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ABSTRACT 

The s l o t t e d l i n e has, f o r a number of years, been one of the 

most u s e f u l and necessary t o o l s i n RF and microwave measurements. 

I t was t h e r e f o r e f e l t a ppropriate to attempt to design an improved 

v e r s i o n , capable of broad band operation ( 1 t o 18 GHz) w i t h the a b i l i t y 

of examining modulated and unmodulated wave forms. 

I n i t i a l l y , the re l e v a n t transmission l i n e theory was reviewed 

w i t h p a r t i c u l a r emphasis placed on the concepts t h a t were t o influence 

the a c t u a l design. 

The unique f e a t u r e of the p r o j e c t , was the use of sem i - r i g i d 

cable, which g r e a t l y c o n t r i b u t e d t o the r e a l i s a t i o n of the two main 

o b j e c t i v e s , namely low cost and accuracy. 

The mechanical c o n s t r u c t i o n proved as important as the e l e c t r i c a l 

design and f o r t h i s reason both t o p i c s were analysed and discussed 

i n some d e t a i l i n the t e x t of the t h e s i s . 

The approach was j u s t i f i e d i n t h a t on the f i n a l examination, 

the s l o t t e d l i n e performed s a t i s f a c t o r i l y i n comparison to more ex­

pensively purchased u n i t s , over the expected frequency range without 

e x h i b i t i n g an anomalous behaviour. 

Recommendations t h a t would improve the s l o t t e d l i n e even f u r t h e r 

were made i n the conclusions chapter, w i t h s p e c i f i c a t t e n t i o n paid 

t o the redesigning of the probe and the tuning mechanism. 
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CHAPTER 1 

INTRODUCTION 

1.1 GENERAL PRINCIPLES OF A SLOTTED LINE 

One of the most unique and i n f o r m a t i v e measurements t h a t can 

be c a r r i e d out on a transmission l i n e , i s the measurement of a standing 

wave r a t i o . What makes i t so important i n high frequency work i s 

the f a c t t h a t from simple measurements on the standing wave the secon­

dary parameters of a transmission l i n e may be determined. Using 

the Voltage - minimum p o s i t i o n and VSWR, quanti t i e s ' s u c h as the impedance 

of a load t e r m i n a t i n g the l i n e , the impedance presented a t the input 

l i n e t e r m i / i a l s , the c h a r a c t e r i s t i c impedance, the voltage breakdown 

l e v e l o f the l i n e and many more may be c a l c u l a t e d . 

There are c l a s s i c a l and modern ways of,measuring VSWR, some being d i r e c t 

others i n d i r e c t . An example of an i n d i r e c t VSWR measurement i s the 

refl e c t o m e t e r method using the d i r e c t i o n a l coupler. The r a t i o can 

then be obtained from the equations r e l a t i n g the i n c i d e n t and r e f l e c t e d 

voltages or power l e v e l s . On the other hand, the s l o t t e d l i n e allows 

d i r e c t VSWR measurements since i t i s designed t o couple t o the elec­

t r i c f i e l d i n s i d e the transmission l i n e and thus record the i n t e n s i t i e s 

a t the maxima and minima of the standing wave. I t also has the advan­

tage over some methods i n t h a t i t gives the p o s i t i o n s of the voltage 

maxima and e s p e c i a l l y and more i m p o r t a n t l y the p o s i t i o n s of the minima. 



S l o t t e d l i n e s have been regarded as one of the most useful and 

p r i n c i p a l components of microwave equipment f o r very many years. 

Their v e r s a t i l i t y and measurement accuracy has enabled the microwave 

engineer t o use them i n conjunction w i t h powerful and more s o p h i s t i ­

cated e l e c t r o n i c instruments (e.g. spectrum analyser) at a l l l e v e l s 

of research. 

I f w e l l designed, a s l o t t e d l i n e allows a wide range of secondary 

parameters such as r e f l e c t i o n c o e f f i c i e n t i t s magnitude and i t s phase, 

a t t e n u a t i o n or i n s e t t i o n l o s s , wavelength, complex terminations t o 

be ac c u r a t e l y determined over a wide range of frequencies. Precision 

l i n e s , however, are found t o be i n c r e a s i n g l y c o s t l y , mainly due to 

the mechanical close tolerances required t o achieve a high degree 

of accuracy i n e l e c t r i c a l performance. For t h i s reason and f o r the 

f a c t t h a t no microwave t e s t bench i s complete without such a useful 

measuring a i d , i t was f e l t t h a t an attempt should be made t o design 

a low cost, yet precise c o a x i a l s l o t t e d l i n e which would cover a range 

of frequencies from 1 to 18 GHz. 

The design described i n t h i s t h e s i s was intended f o r a broad 

band operation, and al l o w the output t o be fed t o e i t h e r a VSWR meter, 

an a m p l i f i e r , or a spectrum analyser f o r harmonic a n a l y s i s . I t was 

f e l t t h a t i t would be possible t o construct such a s l o t t e d l i n e which 

would provide an adequate output l e v e l without appreciably d i s t u r b i n g 

the e l e c t r i c f i e l d p a t t e r n s . 

A se c t i o n of transmission l i n e , c o a x i a l or waveguide, where 

the standing waves are t o be i n v e s t i g a t e d , normally contains a l o n g i ­

t u d i n a l s l o t a t l e a s t one-half wavelength long. The s l o t i s usually 

placed p a r a l l e l t o ithe l i n e s of energy flow and i s narrow enough not 

to d i s t u r b the f i e l d p a t t e r n . A probe i s then i n s e r t e d i n t o the s l o t , 



which responds t o the f i e l d s i n s i d e the transmission l i n e , p i cking 

up a small f r a c t i o n of the f l o w i n g energy. By a s u i t a b l y designed r - f 

l i n e the probe output i s then connected t o a detector which 

converts radio or microwave frequency i n t o d i r e c t c u r r e n t . I f the 

in p u t i s AM-modulated w i t h LF, greater s e n s i t i v i t y i s obtained 

by feeding the envelope detector output,/-- i n t o a high gain LF a m p l i f i e r 

w i t h a meter already c a l i b r a t e d t o give VSWR readings d i r e c t l y . The 

design of the s l o t t e d l i n e described i n t h i s t h e s i s was based on these 

p r i n c i p l e s . 

Measurements on a s l o t t e d l i n e a t d i f f e r e n t p o s i t i o n s are 

made by a l l o w i n g the probe c a r r i a g e t o t r a v e l the length of the s l o t . 

For p r e c i s i o n s l o t t e d l i n e s rack and pinion or screw d r i v e arrangements 

are normally required t o provide accurate readings, as w e l l as enabling 

the probe t o t r a v e l w h i l e maintaining an almost p e r f e c t t r a n s l a t i o n a l 

symmetry. The p o s i t i o n of the probe i s read by using a m i l l i m e t r e 

scale and a verni e r set against a reference p o i n t . 

1.2 MODERN METHODS OF DESIGN 

The p r o j e c t described here was undertaken being aware t h a t a 

v a r i e t y of s l o t t e d l i n e s were a v a i l a b l e w i t h some of them being capable 

of s i i a i l a r broad band operations. Coaxial a i r l i n e , p a r a l l e l p l a t e , 

and waveguide are the usual types of transmission l i n e incorporated 

i n such designs. Examining t h e i r advantages and disadvantages and 

manufacturers' claims i t was j u s t i f i e d f o r having pursued the proposed 

type of s l o t t e d l i n e . 

With the continuous improvement i n the q u a l i t y of connectors 



the upper l i m i t of operation of c o a x i a l systems had r i s e n to about 

18 GHz. However, c a r e f u l design i s s t i l l required t o ensure t h a t 

unwanted c o a x i a l modes, other than the p r i n c i p a l , are not present. 

Other than the p r i n c i p a l modes of e x c i t a t i o n are generated when a depar­

t u r e from a x i a l symmetry occurs, say due t o the presence of the s l o t , -

Also, using various types of supports such as beads, rods e t c . . . , t o' 

r e s t the inner conductor, means t h a t some r e f l e c t i o n s w i l l occur. 

Even then i t i s s t i l l d i f f i c u l t t o guarantee ab s o l u t e l y c e n t r a l p o s i ­

t i o n i n g of the inner ; conductor. Furthermore, care must also be taken 

not t o allow the slot' dimensions t o a l t e r the c h a r a c t e r i s t i c impedance 

of the c o a x i a l l i n e by any apreciable amount. 

