and

also with computed values and have been recorded in section 5.4' Next'

to test the six-port system over the 900-1100 MHz bandwidth, calibration

constants have been determined at 20 MHZ frequency intervals and are

tabu'lated in section 5.5. Final]y, in section 5'6 the load reflection

coefficient has been measured over the 900-1100 MHZ bandwidth, using the

calibration constants determined in the previous section. The resu'lts

obtalned using the six port system have been compared with those obtained

with a MNA and also with the computed va'lues'

5.2 Six-Port Center Frequency Ca'libration

io estaolish some confidence in the accuracy of the six-port "eystem

return loss measurements were ìnitially made on a short-circuit terminated

attenuator (HP-nxrdel 8494H) set at various attenuation ìevels and at the

center frequency of I GttZ. In order to perform these measurements the

system had to be calibrated at the center frequency' As described in
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Chapter IV the load standards used for this calibration are a matched

load, an open, a short, and two offset opens of + 90o phase. The + 900

offset open load standards have been obtained by properly adiusting

the length of a short-circuit terminated line using the HP microwave

network.analyzer. The six-port calibration constants so determined

are listed in table 5.1.

,b
*, l'^,
*, lrr,
*, 

f 
ø^,

lBr I

lBzl

lBsl

0.05 I

0.4r0

0. 520

o.482

0.?73

0.232

0.251

1,,.,'

266.70

Table 5.1: Six-Port Calibration Constants at IGHZ

These calibration constants were used in the return loss measurements

and as we'll in further measurements in order to evaluate the performance

of the six-port system. These ¡neasurements are described and presented

in the follovling two se;tions.

5.3 Return Loss Ca'lculation at IGHZ

A Hp mode'l 8494H attentuator terminated with a short circuit was

connected to the ìoad port of the six-port and its input reflection co-



efficient measrued. The

sured coefficient using
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return loss (RL) was calcu'lated from the mea-

the re'l ati onshi P.

RL = 20 ìog (t/ lrrl)

and the result then compared with the expected va]ue based on the atten-

uator settiñ9, i.e., RL = 2A where A ìS the attenuation va]ue' The HP

model 8494H attentuator allowed the attenuation to be varied in l-dB

steps. The load reflection coefficient for eachì dB step of the atten-

uation was measured using boththe six-port system and the HP microwave

network anaìyzer. The measurement results obtained from the network

analyzer and the six-port system are tabu'lated in Table 5'2' From table

5.2 it is seen that the RL as measured using the MNA and six-port track

closely and there is less than 5% difference between the two sets of

readings for a'l1 values of attenuator settings up to 9dB' Beyond this

value the difference increases to about 10% at lldB' It is also seen

that both sets of measured RL values compare welì with the theoret'ical

values for the attentuator settings up to 8dB' Beyond 8dB the readìngs

do not agree cìose1y. lle shouìd note that for an 8dB attentuator setting

lr¿lis 0.158. It is hence concluded that the six-port provides fairly

accurate readings of reflection coefficient for lfrl=0'2 It is use-

ful to mention that lftl = 0.2 corresponds to a return'loss of l4dB (a

reflected power of 4%) which for many practica'l purPoses can be consì-

dered to be a sufficientl.r we]l m' Eched load' Hence' it wi'll suffice

ifthesix-portcanaccuratelymeasurelr¿l>0.2;whichitdoes.For

lr¿1.0.2, the accuracy obtained using the six-port system is poor as

one would general'lY expect'
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Attenuatl on
Setting (dB) + attenuatíon
accuracy (dB)-

I +0.3

2+0.3

3 + 0.4

4+0.4

Reflectlon Coeffi cient
(rr)

l'îNA 4- Si x-Port

5+0.S

6 + 0.S

7+0.6

0.75 L_,r"

/-ro
/u"
L!
h,
b"
þ"

b'
tu
þ)"

0

8+0.6

9+0.6

6l

50

39

32

28

21

19

17

l4

0

0.740

l0 + 0.6

0

o:61 5 /-,, .un

l1 + 0.7

0

'-g.3zo

0.4s7 /¡o.aoo

Return Loss (dB)

MNA Six-Port Attenuator

0

o. 4oo /-tq.zoo

0

Table 5.2 Return Loss Measurement Results

0.325 /-tg.soo

2.50

4.30

6.00

0

o. zeo /-nooo

0

2

o.zzo lze.ooo

o.zoo /-ra.ooo

o. rBo /-ro.roo

o. r6s /-tz..too

60

0

System

4

8.1B

9 .90

l1 .05

22

07

96

I .4 to 2.6

3 .4 to 4.6

5.2 to 6.8

7.2 to 8.8

9.0 to 11.0

11.0 to 13.0

I2.8 to '15.2

'14.8 to 17.2

6

7

9

't1

l3

l4

l5

l5

16

13.55

I 4.40

15.40

17..l0

20.000.r44 /-rr.qoo

80

05

20

00

00

70

80

16.8 to 19.2

18.8 to 2.12

20.6 to 23.4

ur
\l
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5.4 Measurement of I¿ at IGHZ

A reflection coefficient load of controllab]e magnitude and phase

can be generated by using the circuit arrangement shown in figure 5.1.

It consists of a co-axial Tee-iunction with a matched load (500) con-

nected to one arm, a variable length short-circuit stub to a second arm

and a length of co-axia'l 'line to the third arm of the Tee-iunction. By

varying the tengths of the two co-axial lines all phase angles of the

load reflection coefficient from 0o to 3600 can be obtained. The magni-

tude of the reflection coefficient generated however depends only upon

the stub ìength (d) as indicated in figure 5.1

50
rL

Measurement pìane

vari ab'l e short circuit

Figure 5..l Variable Ref'lection Standard
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A method for obtaining rrfrom the lengths

The admittance right at the Tee-iunction is

Y=Y0-jYOCotßd

where YO = ì/50 S, ß=2n/7, and

'd' and

gi ven

'd ' is
s

by

shown below.

(5.1)

(5.2)

(s.3)

d = stub ìength in

The corresponding

cm.

refìection coefficient IO is

-Y=Yoro
Y0+Y

Therefore

T¿ = ro e-2j ßds

This variable reflection coefficient standard is used as a'load to test

the performance of the six-port system at a singìe frequency and over the

g00-1100 MHZ bandwidth. Hith the variabìe reflection coefficient standard

connected to the load port of the six-port system readings of reflection

coefficient for various stub length settings (of the variab]e reflection

coefficient standard) have been taken to check the performance of the six-

port system at a singìe frequency. To test the performance over a band-

width of frequencies the stub length of the variable refìection coeffic'ient

standard is kept fixed and reflection coefficient readings obtrined ror

different frequencies.

The values of refìection coefficient obtained for different stub

length settings using the six-port system and the MNA are tabulated in

tab'le 5.3 along with the computed values of reflection coefficient. From
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table 5.3 it is clear that the readings of reflection coefficient obta.ined

for both magnitude and phase using the six-port system and MNA track very

closely and the difference is less than 5% for all va'lues where lrrl ,. O.Z.

In comparing these readings with the computed values of fLit is seen that

the discrepency is less than s% for alr varues of lr¿i , 0.4. For

0.3 < lt¿l <0.4, the difference is about l0% and for 0.2. lt I . O.¡

the difference is about l5%. For lr¿1.0.2, the accuracy is poor as one

would norma'lly expect. The conputed results and the results obtained

from the six-port system have been pìotted on a Smith chart for compari-

son' see figure 5.2. The results obtained using the MNA have not been

plotted separately because they track so closely with the six-port system

resul ts.
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Tab'le 5.3 Measurement of ra at IGHZ

Stub length
setting
(cm) + 9.25

Reflection Coeffi
I'INA

0. 00

cient (rr)
ComputedSi x-Port

8.5

.9.0

9.5

10.0

'r0.5

il.0
ì4.5

l2 .0

12.s

13.0

13.5

I4.0

14. 5

15.0

15.5

16.0

l6. s

17.0

ì 8.0

ì8.5

I 9.0

19.5

20.0

20. 5

21.0

21.5

o.oee /-rq.ro

o. r 50 /^.oo
o. 2r 6 /-et .to

o.zgs /-æ.to

0.360 /-W .go

0.440 /-rr;oo
0. s36 /-gt,.oo

o.o¡o /-t o¡. oo

0.7?6 /-tto.so
o.Bzo /-tts.e'