A p a r a l l e l p l a t e s l o t t e d l i n e has eliminated some of the above 

problems encountered i n c o a x i a l a i r l i n e s . For example, the n a t u r a l 

s l o t between two p a r a l l e l p l a t e s provides an easy access t o the elec­

t r i c f i e l d . However, an abrupt t r a n s i t i o n between the p a r a l l e l plates 

and the c o a x i a l l i n e ; a t the connecting end r e s u l t s i n standing waves 

being created due t o the d i s c o n t i n u i t y . Furthermore, as r e p o r t e d [ 6 ] 

t h e i r operation i s l i m i t e d a t about 8 GHz. Waveguide s l o t t e d l i n e s , 
i 

on the other hand, can be b u i l t t o operate anywhere i n the range up 

to 140 GHz, but only over l i m i t e d frequency bands. Since the wave­

guides are used at wavelengths much smaller than those used i n c o a x i a l 

l i n e s , t h e i r dimensions become smaller and the problem of tolerances 

can become very important. Probe pe n e t r a t i o n , s l o t w idth, and s l o t -

end r e f l e c t i o n s w i l l ' cause d i f f i c u l t i e s which have t o be considered 

and overcome. ; 

Re a l i s i n g the l i m i t a t i o n s and requirements of the d i f f e r e n t types 

of s l o t t e d l i n e , became apparent t h a t i f a co a x i a l cable f i l l e d w i t h 

a d i e l e c t r i c was t o be used as the s l o t t e d l i n e s e c t i o n , some of the 



l e n g t h and support pro|)lems found i n 3̂ .̂ ̂ -j^^es may be el i m i n a t e d . Also 

the f a c t t h a t such cable could be purchased at a f a i r l y low pr i c e 

meant t h a t the main; o b j e c t i v e s of c r e a t i n g an inexpensive and r e l a ­

t i v e l y accurate s l o t t e d l i n e could be r e a l i s e d . 

1.3 THE PROJECT 

The main f e a t u r e of the design has been the use of a serai-rigid 

cable ( R a d i a l l RG401/U) as the s l o t t e d s e c t i o n . The l a r g e s t a v a i l a b l e 

s i z e was chosen, haying an outside 6.4 mm diameter, w i t h inner 

and outer conductors' made of coppered s t e e l and copper, r e s p e c t i v e l y . 

The cable was PTFE-filled which not only provided the i n s u l a t i o n 

and c o n c e n t r i c i t y of; the conductors, but i t also reduced the required 

o v e r a l l l ength of the device by a f a c t o r of 1//2A where 2.1 i s the 

p e r m i t t i v i t y e . I t : has a nominal c h a r a c t e r i s t i c impedance of 50 ̂  

and a nominal capacitance of 96 pF/m. I t i s a f a i r l y low loss cable 

r a t e d a t less than 1 dB/m a t 10 GHz. 

Although the cable apparently o f f e r e d e x c e l l e n t e l e c t r i c a l charac­

t e r i s t i c s the manufacturer was not able t o supply absolutely s t r a i g h t 

lengths which may a f f e c t the s l o t t e d l i n e performance. The r e s u l t i n g 

r e f l e c t i o n s which would be set up can give erroneous readings, and 

to e l i m i n a t e such e r r o r s i t was decided t o encapsulate the s l o t t e d 

s e c t i o n i n a clamp, i n order t o keep i t s t r a i g h t . As a consequence 

a n a t u r a l platforra was created, r i g i d enough t o allow the probe c a r r i ­

age t o be mounted d i r e c t l y on i t . I n s l o t t i n g the cable meant t h a t 

not only a s t r i p of; conductor was reraoved but also some d i e l e c t r i c 

had t o be taken out :to form a trough f o r the probe. Because of the 

small s i z e of the. l i n e a change i n irapedance was feared and therefore 



the s l o t width was kept at a minimum. This i n t u r n d i c t a t e d the size 

of the probe which was reduced i n size accordingly. R a d i a l l SMA con­

nectors were used throughout the design, and even the probe was ob­

t a i n e d by s l i g h t l y a l t e r i n g the o u t l i n e of an SMA flange receptacle. 

F i t t i n g the stub tuners w i t h SMA connectors, d i r e c t tuning of the 

probe was achieved, j 

Most of the required components, parts and accessories were con­

s t r u c t e d i n the workshop w i t h the exception of the micrometer head, 

thumbwheel, rack and, p i n i o n , and of course the connectors which were 

purchased. The various components, mechanical d e t a i l s and subsequent 
i 

behaviour of the design, are discussed i n the appropriate chapters. 

I n Chapter 2 the basic t h e o r e t i c a l background i s reviewed. Co­

a x i a l l i n e primary parameters such as R, L, G and C may be found 

from the equivalent | c i r c u i t f o r the transmission l i n e . The manner 

i n which electromagnetic energy propagates i s examined, and secondary 

parameters such as a t t e n u a t i o n and phase of the propagation constant, 

are discussed together w i t h the i n t e r a c t i o n of i n c i d e n t and r e f l e c t e d 

waves c r e a t i n g standing waves. 
I 

Chapter 3 i s concerned w i t h the e l e c t r i c a l requirements which 

must be obeyed i f the^performance o b j e c t i v e s are to be met. The e f f e c t 

o f the s l o t i n the cable was examined and the analysis of the t r a n s -
I 

mission l i n e i n v o l v i n g the probe and the tuning systems was c a r r i e d 

out. 1 

The mechanical design of the s l o t t e d l i n e , probe c a r r i a g e , tuners, 

and c r y s t a l detector i d i c t a t e d by e l e c t r i c a l considerations are d i s -

cussed i n Chapter 4. i An attempt i s being made to h i g h l i g h t the r e l e ­

vant e l e c t r i c a l requirements t h a t influenced the f i n a l design. 



I n Chapter 5 the perforraance of the s l o t t e d l i n e and i t s acces­

s o r i e s i s examined by c a r r y i n g out a number of t e s t s , r e s u l t s of which 

are presented. D e t a i l e d d e s c r i p t i o n s and procedures of the t e s t s 

are f u l l y explained. 

F i n a l l y i n Chapter 6 an assessment of the s l o t t e d l i n e based 

on the performance achieved i s made. I n t e r p r e t a t i o n of the r e s u l t s 

obtained i n Chapter 5, together w i t h suggestions f o r possible improve­

ments are proposed. | 



CHAPTER 2 

THEORETICAL BACKGROUND 

2.1 INTRODUCTION 

The purpose of t h i s chapter i s t o review the theory relevant 

t o the design and subsequent t e s t i n g of the s l o t t e d l i n e . 

The transmission l i n e theory i s a rather broad subject and the 

emphasis has been placed i n seeking the equations t h a t were of prac­

t i c a l importance and used throughout the p r o j e c t . Equations, f o r 

example, t h a t r e l a t e the primary constants or the c h a r a c t e r i s t i c irape-
1 

dance t o the dimensions of the s e m i - r i g i d cable are of i n t e r e s t not 

only i n assessing the cable, but i n designing c o a x i a l sections w i t h 

impedances compatible t o t h a t of the main transmission l i n e . 

A basic equation such as the one f o r the a t t e n u a t i o n constant 

a w r i t t e n i n terms of the inp u t and output power, was used exten­

s i v e l y during the e l e c t r i c a l measurements to e s t a b l i s h the power loss 

c h a r a c t e r i s t i c s . Relationships between the wavelength A and the 

phase v e l o c i t y were s i m i l a r l y u s e f u l e s p e c i a l l y i n the design of 

the t u n i n g stubs. Components such as the plungers being frequency 

s e n s i t i v e depend on being of c o r r e c t lengths. 

Another set of u s e f u l r e l a t i o n s h i p s are those r e l a t i n g the v o l t ­

age standing wave r a t i o Ŝ  to the r e f l e c t i o n c o e f f i c i e n t p and the 

load impedance Z^. These are of p a r t i c u l a r importance because t h e i r 

values are a measure of the mismatches and< subsequent power losses 

i n the system. Through every step of the design the equations were 

ap p l i e d t o ensure t h a t , t h e s l o t t e d l i n e and i t s accessories were 



p e r f e c t l y matched, unwanted r e f l e c t i o n s were kept a t a minimum and 

t h a t the a t t e n u a t i o n through the whole system was kept as low as 

po s s i b l e . 