o.eoo /-tto.zo
o.e6o fu.ro
o. eao /-ts+.oo

o.e6o /-*uo
o.er4 /-vr.oo
o. B4o /-ttz.qo

0.760 /tos.go

0.674 /tst.oo

o. sz4 /rou ;uo

o.4so /tqz .oo

o.3Bo fu.ro
0.330 /tss.oo

o.260Ã.0"
o.z1z Á*t'
0.r56 ,1*.uo

o.o'o Åza.oo

0..ufo¡
o.ro /-roo

o.r, /u¡
o.$ /-aøo

o.qo /-sot
o.sq /-gEo

o.u, /"*1
o.ts /-ttoo
o.ez /-tzoo

o.so hzoo

o.st /;q?o
r .oo ,/-r sso

o.gt /-tøeo

o.gt /-taoo

o.et / m-o

o.tq/ tøto

o.as/ ßao

o.sz /tqlt
o.++ /tno
o.ga /tsao

o.ts Ásso

o.za/ tszo

o.zo /tzeio

o.tø /tzso

o.'to /ttoo

o.tt /-ts .zo

o.tg /-tø.qo

o.zq /-tg.eo

o.T /-eE.so

o.T /-at .oo

o.++ /-gz.to
o.sz þ.zo
o.at /-nt.f
o.to /-no.o'
o.ts /-'ra.oo

o.aa / -tzt .+o

o.gs /-r..,a.oo

o.gg /-tso.oo

o .ss / -toz.oo

o.gs /-,s.to
o.aa /*tt6.so
o:s f ot .oo

s.to/ ße.so

o.sz f qa.to

o.qs /tqt .oo

o.n /tEø.so

o.tt /tsz.so

o.zs /tzçt.oo

o.tg /tzs.qo

o.tt /tzz.to
o.oe /ltg.oo
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ComPuted

ooooo Sîx-port system and l,4NA

Plot of reflection coefficient with varying stub lengthtùure 5.2
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5.5 Calibration of the Six-Port System over a 220HHZ bandwidth

The six-port system has been calibrated over a frequency bandwidth

of ?20 MHZ (890-1.l10 t4HZ) at 20 MHZ interva'ls. The ca]ibration procedure

has been expìained in Chapter IV. The calibration constants determined

at each calibratíon frequency point are presented in table 5.4. 0n exa-

nining , Azfrom tab'le 5.4 it is seen that the magnitude of Z decreases

slowly from a value of 0.276 at 900 MHZ to 0.049 at 1000 MHZ (center

frequency) and beyond'1000 MHZ the vaìue of Z increases to 0.257 at ll00

MHZ. The argument of 3 however remains constant at about l70o for fre-

quencies below 1000 MHZ and at -70o for other frequencies. Ideally, the

yalue of Z shou'ld have been zero at the design center frequency at which

the five-port iunction is well matched. The varÍation ot Z /ørwttn
frequency has been plotted on the po'lar chart of figure 5.3., The calj-

bration constant X., &a varies slowìy from a value of 0.1 /Zg.5o at

900 MHZ to a ninimum value of O.3gZ /UrOo at 1020 MHZ. Beyond t020 MHZ

the magnitude starts increasing but, the argument still keeps decreasing

gradually. The variation of X., &, with frequency has been plotted on

the polar chart of figure 5.4. The magnitude of the calibration constant

*r/r*rsìow'ly decreases from a value of 0.673 at 900 MHZ to a value of

0.47? at ì100 MHZ . Ø*Z however remains steady around the vaìue of 2000.

The variation of the caìibration constant XZ with frequency has been

plotted on the grEph of figure 5.5. The magnitude of the constant

X^ /ø . increases slowly from a value of 0.309 at 900 MHZ to 0.513 at
3/'X5

1100 MHZ and Ø", decreases steadily from a value of 34.50 at 900 MHZ to

-93o at lì00 MHZ. The variation of x, fuwith frequency has been p'lotted

on the graph of figure 5.6. Finally, the constants lB., lana lBSl stay with-

in 0.?3 to 0.26 over the 900-1ì00 MHZ bandwidth whereas lBZl varies from
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0.3 at 900 MHZ to 0.147 at ll00 MHZ. Grnerally if the five-port junction

were to be an ideal four-way power divider then the va'lues of lBil,
i = l, ?,3 would have been very close to 0.25 over the entire frequency

range. From the above examination of the calibration constants we can conclude

that the calibration constants are continuous and slowly varying or con-

stant; hence, amenable to interpolation.
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Table 5.4 Calibration Constants over a 220 MHZ Bandwidth

Frequency (MHZ) , &
900

920

940

960

980

1000

I 020

I 040

I 060

1080

I 100

0.276 Atoo

o.zzs úno
o.r7o LSr6o

o. r 2r ASlo
o.oto /voo
o.ots/zoso

o.osl / -6so

o.tso / -oso

o.tss / -oao

o.ztz/ -too

o.zst / -tso

xt /Ø^t
o.7oo Lp ,so

o . olo ¿þ0. oo

o. s8e Ato.to
o.sts/nq.+o

o.+n / go.so

o.+to /æ.oo
o.zoz / st .oo

o.zss / tz.to

o.+oo /rc.so
o.qzt/ tE.oo

0.436 /-g .oo

xz /Ø*2,
o.ãt /ræ.oo
0.64e /vt.qo
o.60s /tga.oo
o.ses /ßa.ao
0.567 /tgtoo
o.sto hgt .to
o.boo fge.oo

0.483 /tgt .so

0.472 Ágt.so
o.qts /tgt .ao

0.472 f as.oo

xs /Ø*s.
o.îl/tuu"
o.3oe lt.ro
o .340 /-nto
0.36e /-to.zo
o.4og /-qt.oo

0.483 /-se.f
o. so6 /-oø .to

o.szz /-tq.oo
0.523 /-eo .f
0.s23 /-eo Jo

o.sr3 /-nl.oo

lBr I

0.248

0.255

0.259

0.261

0.269

0.272

0.270

0.266

0.268

0.265

0 .260

lBzl

0.305

0.293

0.279

0.264

0.248

0.23.|

0.213

0.194

0.178

0. 162

0.147

lB¡ |

0.230

0.234

0 .235

0.238

0.243

0.250

0.254

0.254

0.259

0.260

0 .259

o\
Ln



g00

¿./
\1

Flgure 5.3 Variation of zfØ, wlth frequency(MHZ)
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5.6 lteasurement of I¿ over the 220 Vú17 BandWidth

ltith the variable reflection coefficient standard shown in figure

5.t connected tothe load port of the six-port system measurements of I¿

over the 900-1100 MHZ bandwidth have been performed. The measurement

procedure has been expìained in Chapter IV. Measurment of I¿ has been

repeated for two particu'lar stub positions of the variable ref'lection

coefficient standard. This was necessary in order to check the performance

of the six-port system for a fuìl range of values of lf¿|. The results

obtained using the six-port system and the MNA for the first stub setting

are tabuìated in tab'le 5.5 along with the computed values of I¿'
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Table 5.5 Results of I¿ over [9O0-]100) ]'tHZ

Frequency
(l"tHZ)

Si x-Port

0.626

0.644

0.68.l

0.707

0.738

0.749

0.78]

0.81 I

0.909.

0.893

0.925

0.92.|

0.967

0.954

0.986

0.965

Reftection Coefficient (f.q,)

llNA ComPuted

!100

9:10

920

930

940

950

960

9-70

980

990

't0.00

t 0.10

o.s7o ht.sto
o.se4 /", *"

o.s7 /-6ei:

o.6a /rzo
o.øt /-tao
o.az /-eoo

o.oa /-ego

o.to /-gzo

o.tg /-ggo

o.tq /-toso

o.te /-togo

o.ao lrzo
o.ez /-tzto
o.es /-tzso

o.es /-ttzo
o.so /-tsøo

o.90 't 440

o.n, A*¡
o.gq /-tsao

a.gø /-tøto

o.s7 /-171o

o.n fw,o
o.rt A^¡

0.578fu
0.600 hr.t'
0.624 /-tt .so

0.640 frr.oó
0.670 h-t-
o.7oofu-
o.7zo /ge.*
o.7bo /,rt .f
0.770 /-tog.so

0.7e6 /il q .go

o. Bzo /rr, .r"
0.845 Art.r"
o. 860 lrt, n"

o.Beo /-tsa.qo

o.gt /;qq .so

o.gs /-tso.eo

0. e47 /-," .r"

0.e63/@
o.e7s /-tto.oo

0.e87 /rrr.r'
o.gg /ttt .oo

/-rt *'
/-*.tt"
/-go.sto

/tr r^"
Arr.rr"
Aos.sqo

/rrr.t "

Art.tf

I 020.