S i m i l a r l y during t e s t procedures these equations were used t o 

o b t a i n the r e s i d u a l VSWR ̂  Sj^, response of the s l o t t e d l i n e as w e l l as 

assess the q u a l i t y of d i f f e r e n t types of ter m i n a t i o n such as a f i x e d 

s h o r t c i r c u i t , a l l three of the stub tuners and a number of charact­

e r i s t i c impedance t e r m i n a t i o n s . 

F i n a l l y , q u a n t i t i e s such as ^' ̂ Q, VSWR, p e t c . , are the very 

parameters t h a t the s l o t t e d l i n e i s used t o measure and i f f u l l use 

of them i s t o be made, one should be f a m i l i a r w i t h the t o p i c s discussed 

i n t h i s chapter. 

2.2 PRIMARY CONSTANTS OF THE' SLOTTED LINE SECTION 

One of the most commonly used means of transmission i s v i a coa x i a l 

l i n e or cable. As all,,such transmission l i n e s , i t consists of a conducting 

medium, inner s o l i d and outer s h e l l concentric conductors and a d i e l e c ­

t r i c medium which occupies the space between them. I n a p a r t i c u l a r 

case of the space being a i r , d i e l e c t r i c spacers are normally used 

t o support the inner 

e x i s t i n both a i r or 

conductor. E l e c t r i c and magnetic f i e l d s w i l l 

d i e l e c t r i c and the p r i n c i p a l advantage of a co­

a x i a l l i n e design i s t h a t these f i e l d s are e n t i r e l y confined t o the 

space between the conductors and do not th e r e f o r e r a d i a t e . 

I n d e f i n i n g the^ primary constants i t i s necessary to develop 

an equivalent c i r c u i t representing the transmission l i n e . Such a 

c i r c u i t , i s shown i n F i g . 1 and i t contains a l l four elements, 

r e s i s t a n c e , conductance, inductance and capacitance, R, G, L and C 
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which do not, however, represent lumped components but are the values 

per u n i t length d i s t r i b u t e d uniformly along the l i n e [ 2 ] . Therefore, 

a small u n i t l e n g t l i 6x w i l l have a ser i e s impedance (R + j o) L) and 

a shunt admittance ,(G + j w C) per u n i t l e n g t h . The primary constant 

R i s the t o t a l resistance (a.c. ,d.c.) of the l i n e per u n i t l e n gth. 

At high frequencies the t o t a l a.c. resistance per u n i t length i s given 

as [ 7 ] . 

a.c, 2Tr 
COUP 1 . i 

a b 
(2.1) 

where 

U = i s the conductor permeability 

p = conductor r e s i s t i v i t y 

and, a,b = radius of inner and outer conductor, r e s p e c t i v e l y . 

This formula, however applies only t o a c o a x i a l l i n e having a 

homogeneous screen of the same m a t e r i a l as the inner conductor. I n 

the case of the s e m i - r i g i d cable employed i n our p r o j e c t as the s l o t t e d 

s e c t i o n the conductors were made of d i f f e r e n t m a t e r i a l s thus y i e l d i n g 

d i f f e r e n t r e s i s t i v i t y ; c o n s t a n t s . This can be taken care of by s l i g h t l y 

a l t e r i n g eqn. 2.1 which then becomes 

a.c. 2TT 

1/2 

where p^,pj = inner 

) l / 2 ( p ^ ) l / ? i 
a b m 

(2.2) 

and outer conductor r e s i s t i v i t i e s . 
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From the above formula, i t can be seen t h a t the resistance i s 

due t o the conductor forming m a t e r i a l and depends upon i t s cross-

s e c t i o n a l shape and c o n d u c t i v i t y . 

The inductance per u n i t l e n g t h i s the r e s u l t of the magnetic 

f i e l d e s t ablished around the conductors as c u r r e n t flows through them 

and i s e f f e c t i v e l y i n se r i e s w i t h the l i n e r e s i s t a n c e . I t i s substan­

t i a l l y dependent upon the t o t a l f l u x i n the d i e l e c t r i c space and, 

to a lesser e x t e n t , upon the f l u x linkages w i t h i n the conductors. 

For a c o a x i a l l i n e the inductance i s given by [4 

^d b ^c 
L = 2^ '̂̂  a " ^ 

4r 
( r ^ - b ^ ) ^ b 

2r' (2.3) 

where U(~ = the conductor permeability 

Pd = the d i e l e c t r i c p e r m e a b i l i t y 

r = the radius t o the e x t e r n a l surface of the 

outer conductor. 

For the s e m i - r i g i d cable t o be used i n our s l o t t e d l i n e an induc­

tance of 0-25 yH/m was c a l c u l a t e d using = y/'L/C. I t i s obvious from 

eqn.2.3 t h a t the value 'of inductance depends on the dimensions.of 

fehe l i n e , and on t h e magnetic perm e a b i l i t y of the d i e l e c t r i c medium. 

Capacitance between the two conductors w i l l a l s o be present. 

They can be thought of as the p l a t e s of a c a p a c i t o r , w i t h a voltage 

e x i s t i n g across them. The capacitance per u n i t l e n g t h C, w i l l depend 

on the l i n e c o n f i g u r a t i o n and r e l a t i v e p e r m i t i v i t y of the d i e l e c t r i c , 

and can be expressed as 4 
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2T\Z 

C = (F/m) (2.4) 

a 

where e = d i e l e c t r i c constant of the m a t e r i a l . 

For the s e m i - r i g i d cable a capacitance of 96 pF/m was s p e c i f i e d 

by the manufacturer. 

F i n a l l y , due t o the imperfections of the d i e l e c t r i c medium some 

leakage c u r r e n t w i l l f l ow between the conductors. This conduction, 

or leakage path, may be represented by a shunt resistance or, more 

conveniently by a conductance G between the conductor whose value 

can be c a l c u l a t e d from the f o l l o w i n g equation [ 7 _ 

G = (JOC tan 5 (S/m) (2.5) 

where 6 = the loss angle 

Because the loss angle, 6, also may.vary w i t h frequency [ 7 ] i t i s impor­

t a n t t o use the p a r t i c u l a r value which corresponds t o the frequency 

of o p e r a t i o n . 

2.3 THE CHARACTERISTIC IMPEDANCE 

Secondary parameters of a l i n e , the c h a r a c t e r i s t i c impedance 

Z^, a t t e n u a t i o n and phase, depend and are expressed i n terms of the 
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d i s t r i b u t e d primary constants. The c h a r a c t e r i s t i c impedance Z^, 

defined as the voltage t o c u r r e n t r a t i o a t any poi n t along the matched 

l i n e , i s given by 

R+j coL 
G+j wG ( ) (2.6) 

I n general^ eqn. 2.6 gives a complex r e s u l t , however, there are 

two s p e c i a l cases of l i n e where has a purely r e s i s t i v e value. 

F i r s t l y , i n the case, of a l o s s l e s s l i n e , where R ± 0 and G = 0 r e s u l t s 

i n 

Z^ ^ / - (2.7) 

an expression which i s independent of frequency. The second case 
L C 

r e s u l t s from the c o n d i t i o n _ = _ or LG = RC. Using t h i s r e l a t i o n s h i p 
R G 

equation 2,6 reduces again t o eqn. 2.7, I n p r a c t i c e , t h i s i s not 

an easy c o n d i t i o n t o o b t a i n , however, i t may be achieved sometimes 

by a l t e r i n g the conductor sizes and/or changing the d i e l e c t r i c m a t e r i a l . 