1 030

1 040

1 050

I 060

t 070

ì 080

t 090

'lt 00

o.B'r7 /rrr.rr"
0.862 Art.rr'
0.857 /-tsz.zzo

/tss.oao

lrou -"
/rrr.rr"
/rrr.r^"
/;ao.øzo
/-r, o u"
/.rr.rr'
/ttz.tao
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.., Computed

. ooooo Six_pOrt Systen and Hl{A

Figure 5.7 Plot of F¿ with change in frequency



73

The cornputed resu'lts and the resu'lts obtained from the six-port system have

been plotted on the Smith Chart of figure 5.7 for comparison. From table

5.5 it is seen that the va'lues of l¿,(magnitude and phase) obtained using

the six-port system and the t'tNA track cìosely with the computed I¿with

an eror of less than 5%. Having evaluated the performance of the sjx-

port system over the 900-1100 t4HZ bandwidth for 0.6 < lrsl < '1.0, the

stub length on the variable reflection coeffìcient standard was changed

and measurement for 0.0 < lf¿|.0.6 performed. The results obtained

us'ing the six-port system and MNA are tabulated in table 5.6 along with

the computed values of I¿. From tab'le 5.6 it is seen that the magnitude

and phase of the reflection coeffjcient obtained from the six-port system

and the t'lNA track within 5% of the computed figures for al'l values of

f f¿l r O.?, For values of lfrl. 0.2 the agreement is poor as one wouìd

expect. The resu'lts obtained using the six-port system have been plotted

on the Smith chart of figure 5.8 along with the computed values of 12

for comparison. The values obtained using the MNA have not been p'lotted

because they track very cìosely with the six-port system results.
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Table 5.6 Resu]ts of r¿ over (goo-1100) t4HZ

Frequency
(r4HZ ) Six-Port

Reflection Coefficient (f¡)

MNA ComPuted

900

.Ð?0

940

960

-980

't000

t 020

'1040

I 060

I 080

.. 1100

o.seo /¡ta.zøo
o.szl /rrt.r^'
0.466 /r".tf
o.4ls /rrr.tt'
0.360 /t$.tqo
0.328 Áts.oqo

o.?6s /rrr.rr'
0.2?6 /ng.azo

o. 144 /tn .sso

o.rì5 Ár-.rt'
o. oee l4g .aao

o.u, /-.^ro
o.st /tzo
o.+s Aa!
o.qz /1sz:

o.tu l^:
o.zt /tzt¡'
o.zs /1240

o.?1 /1t:f
o.tq Áoso

o.to /tooo

0.00

o. s7e Ar, .r'
o.5zo /vz.qo
0.455 /tat .oo

o.4oofu-
0.340 /,r, .r"
o.3oofu
o.z+o 

/lzz.o?

o.zoo ftz.qo
o.r4e /toz.oo

s.lro fu
0.065 fu!
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Chapter VI

Concl uSions

A six-port system based on a matched symmetríc five-port junction

and a dîrectiona'l coup'ler has been developed. The five-port junction

has been realized on stripline in the form of a ring type circuÍt with

simp'le internal structure matchtng. Al'l ports of the junction are wel I

matched at the center frequency ofì GHZ and assuming a return loss of

-t0 dB as sufficient'ly well matched, a usefu'l bandwidth of 25% has been

easÍly realized.

has

ofa

Using the symmetric five-port junction, a six-port microwave system

been synthesized in such a way that both the magnitude and the phase

load reflection coefficient can be determined.

First, to establish the accuracy of the six-port microwave measure-

ment system calibration constants at the center frequency of'l GHZ were

determined and return Ioss measurements inade on a short-circuit terminated

attenuator. It was found from these resu'lts that the six-port accurately

neasured return loss down to a level of -t5 dB, which corresponds to ltl
of about 0.2. Hence, from the return loss measurements it was established

that the sÍx-port system could not accurately measure values of lrrl . O.e.

Next, to deternine the systen measurement accuracy for both magnitude

and phase ofthe ref'lecti.on coefficient at the center frequency, measure-

nents were made using the variable reflection - cceffi',ient load standard.

It is clear from the results obtained that for all va'lues of 11l ,.0.2,

the Ioad reflection coefficient has been determined both in magnitude and

phase within an error of less than 5%. Having thus established the ac-

curacy of the six-port microwave measunement system at the center fre-
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quency rrcasurements of rLof two load standards were made over a ?0%

b.andwidth [900-]100 ]'tHZ). In order to nake neasurements over a band-

width of frequencies it is necessary to know the calibration constants

over the entire frequency bandwidth. Upon determining the calibration

constants at equal spaced frequency points in the bandwidth it was

seen that a'll constants were either continuous and s'lowly varying or

nearly constant and hence they are amenab'le to interpolation. Since

the calibration constants dÍd not vary significantìy over a 20 t''lHZ in-

terva'ls it was decided that it would suffice if the calibratìon constants

were determined at frequency intervals of 20 l4HZ over the 900-'1100 MHZ

handwidttr.

For all frequencies wi.thin a particular 20.lilHZ interval the calibra-

tion constants are assumed to be constant. Using the calibration con-

stants deternined at eleven frequency points over the gO0-1100 MHZ band-

width measurements of f¿ have been ¡nade and the results indicate an error

o fless than 5% both in magnitude and phase for al'l va'lues of lrnl >- o.z.

Hence, ît can be concluded that the six-port system which has been de-

veloped can be successfu]ly used to measure load reflectÍon coefficients

at any frequency over a 200 MHZ frequency bandwÍdth centered at 'l GHZ

with an error of 'less than 5%.

Generally speaking, our calibration procedure has served its purpose.

However, it should be recalled that ín order to calibrate the sÍx-port

system ai a frequency point a natched load, a short, an open a¡d t'ro off-
set opens (1 SO¡ were required. The offset open standards are djfferent

for each frequency point and have to be generated using a ÞlNA. Hence, a

total of 25 load standards were needed to ca'librate the six-port at the

e'leven frequency points in the frequency band 900-1.l00 I'lHz. This is a
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very'lahorious procedure and a more efficient procedure needs to be de-

veloped, whereby the number of load standards used to calibrate the six-

port system is reduced. Additionally, the versita'lity of the six-port

measurement system would he considerably enhanced if the fÍve-port junc-

tion could õe made broad-öand over at least an octave of band-width. Fi-

na]ly, as an observation, the A/D converter has a dynamic input range of

-5 to +5 volts and hecause of the linear type of amplifiers used the

entire dynamic range cou'ld not he effectively used. It is hence suggested

that logarithamic amplifiers be utilized to more efficiently use the full

tlynamic range of the A/-D converter.

fn summary, themajor advantage of the six-port system lies in the

simp'lr'.city of its ampìitude detection system and its potential for use at

mil'limeter ¡nve frequencies where hetrodyne detection is diffÍcult. The

results from the measurement of aomplex reflection coefficient are very

encouraging. Once an efficient calibration routine is developed the six-

port shaì'l emerge as a viable and practicaì aìternative to the existing

expensÍve automatic network ana'lyzer.
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APPENDIX A

Determination of strip widths

The "Standard Polyguide" on which the five-port has been etched is a copper-

clad, irradiated, high-density polyo1efin laminate. The following specifi-

cations have been obtained from the "POLYGUIDE SPECIFICATIONS AND OESIGtr

INFORI'IATI0N" data book.

Des i gnati on

1/16" poìyguide

DietectrÍc thickness

0.062 + 0.002"

C'lad Copper
Thi ckness

ll
l0Z:0.0014 +.l07i

is 2.320 + 0.005.

ohm line at 1300 McS.

Electrical PropertÍes :

Dielectric Constant: The die'lectric constant at'1300 tvlcS

Dissipation factor: 0.0002 + 0.00005 at lMcS

Attenuation: for copper clad materia'l 0.14 dBlft for 50

Design specifications

Center Frequency = IGHZ

26= 43.3

7c"= 86.6

e= 2.328

I'le know that the velocity of propagation is given by

= 1.96621 x l0l0 cm/sec

v =-!_
À

=3¡30ìo
2,328

À = 1.966?1 x'1010
o

l0-

Thus,
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The

the

l= 19.662 cm

line widths corresponding to

graph of figure A.l 0..ln;,

43.3 , 50 and 86.6 ohms are, as obtained
¿a .1

0.09 and 0 .0316 respecti ve'ly.

from
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APPENDIX B

Detector characteri sati on

Each of the four detectors used (model-Ili'ltron #73N50) have been cha-

raceterized by taking a set of readings of the input power and the output

volts making use of an arrangement simílar to the one shown below. The

readings have been tabulated in table B.l.