At r a d i o and microwave frequencies the l i n e s are v i r t u a l l y l o s s l e s s 

and eqn. 2.7 a p p l i e s . Actual l i n e s and cables do e x h i b i t some loss 

even a t high frequencies. Usually, w L » R and G i s so small t h a t i t 

may be neglected [ 4 ] r e s u l t i n g i n 



lA 

Z , R+iwL 
C + 

R 
jtuC 

Z = / r X 0 J c '1 - j -

Using binomial expansion, and since normally — « 1 leads to 

Z ^/^ X 
o 1 - j : 2wL 

or 

1 + 
R 

2 u j L /-arctan 2ajL 
(2.8) 

Examining eqn. 2.8 i t can be seen t h a t Z can be considered to be 

s l i g h t l y c a p a c i t i v e while maintaining approximately a magnitude of 

nearly • 

Now, since L and C can also be determined from the geometry and 

dimensions of the l i n e c r o s s - s e c t i o n , can be expressed i n terms 

of these q u a n t i t i e s . For a c o a x i a l l i n e the corresponding formula 

f o r Z^ can be developed as f o l l o w s : [ l l . 
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120Tr /Uj. 
- X 2.303 log^„ -

h= 1 3 8 / ^ ^ log,„^ (n) (2.9) 

where £ = — r e l a t i i v e p e r m i t t i v i t y of the d i e l e c t r i c medium 
^ ^0 

Uj. = H. r e l a t i v e p e r m e a b i l i t y of the d i e l e c t r i c medium 

2.4 PROPAGATION CONSTANT AND WAVE TRANSMISSION 

The purpose of a c o a x i a l l i n e i s t o carry energy from the source 

t o the load. The e f f i c i e n c y w i t h which i t performs t h i s f u n c t i o n 

at RF and microwave frequencies i s dependent on the : p u r i t y of the 

mode i n which i t propagates the electromagnetic-wave energy. 

The dominant mode i s the one i n which both e l e c t r i c and magnetic 

f i e l d components of the wave are e n t i r e l y transverse t o the d i r e c t i o n 

of propagation (see F i g . 2 ) . Such a wave i s known as a transverse 

electromagnetic wave (TEM). This mode has the advantage of 

having no low-frequency cut o f f i n comparison t o higher-mode l i n e s . 

One of the main i n t e r e s t s i n c o a x i a l l i n e performance i s the 

manner i n which power i s attenuated during transmission. I t has been 
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shown t h a t the l i n e contains impedance Z and admittance Y d i s t r i b u t e d 

along i t s e n t i r e l e n g t h . The q u a n t i t y / ZY d i c t a t e s how the voltages 

and c u r r e n t s vary along the l i n e ; i t governs the way i n which the 

waves are propagated. I t i s known as the propagation constant Y and 

i s given by [7_ 

y = v/zY = /(R+.jajL)(G+j wC) (2.10) 

The r e a l p a r t of the s o l u t i o n of the above equation, known as 

the a t t e n u a t i o n f a c t o r or c o e f f i c i e n t , a, determines the way i n which 

the waves are attenuated as they t r a v e l along the l i n e . The imaginary 

p a r t i s known as the phase s h i f t constant and i n d i c a t e s the change 

i n the angle of the propagating waves. I t i s a complex qua n t i t y 

expressed as 

Y = ot + jB (2.11) 

The a t t e n u a t i o n constant a i n dB can be w r i t t e n as the logarithm 

of the r a t i o of powers [ l . 

a = 10 l o g i o 
P i 

P2 
(2.12) 
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where 

P-ĵ  = i n i t i a l value of power 

?2 = f i n a l value of power 

The value of a depends on the conductor and d i e l e c t r i c losses 

i n R and G r e s p e c t i v e l y . By s o l v i n g eqn. 2.10 a r e l a t i o n s h i p can 

be obtained forawhxcrh i s stated,below [ 2 J 

1 - R 
2a)L 2ajC 

(2.13) 

When considering the case of the high frequency low loss coa x i a l 
R G 

l i n e , i t becomes apparent t h a t the terms -—r-and^r—^ are extremely 

small and can t h e r e f o r e be neglected. This w i l l give the f o l l o w i n g 

"high frequency approximation " [ l ] f o r a low loss case, i . e . 

a = — 
2 

_R 1 • _R + — GZ 
Z 2 o 
I o J 

(2.14) 

The above equation i n d i c a t e s t h a t i n p r a c t i c a l l i n e s the attenu­

a t i o n f a c t o r increases w i t h frequency since R and G increase w i t h 

frequency due t o t h e s k i n e f f e c t and changes i n d i e l e c t r i c loss 

r e s p e c t i v e l y . Manufacturers data f o r the s e m i - r i g i d cable used quotes 

a nominal a t t e n u a t i o n of less than 1 dB/m a t 10 GHz. 

The phase f a c t o r , 3 ,of eqn. 2.11 can be obtained by expanding 

eqn. 2.10 and equating 3 t o i t s imaginary p a r t . This w i l l y i e l d 
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[ 2 ] 

3 ^ o j / L C 1 + i(R/2wL-G/2coC)2 (2.15) 

As f o r the a t t e n u a t i o n f a c t o r , a,a s i m i l a r "high frequency approx­

i m a t i o n " can be obtained f o r 3 i n the case of low loss c o a x i a l l i n e . 

Thus, 

B = ovTC^ in radiang^m (2.16) 

The phase s h i f t constant, S, can also be expressed i n terms of 

wavelength X and phase v e l o c i t y ^ ? as f o l l o w s : 

2-n- 2 IT f 
6 = — = (rad/J (2.17) 

from which we have the phase v e l o c i t y of a s i g n a l propagating through 

a c o a x i a l l i n e a t a given frequency [21 i.e. 

V = 
P 

0) (2.18) 
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On s u b s t i t u t i n g f o r 3 , one can express the phase v e l o c i t y i n 

terms of the l i n e parameters i n the case of low loss high frequency 

l i n e s , i . e . 

= -=r (2.19) 

The phase v e l o c i t y of the voltage wave i n a l i n e i s the v e l o c i t y 

of the electromagnetic wave i n the medium between the l i n e conductors. 

Therefore, f o r a n o n d i s s i p a t i v e medium 1 

V = 
P ^ 

(2.20) 

where 

p = magnetic p e r m e a b i l i t y of the medium 

£ = e l e c t r i c d i e l e c t r i c constant of the medium 

For any other medium 1 , and t h i s a pplies i n our case, 

V . (2.21) 

or 

Vp . / § = (2.22) 
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where 

c = v e l o c i t y of electromagnetic wave i n vacuum or a i r 

since = 1 f o r the most commonly used d i e l e c t r i c m a t e r i a l s . 

The semi-rigid cable uses PTFE as the d i e l e c t r i c medium, w i t h 
V 

of 2.1, g i v i n g a v e l o c i t y r a t i o — o f 0.7. 

2.5 REFLECTIONS AND STANDING WAVES 

The performance and behaviour of a transmission l i n e can be ex­

plained i n terms of the electromagnetic waves propagating along the 

l i n e from the source t o the load and back since at the load end some, 

or a l l of i t , may be r e f l e c t e d . 

A wave i s known as the i n c i d e n t or a r e f l e c t e d depending on 

whether i t i s t r a v e l l i n g from the source t o the load or i s r e f l e c t e d 

from the load towards the source, r e s p e c t i v e l y . There i s also a f i x e d 

amplitude and phase r e l a t i o n s h i p between them. At any point x along 

the transmission l i n e , measured from the source to the load the voltage 

V i s given as 
X 

V = V. + V (2.23) 
X I X rx 

where 

V. = i n c i d e n t voltage a t p o i n t x 
I X 
V = r e f l e c t e d voltage a t p o i n t x rx ; 
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V and V can i n t u r n be obtained from the f o l l o w i n g equations:-
X X IT X 

V. = 
I X 

V + I z s s o -Yx 
(2.24) 

r x 
V - I Z 
s s o =+Yx 

(2.25) 

where 

V = voltage at the source end s 
I = c u r r e n t at the source end s 

The i n c i d e n t and r e f l e c t e d waves i n t e r a c t , and the r e s u l t i s 

a composite and s t a t i o n a r y wave known as a standing wave. 

The maximum amplitude of such wave occurs when both i n c i d e n t 

and, r e f l e c t e d waves are i n phase. The minimum amplitude occurs when 

the two waves are 180° out of phase. As a consequence the successive 

maxima and minima along the l i n e are spaced r e s p e c t i v e l y h a l f a wave 

le n g t h a p a r t . The magnitude and phase of the r e f l e c t e d wave at the 

load end, depends on the load impednace (Zj^)- I n the case of the 

matched load ( i . e . Z . = Z ) the i n c i d e n t wave w i l l be t o t a l l y absorbed, 
i-i o 

wi t h o u t c r e a t i n g any r e f l e c t i o n s . But, i f the load i s lossless 

( i . e . Z = 0, or Z, = jX, ) then the i n c i d e n t wave w i l l be completely 

r e f l e c t e d w i t h a r e s u l t i n g phase change. The magnitude and phase 

of the r e f l e c t e d voltage or cu r r e n t wave (V^ or I ^ ) , r e l a t i v e to the 
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i n c i d e n t wave (V^ or I ^ ) , a t the load i s known as the r e f l e c t i o n co­

e f f i c i e n t p . The . voltage r e f l e c t i o n c o e f f i c i e n t p^ can be evaluated 

from 17 

Pv = 
J * (2.26) 

w h i l s t the c u r r e n t r e f l e c t i o n c o e f f i c i e n t p^ i s expressed as: 

p. =- (2.27) 

S i m i l a r l y , both voltage and curr e n t r e f l e c t i o n c o e f f i c i e n t s can 

be expressed i n terms of the c h a r a c t e r i s t i c impedance Z^ and the term­

i n a t i n g load Z^, as f o l l o w s 17 

Z, - Z L o (2.28 ) 

(2.29) 
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One of the most important q u a n t i t i e s of a lossless transmission 

l i n e i s the standing wave r a t i o of voltage or current along the l i n e . 

I t i s defined as the r a t i o of the amplitude of a standing wave at 

an anti-node t o the amplitude a t a node. I n other words i t i s the 

r a t i o of maximum t o minimum voltage (or c u r r e n t ) and i s stated as 

V 
max 
mm 

where 

max 

mm 

voltage standing wave r a t i o or VSWR 

voltage a t a maximum or anti-node 

voltage a t a minimum or node 

(2.30) 

Since the c r e a t i o n of a standing wave depends on r e f l e c t i o n , 

equations r e l a t i n g VSWR and the r e f l e c t i o n c o e f f i c i e n t p can be 

obtained. 

Since a t a maximum 

V = |V. + |V 1= I V. I 1 + |p,, | max ' 1 ' r ' ' i ' [ (2.31) 

and a t a minimum 

V . = V mm 1 
V = V. r ' 1 1 - I P J (2.32 ) 
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the r a t i o r e s u l t s i n 

V 
VSWR = 1 + I p y l 

1 - I P V I 

(2.33) 

VSWR can also be expressed i n decibels 

(dB) = 20 log^, 
c ^ 

max 
V . 
mm 

(2.34) 

From the above equations i t can be observed t h a t the standing 

wave r a t i o or i s a r e a l q u a n t i t y u n l i k e the r e f l e c t i o n c o e f f i c i e n t 

which can be complex. The minimum value of S-^ i s 1.0 i n the 

case of a matched load w i t h p = 0 and the maximum value of S.y i s 

obtained when the l i n e i s terminated i n a pure reactance, short or open 

c i r c u i t , i . e . f o r these c o n d i t i o n s J p | = 1.0^ 
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CHAPTER 3 

THE ELECTRICAL CIRCUIT OF THE SLOTTED LINE 

3.1 GENERAL OBJECTIVES 

A diode detector and a probe assembly are used to measure 

the standing wave i n a s l o t t e d transmission l i n e without d i s ­

t u r b i n g s i g n i f i c a n t l y the f i e l d p a t t e r n . Such an arrangement 

was b r i e f l y o u t l i n e d i n chapter 1. I n t h i s chapter, a number 

of o b j e c t i v e s w i l l be defined which, i f f u l f i l l e d , w i l l u l t i ­

mately produce a s l o t t e d l i n e having the required e l e c t r i c a l 

performance. 

These o b j e c t i v e s can generally be defined as f o l l o w s : 

( i ) c r o s s - s e c t i o n a l u n i f o r m i t y . I t i s c r i t i c a l f o r a 

s l o t t e d l i n e to haye a uniform cross-section throughout i t s 

e n t i r e l e n g t h . I f t h i s i s not so, the measurement of the 

e l e c t r i c f i e l d i n t e n s i t y w i l l not accurately represent the 

c h a r a c t e r i s t i c s of the waves as they e x i s t outside the s l o t t e d 

s e c t i o n . 

( i i ) m i n i m i s a t i o n of r e f l e c t i o n s and hence standing waves. 

Care should be taken t o ensure th a t such unwanted phenomena 

do not appear i n the f i n a l design. These are usually construc­

t i o n a l problems, i . e . a wrongly placed s l o t , or mismatches 

o c c u r r i n g from not having c o r r e c t l y attached connectors etc 

e t c . . . 

( i i i ) minimal disturbance of the e l e c t r i c f i e l d due to 

probe p e n e t r a t i o n . I n a successful design the probe should 

protrude i n t o the s l o t t e d section as l i t t l e as possible and 
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s e n s i t i v e d e t e c t i n g arrangement i s needed which w i l l respond adequately 

to the small amounts of power picked up by the probe. Also a r e l i a b l e 

t u n i n g system i s required t o increase the s e n s i t i v i t y of the detector. 

( v ) f i n a l l y , the s l o t t e d l i n e should operate s a t i s f a c t o r i l y 

over the frequency range i t was designed f o r , i . e . a f l a t response 

over the r e q u i r e d band from 1 - 1 8 GHz. 

3.2 SLOT AND ASSOCIATED PROBLEMS 

A s l o t along the le n g t h of the outer c o a x i a l conductor i s the 

only s u i t a b l e means of gaining access i n t o the transmission l i n e . 

P o s i t i o n i n g the s l o t i s very important as i t s presence should not 

d i s t u r b the fl o w of the c u r r e n t . I n c o a x i a l l i n e s c a r r y i n g TEM the 

c u r r e n t flow i s everywhere p a r a l l e l t o the ax i s of the transmission 

l i n e . Therefore, i n p r i n c i p l e a l o n g i t u d i n a l s l o t should not a l t e r 

the f i e l d a ppreciably, since there w i l l be no curre n t crossing i t . 

I t w i l l , however, change the c h a r a c t e r i s t i c impedance s l i g h t l y and 

also i n t r o d u c e a f i n i t e but u s u a l l y n e g l i g i b l e l o s s . Such change 

can be r e a d i l y understood when considering t h a t the c h a r a c t e r i s t i c 

impedance i s also determined by the l i n e capacitance per u n i t length 

i n a l o s s l e s s l i n e . , This capacitance per u n i t l e n g t h w i l l s l i g h t l y 

decrease i n the v i c i n i t y of the s l o t . A formula f o r c a l c u l a t i n g the 

magnitude of the impedance change i s given by 6 ] 

''o 1 (3.1) 
Zo ^ ' - a^ 
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where 

AZ^ = change i n c h a r a c t e r i s t i c impedance 

w = width of the s l o t 

b,a = r a d i i of outer and inner conductors r e s p e c t i v e l y . 

The above formula applies t o a c o a x i a l cable w i t h an i n f i n i t e l y 

t h i c k outer conductor. For a conductor w a l l of f i n i t e thickness the 

magnitude of impedance change w i l l be only marginally higher. The 

prominent e f f e c t of such impedance d i s c o n t i n u i t y i s , t h a t at the begin­

ning and at the end of the s l o t small r e f l e c t i o n s w i l l be set up. 

The r e f l e c t i o n c o e f f i c i e n t s absolute value i s given by [12 

1 AZ 
|ApJ = - X o (3.2) 

Zo 

where 

Apijl = value of r e f l e c t i o n c o e f f i c i e n t due t o impedance 

change 

The above mentioned r.ieflectionB caused by impedance and s l o t d i s ­

c o n t i n u i t i e s are i n d i s t i n g u i s h a b l e from u s u a l l y more moderate r e f l e c ­

t i o n s , caused by the load, and hence erroneous r e s u l t s w i l l be ob­

t a i n e d . Abruptly-ended s l o t s create s l i g h t l y d i f f e r e n t f i e l d s i n 

the s l o t t e d and u n s l o t t e d sections. Such d i s c o n t i n u i t i e s may be repre­

sented as a small reactance shunting the l i n e . These undesirable 

e f f e c t s can be g r e a t l y reduced by gradually decreasing the width of 

the s l o t i n steps comparable t o the wavelength. Since these l o c a l 

waves attenuate e x p o n e n t i a l l y w i t h distance and become n e g l i g i b l e 



28 

very q u i c k l y , i t i s good p r a c t i c e i n measurements not to use the 

p o r t i o n s of the s l o t close to the ends. 