Using the results

order polynomÍal

P=a+bV+

of table B.l each detector is characterized by a

of the form

2
cv

second

(B.l )

where P Ís the input povrer (dBm) and v is the output voltage.

Detector

Di recti ona'l

coupl er



85

For detector #l

a = 6.163; b = 207.09 and c = '19.161

For detector #2

a = 0.959; b = 75.33 and c = 17.88

For detector #3

a = -0.027; b = 179.45 and c = ll.186

For detector #4

a = '1.38; b = 123.9 and c = 13.88.



Detector ff I

Input Power Output Volts
(dBm)

-28.30

-26.63

-24,54

-23,44

-22,80

-21.55

-20,61

-79.73

-18. 52

-t7 ,7 4

-16.47

-15.20

-14.30

-12.56

-1 I .58

-10,56

-9.15

0.0

0.0

-(4,89X10 "

-?9.78X10 "

_t
1.47X10 -

a
1.96X10 -

_)
2.45X10 -

-73.43X10 -

-')4.89X10 -

-)5.87X10 -

-)7.83X10 -

0.113

0. l4

0.215

0,274

0.35

0 .49

Detector# 2

Input Power Output Volts
(dBm)

-28.15

-26,30

-26.05

-24.83

-23,40

-22.47

-21 .53

-20,92

-r9 ,47

-r8,23

-17.15

-16,03

-r5,24

-1 3 ,82

12,35

-11.80

- 10 .80

0.0

-?9.79X10 "
_')

1.08x10 -

_)
1.96X10 -

-)3.91Xl0 -

-)5.38X10 -

-)7.34X10 -

_)
8.81X10 -

0.1316

0. 1761

0,23

0. 298

0. 36

0. 49

0,67

0.75

0.91

Detector#3

Input Power Output Volts
(dBm)

-28 ,7 L

-26,68

-25,40

-23,32

-22,18

-21,36

-20,47

-1 9.69

-r8,72

-17 ,94

-16.50

-15.31

-r4,47

-1 3.48

-12.48

.IL,12

-10,27

_)2.4sxl0'
-)2.84X10 -
_)

2.94X10 '
-)3.91XI0 -

_')
4,40X10 -

_)
5.4X10 -

-)5.87X10 -

0.068

-')8.27Xl0 -

-)9.3X10 -

0,r22

0.157

0. 19

0,235

0,298

0.4

0,49

Detector#4

Input Power Output Volts
(d Bm)

-26.34

-25.01

-24.38

-23, 15

-22,06

-2I,31

-20 .88

-19. 19

-18.36

-17 ,48

-16.06

- 1s .54

- l4 .93

-L3.07

-12,78

-11.41

-i 0. 32

-72.94X10 -

_')
3,42X70 -

-,3.91X10 -

-')4.89X10 -

-,)5.87X10 -

0. 068

-)7.34X10 -

0. 107

0. 13

0. 15

0,21

0.23

0,26

0.39

0.416

0.56

,7 04
oo
o\



-8.57

-7,41

-5. 99

-4.60

-3.38

-3,24

-2.87

-1.63

-0.20

0.96

1.33

L,73

0.57

0,7s

1. 05

1 .43

1.86

I .90

2. 05

2.63

3 .46

4,29

4. 5S

4, 90

-9,76

-8.38

-7 ,3I

-6 .84

-5. 13

-4,17

-3. 30

-2.53

-2,15

-1.67

-L,29

-0.94

|,12

I .45

t,76

I .88

2,52

2,96

3,4r

3.86

4,7

4 ,41

4.70

4,93

-9.07

-8.01

-7 ,23

-6. s4

-5 .58

-4 .84

-4.03

-3.26

-2.55

-1.69

-0,24

0. 43

Table 8.1 Detector characteristics

0. 641

0. 82

0.98

1 .14

I .41

1 .66

I,97

2,30

2,67

3.17

4.19

4.74

-9 .05

-8. 28

-7. s8

-7.00

-6.46

-5.83

-4.67

-3 .91

-2,94

-2.00

-1.08

-0 .43

0,924

1 .08

r,25

1 .40

I .57

| ,77

2,2

2,56

3 .06

3.63

4,26

4,76

oo\¡
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