Another property of the s l o t t e d l i n e , i s the c r e a t i o n of new 

modes. The s l o t waves, as they are known, e x i s t because of the changes 

i n the boundary c o n d i t i o n s of the transmission l i n e . Even though 

they are more prominent i n s l o t t e d waveguides, they sometimes e x i s t 

i n c o a x i a l l i n e s and have a d i s t u r b i n g e f f e c t on the standing wave 

measurements. The probe and car r i a g e d i v i d e s the s l o t i n two sections 

and as they move along the l i n e the sections vary a l l o w i n g at some 

po i n t a resonance t o be set up, i f the s l o t wave i s e x c i t e d . Radiation 

i n t o f r e e space u s u a l l y dampens the s l o t resonance and the r e s u l t a n t 

Q i s very low. For a c o a x i a l l i n e Q can be approximately obtained 

from Ll2 . 

c 
(3.3) 

where 

= cut off'wavelength• 

a = mean circumference of c o a x i a l l i n e 

b = distance between inner and outer conductors. 

The cut o f f wave l e n g t h f o r the s l o t wave resonance can be 

approximately derived from the r e l a t i o n s h i p deduced i n [12 J i . e . 
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cot Tra 
A 

2b 
X 

2 in 0.372b A, 27rt 

2b (3.4 ) 

where 

t = thickness of outer conductor w a l l 

w = s l o t w idth 

Consideration of d i s t o r t i o n due t o the s l o t i n s i d e the t r a n s ­

mission l i n e , leads t o a conclusion t h a t i t should be made as small 

as p o s s i b l e . A narrow one, can have an almost n e g l i g i b l e e f f e c t on 

the l i n e p r o p e r t i e s , a l l o w i n g the s l o t t e d s e c t i o n t o behave as a 

uniform, low lo s s transmission l i n e , supporting only one propagating 

mode. 

3.3 PROBE ASSEMBLY 

There i s a need f o r some arrangement t o couple t o the f i e l d s 

i n s i d e the c o a x i a l l i n e (or waveguide) and d e l i v e r the output to the 

i n d i c a t i n g instrument. B a s i c a l l y , there are two types of coupling 

recognised. One i s known as the PROBE which responds to the e l e c t r i c 

f i e l d i n the l i n e ; the other i s the LOOP which responds to the magnetic 

f i e l d . F i g . 3 shows a schematic re p r e s e n t a t i o n of the e l e c t r i c f i e l d 

probe, and i t i s t h i s kind of probe t h a t was used i n the s l o t t e d l i n e 

assembly. ; 
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Because i t can be made very small i n s i z e , the f i e l d i n the co­

a x i a l cable i s not disturbed s u f f i c i e n t l y t o cause erroneous readings. 

Since i t responds t o the e l e c t r i c f i e l d alone i t i s more advantageous 

than the loop which due t o i t s self-inductance responds, to some 

ext e n t , t o both e l e c t r i c and magnetic f i e l d s . 

D i f f i c u l t i e s , however, w i l l a r i s e from using a sampling probe. 

These a r i s e because the probe e x t r a c t s a very small amount of power, 

and t o a lesser degree, because of the mechanical^, inaccuracies i n 

the c o n s t r u c t i o n of the various parts of the sampling u n i t . The d i s ­

t o r t i o n of the standing wave due t o power absorption by the probe 

can be e a s i l y analysed i f two assumptions are made. 

The f i r s t i s t h a t the l i n e connecting the probe t o the i n d i c a t i n g 

instrument as seen from the probe, presents an impedance independent 

of i n p u t l e v e l . Since the s i g n a l t o the detector diode i s very weak, 

at microwave frequencies the d e t e c t i n g system appears as a non-varying 

load. This means t h a t i n set t i n g - u p an equivalent c i r c u i t there i s 

no need f o r i n t r o d u c i n g non-linear elements. The second assumption 

req u i r e s t h a t the probe dimensions are small i n comparison w i t h the 

wavelength, and i t does not move transversely to the s l o t . This can 

become v a l i d i f s u f f i c i e n t care i s undertaken i n mechanical design. 

On these basis, the sampling probe can be shown as an admittance 

shunting the transmission l i n e . An equivalent c i r c u i t representing 

the generator, probe and load components i s o u t l i n e d i n Fig. 4. The 

probe admittance co n s i s t s of a r e s i s t i v e and r e a c t i v e p a r t . The r e ­

s i s t i v e component Ĝ  represents the power absorbed by the probe; the 

r e a c t i v e component B^ represents the r e f l e c t i o n caused by the probe 

and i s a f u n c t i o n of the probe t u n i n g . 
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I f the power absorbed by the probe i s expressed i n terms of probe 

p o s i t i o n , generator and load admittances, c e r t a i n observations can 

be made of the e f f e c t s on the standing wave p a t t e r n . 

The case of the generator matching to the transmission l i n e w i l l 

only be considered i n t h i s chapter, ( i . e . Y = G = 1 ) . Also f o r ease 

of a n a l y s i s the load w i l l be taken t o be r e a l , since the standing 

wave p a t t e r n i s s i m i l a r f o r e i t h e r r e a l or complex loads. The only 

d i f f e r e n c e l i e s i n the f a c t t h a t i t w i l l be s h i f t e d along the l i n e 

i n the l a t t e r case. I f the load i s complex then the distance dj^ w i l l 

not be from the probe t o the load, but from the probe to the point 

on the l i n e where the load i s r e a l and has a magnitude equal t o Ĝ . 

I f the power i n d i c a t e d by the probe i s considered t o be equal t o the 

power absorbed, the f o l l o w i n g approximate equation 12 can be used 

to c a l c u l a t e the power absorbed, i . e . 

G (l+G.'tan^e)^ 
P . P ^ ( 3 . 5 ) 
^ fl+Gr+G +Gj (1+G,+G G,)tan^ey + TB +(1-G')tan B+B G.^tan 

P L, Li p Li p L p l - ' 

where 

Pp = power absorbed by the probe 

0 = ^ 
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When the generator and load impedances both equal Z^, the standing 

wave r a t i o i s u n i t y which w i l l not be the case when the load i s r e ­

placed by, say, a short c i r c u i t or an open c i r c u i t . When c a r r y i n g 

out measurements l i k e f o r example wavelength, the probe should be 

posi t i o n e d a t voltage minima, so as not t o d i s t u r b the f i e l d p a t t e r n . 

The reason being, t h a t voltage maxima can be a f f e c t e d by the presence 

of the probe, since i t absorbs power and places a reactance across 

the l i n e . This causes magnitude and p o s i t i o n a l changes. A r b i t r a r y 

loads w i l l cause both maxima and minima t o be s h i f t e d from t h e i r true 

l o c a t i o n s . S h i f t s of t h i s nature can be predicted a n a l y t i c a l l y by 

considering the c i r c u i t of Fi g . 4. F i r s t , assuming t h a t Gj^ = 0, i . e . 

the load i s an open c i r c u i t , w i l l r e s u l t i n reducing eqn. 3.5 t o 

G 
P . P (3.6) 
P (1+G y + (B +taney 

The nodes of the standing wave w i l l occur when tan 0 = <» . At 

these p o i n t s the power Pp w i l l be minimum - almost zero - and t h e i r 

l o c a t i o n s are not a f f e c t e d by Gp or Bp. Therefore, the nodes w i l l 

occur a t the same poi n t s they would have done i f the probe size was 

n e g l i g i b l y s m a l l . On the other hand the antinodes, which are the 

voltage maxima w i l l not appear when the c o n d i t i o n i s tan 0 = 0 but 

when tan 6 = "^p* As a r e s u l t the standing wave p a t t e r n w i l l become 

d i s t o r t e d because of the introduced s h i f t . The s h i f t i n the l o c a t i o n 

of the antinodes i s r e l a t e d t o the p o s i t i o n s where the maxima should 

a c t u a l l y occur, when;using an i n f i n i t e s i m a l probe, Bp can be evaluated 
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by employing the f o l l o w i n g procedure; readings of Pp are obtained 

from e i t h e r side of the minimum a t distances of A/g, at which point 

tan 9 = +1 and - 1 , r e s p e c t i v e l y . The r a t i o of the two readings w i l l 

then be [ 1 2 * 

P (1+Gp)2 + (Bp-1)= 

Pp2 (1+Gp)^ + (Bp+1)2 

where 

Pp^ = probe power reading a t tan 6= +1 

Pp^ = probe power reading a t tan 0= -1 

The above equation can be f u r t h e r reduced to 

(3.7) 

Pp 
— = 1 - 2Bp (3.8 ) 

i f Gp and Bp are considered t o be very small. 

I f the load i s other than open c i r c u i t then the p o s i t i o n of the 

maxima and minima, as w e l l as the value of the VSWR w i l l be a l t e r e d . 

P o s i t i o n a l s h i f t s can be c a l c u l a t e d from eqn. 3.5. For small Bp 

and Gp and f o r Ĝ S 1 d i f f e r e n t i a t i n g eqn. 3.5 \w.r.t. tan0 w i l l y i e l d [ 6 ] 
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G[Bp ( 3 . 9 ) Jmm 
A = (1+G.)^ 

^max ^P (3.10) 
( I + G T ) 2 

where 

•^min = s h i f t i n the p o s i t i o n of a minimum 

•̂ max = s h i f t i n the p o s i t i o n of a maximum 

i f Ĝ  2 1 then 

Amajc ^ ^I^P (3.11) 
A (l+G^) 2 

'min. _ L _ (3.12) 
(l+G^)^ 

or i n s t e a d , Gj can be replaced by i n eqn. 3.9 and eqn. 3.10 
L G^ 

Due t o the presence of Gp the t r u e standing-wave r a t i o w i l l 

be a l t e r e d . The r a t i o of the measured standing-wave r a t i o S to 
m 

the t r u e SWR [6,12] 
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S„ 1 + G, + G,G„ 
J i ^ L L_E (3.13) 

1 + Gj^ + Gp 

(assuming Bp = 0) 

where 

^ G|f̂  = load admittance 

Gp = probe admittance 

Eqn.3.13 demonstrates how large -probe depth (in c r e a s i n g Gp) can a l t e r 

the SWR r a t i o and hence impedance measurements. For best r e s u l t s the l o c a t i o n 

of the minimum should be used, since i t r e s u l t s i n less e r r o r . When 

the generator and load impedances are matched, the value of the probe 

conductance Gp i s numerically equal t o the amount of power d i v e r t e d 

t o the probe c i r c u i t , and f o r t h i s reason i t i s sometimes c a l l e d 

the "coupling c o e f f i c i e n t " . Tuning the probe w i t h a r e a c t i v e tuner, 

f o r maximum output, w i l l reduce the probe succeptance Bp to zero. 

3.4 DETECTOR CIRCUIT 

The diagram of F i g . 5 shows a schematic representation of the 

probe and i t s e q u i v a l e n t c i r c u i t l ooking i n t o the d e t e c t i n g system. 

The transmission l i n e voltage acts on the probe through Ĉ  which 

i s the capacitance between the probe and the opposite side of the 

transmission l i n e . The capacitance between the probe and the s l o t 

i s i n d i c a t e d by C2 and i s greater than Ĉ  . For maximum output the 

tuner i s adjusted so t h a t C2 and L resonate a t the operating 

frequency. However, e r r a t i c changes w i l l be observed i n the defected 



Tuner 
Detector 
Impedance 

FIG. 5. Schematic Representation of the Probe Circuit 

arxl its Equivalent Circuit 
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output i f C2 does not remain constant as the probe moves along the 

s l o t . This can be eli m i n a t e d by detuning the probe mechanism by 

a large f a c t o r . 

Tuning f o r maximum output can create r e s t r i c t i o n s i n the con­

s t r u c t i o n of the device, because not only the coupling capacitance 

must be constant, but the capacitance of the probe to i t s surroundings 

must remain the same as w e l l . This a d d i t i o n a l requirement on the 

accuracy of c o n s t r u c t i o n i s d i f f i c u l t t o meet i n p r a c t i c e since even 

the smallest transverse displacement can make an appreciable change 

i n C2 . To counteract such defects a s k i r t can be made t o protrude 

i n t o the s l o t t o s h i e l d the probe from i t s environs. A c i r c u l a r 

resonant t r a p ensures t h a t the probe s h i e l d i s e l e c t r i c a l l y connected 

t o the transmission l i n e . This i s i l l u s t r a t e d i n F i g . 6. 

F i n a l l y , the s e n s i t i v i t y of the d e t e c t i n g system should be kept 

as high as possible i n order t o minimise the various possible e r r o r s 

caused by the probe and s l o t problems. I t i s necessary t o determine 

the response law of the diode i n the expected s i g n a l l e v e l range, 

j u s t p r i o r t o use. S p e c i f i c a l l y , the adjustment of the r - f tuning 

mechanism can r e s u l t i n the change of the r - f source impedance as 

seen by the d e t e c t o r , which can change the output. 
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CHAPTER 4 

ELECTRO-MECHANICAL DESIGN 

4.1 THE SLOTTED LINE 

I n chapter 1 the method f o r i n v e s t i g a t i n g the nature of the 

standing-wave p a t t e r n i n s i d e the transmission l i n e was b r i e f l y d i s ­

cussed. This s e c t i o n i s mainly concerned w i t h the p r a c t i c a l aspects 

of o b t a i n i n g the i n f o r m a t i o n needed t o evaluate the load, and impedance 

along the l i n e . I t was assumed i n p a r t i c u l a r , t h a t i t was possible 

t o i n v e s t i g a t e the f i e l d s without d i s t u r b i n g t h e i r d i s t r i b u t i o n , and 

hence record t h e i r magnitudes. 

I n a successful design two main requirements must be observed; 

u n i f o r m i t y and c o n c e n t r i c i t y . Therefore, during the con s t r u c t i o n 

every possible care was taken t o ensure t h a t the cross-sections of 

the clamp, s e m i - r i g i d cable and the probe assembly were perpendicular 

w . r . t . the l i n e , and thus d i s p l a y i n g p e r f e c t symmetry. Precautions 

were also taken t o avoid the shape of the cross-s e c t i o n a l area being 

a l t e r e d i n any way as the probe t r a v e l s along the length of the s l o t . 

Departure from symmetry and u n i f o r m i t y can create r e f l e c t i o n s and 

a change of probe p e n e t r a t i o n w i l l r e s u l t i n v a r i a t i o n of the probe 

admittance. I t became obvious t h a t i n order t o s a t i s f y the above 

requirements a good mechanical design was of the utmost importance. 

The method of c o n s t r u c t i o n had to be such t h a t close tolerances could 

be maintained on a l l c r i t i c a l dimensions. 

The s l o t t e d s e c t i o n of transmission l i n e was obtained from a 

l e n g t h of R a d i a l l RG401/U s e m i - r i g i d , PTFE-filled cable. Of the three 
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standard diameter sizes a v a i l a b l e , the one w i t h 6.35 mm d i a . was 

chosen as i t was r e a l i s e d t h a t the e f f e c t of the s l o t on SVIR would 

be less i n the l a r g e s t diameter cable. I t also became apparent from 

the beginning t h a t the purchased cable lengths were not r i g i d enough 

t o s l o t i t , and mount the probe carriage d i r e c t l y on i t . 

These problems were overcome mechanically by clamping the cable 

i n a v i c e type arrangement which ensured i t s u n i f o r m i t y along the 

e n t i r e l e n g t h of the s l o t . I t also provided the base on which the 

probe c a r r i a g e would be mounted, ensuring a f i x e d reference f o r the 

l o n g i t u d i n a l movement of the probe a t a constant depth. 

The clamp was machined from Duralumin chosen because of i t s 

s t r e n g t h , r i g i d i t y and the ease w i t h which i t can be m i l l e d . I t s 

low weight and r e s i s t a n c e t o corrosion made i t i d e a l f o r t h i s a p p l i ­

c a t i o n . I t consisted of two halves w i t h s e m i - c i r c u l a r grooves along 

t h e i r l e n g t h s , so t h a t when they were brought together, the cable 

was held f i r m l y i n p o s i t i o n . A c r o s s - s e c t i o n a l view of the clamp 

supporting the s l o t t e d cable i s shown i n F i g . 7. A l l surfaces were 

machined p r e c i s e l y t o given s p e c i f i c a t i o n s . I t s length was decided 

t o be 322 mm a l l o w i n g a carriage movement of approximately 250 mm, 

which was found t o be adequate f o r l o c a t i n g two voltage minima at 

the lowest frequency of 1 GHz. The guide grooves at the sides of 

the clamp were necessary f o r the f i r m mounting of the probe carr i a g e . 

S u f f i c i e n t clamp width and height were t h e r e f o r e required t o allow 

them t o be machined i n t o each h a l f of the clamp and also sturdy b o l t s 

t o be screwed i n t o i t f o r j o i n i n g the two halves. A se m i - c i r c u l a r groove 

was placed i n each h a l f w i t h diameter s l i g h t l y smaller than t h a t of 

the cable. With the cable gripped between the grooves, the top of 

i t s outer conductor was 8 mm from the top surface of the clamp. For 
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e f f e c t i v e c o n s t r u c t i o n a tolerance i n dimensions of ±0.01 mm was speci­

f i e d and achieved. 

Two end pla t e s were m i l l e d t o serve as means of standing the 

instrument on the bench. Each p l a t e had four holes d r i l l e d and tapped 

to a l l o w f a s t e n i n g t o the main body, (see F i g . 8 ) . Once positioned 

and held w i t h i n the clamp the cable was then s l o t t e d so as t o ensure 

complete symmetry of the s l o t t o i t s surroundings. I t was m i l l e d 

out using a s l i t t i n g saw t o obtain the required depth and width. (Fig.9) 

The depth was such t h a t the inner conductor was not completely stripped 

of d i e l e c t r i c , but instead a f i n e layer of PTFE was l e f t around i t . 

To e l i m i n a t e any unwanted r e f l e c t i o n s t h a t may occur due to the s l i g h t 

impedance change, the s l o t was not ab r u p t l y ended, but instead a r e ­

duc t i o n a t i t s ends t o h a l f the depth and width was introduced f o r 

about 5.5 mm ( A/4 of average frequency). 

A m i l l i m e t e r scale was also engraved on the top surface of the 

clamp t o be used i n conjunct i o n w i t h a v e r n i e r mounted on the probe 

c a r r i a g e . This allowed the p o s i t i o n of the probe t o be accurately 

determined t o w i t h i n 0.05 mm. The zero on the scale corresponded 

to the probe being a t the s t a r t of the s l o t (load end) and provided 

a reference p o i n t f o r measurements. 

The side p l a t e s were j o i n e d together by a metal rod on which 

a micrometer was mounted. This was used t o allow a greater degree 

of accuracy i n the probe p o s i t i o n i n g measurements a t the higher f r e ­

quencies (4 - 18 GHz). D i r e c t l y beneath one of the guide s l o t s a 

rack was placed. A h e l i c a l type was chosen t o provide the smooth 

and uniform movement of the c a r r i a g e , by minimising the back lash. 

The s l o t t e d l i n e i n p u t and output were f i t t e d w i t h R a d i a l l SMA 

connectors (R125056, R125226). I f properly assembled these connectors 



E 
e 
o 

i n 

I 
•D 
C 
LU 
ft? 
C 

o 
CO 

o 

2 
Q 
C 

E 
E 
o 
CD 

LL 



0.47mm 

P T F E Filling 

1.27mm 

2.17mm 

_ <i> 6.4mm 

(Pi.67mm 

Cable Slot 

-> 5.5mm |<-

slot-end 

|<— 250mm —> 

344mm 

FIG.9. Cross Section of the Slotted Senm'-Rigid Cable 



AO 

should provide s a t i s f a c t o r y performance up t o 18 GHz, 

4.2 THE PROBE CARRIAGE 

I n the e a r l y stages of design i t became c l e a r t h a t the probe 

and i t s c a r r i a g e were t o be the most important, and c r i t i c a l , parts 

of the s l o t t e d l i n e . Indeed, f o r s a t i s f a c t o r y d e t e c t i o n performance 

a great deal depended on the behaviour of these mechanisms. 

I n designing the probe carriage the aim was t o f i r s t l y define 

a path as a c c u r a t e l y as possible f o r the probe, and secondly t o ensure 

t h a t i t was shielded from i t s surroundings u n t i l i t a c t u a l l y protruded 

i n the cable s l o t . 

The probe s h i e l d seen i n F i g . 10 as a rectangular extension of 

the under c a r r i a g e formed an i n t e g r a l part of the probe carriage, 

and i t s lower surface was l e v e l w i t h the inner w a l l of the outer con­

ductor. The probe i t s e l f ran through a hole w i t h i n the s h i e l d and 

i n so doing the p o s s i b i l i t y of s l o t waves being e x c i t e d through lack 

of symmetry was reduced. I n an attempt t o supress any r e f l e c t i o n s 

t h a t might occur a t the s h i e l d ' s ends, i t was made h a l f a wave-length 

long at the average o p e r a t i n g frequency of 9.5 GHz. 

No p a r t of the c a r r i a g e a c t u a l l y touched e i t h e r the top or sides 

of the clamp. A clearance was maintained on both sides of the 

s h i e l d i n g s k i r t as w e l l as beneath the c a r r i a g e . I t was found t h a t 

a clearance of 0.31 mm was easier to maintain w i t h a close tolerance 

of one or two hundredths of a m i l l i m e t e r , then assuring consistent 

but f r e e - s l i d i n g contact everywhere, between the c a r r i a g e , s k i r t and 

the clamp. Besides, a v o i d i n g p h y s i c a l contact meant t h a t the e l e c t r i c a l 

requirements d i d not depend on minute i r r e g u l a r i t i e s which might have 
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upset the e l e c t r i c a l symmetry of the whole system. Unavoidably, the 

narrow gap on e i t h e r side of the s h i e l d was s l i g h t l y excited by the 

waves i n the s l o t . This e x c i t a t i o n could be considered t o a r i s e from 

the c u r r e n t t h a t tends t o flow across the gap. Normally, the current 

f l o w i n g through the probe i s predominant and g r e a t l y exceeds the s h i e l d 

c u r r e n t . The impedances corresponding t o the two gaps can be thought 

of as being connected i n se r i e s w i t h the probe whose amount of absorbed 

power w i l l be a f f e c t e d i f these impedances were t o vary. Design pre­

cautions were taken t o e l i m i n a t e such e f f e c t s . This was achieved 

by extending the gap between the s h i e l d and the clamp i n t o the space 

underneath the c a r r i a g e . I n so doing, a type of transmission l i n e 

was created which when terminated i n an open c i r c u i t about ^/4 from 

the gap r e s u l t e d i n avery low impedance being created. The open-

c i r c u i t c o n d i t i o n was obtained by a quarter-wave c i r c u l a r t r a p machined 

i n the under c a r r i a g e . The - groove was f i l l e d w i t h PTFE mainly to 

save space having a depth equal t o ( A /4) / 1/e ' with. X being the 
i r 

wavelength of the average frequency of 9.5 GHz., The distance from the groove 

to the bottom of the s h i e l d should be approximately a quarter of a 

wavelength. This was not possible because the length of the s k i r t 

was much greater than A/4, but i t was assumed not t o be c r i t i c a l and 

the impedance of the gap was made very small. I t was accepted t h a t 

the wavelength concerned was t h a t of f r e e space. 

The c a r r i a g e (Fig.11) was made from Duralumin and i t consisted 

of t h r e e p a r t s , which, when assembled ensured t h a t i t ran i n f i x e d 

r e l a t i o n s h i p w i t h respect t o the clamp surface so t h a t constant coup­

l i n g was maintained. Both side p l a t e s were held on t o the main body 

w i t h f i v e screws placed at easy access l o c a t i o n s . A thumb wheel was 

also placed on the f r o n t side p l a t e so t h a t the carriage was able 
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t o t r a v e r s e the l e n g t h of the clamp. I t ran on two f l o a t i n g b a l l 

races w i t h a s p r i n g l e a f arrangement f i t t e d d i r e c t l y behind them. 

That exerted a force on the p i n i o n pushing i t upwards towards the 

rack ensuring good contact during movement. This eliminated backlash 

between the rack and p i n i o n which had at f i r s t proved t o be t r o u b l e ­

some. The p i n i o n was mounted on two b a l l races and i t meshed d i r e c t l y 

w i t h the rack. A t e f l o n sleeve i n s u l a t e d the thumbwheel from the 

c a r r i a g e . 

The idea of using a R a d i a l l flange receptacle as a probe was 

considered t o be very convenient, because not only d i d i t s shape 

all o w t o be e a s i l y formed i n t o the required o u t l i n e , i t also provided 

d i r e c t access t o the output monitoring equipment. The receptacle 

was the R125449 one, complete w i t h a male SMA connector and a captive 

c o n t a c t . I t covered the required frequency range and produced a 

VSWR of 1.05 + 0.003f (GHz). The probe was i n s e r t e d from the carriage 

top and was made long enough t o allow i t s t i p t o protrude s u f f i c i e n t l y 

i n t o the cable s l o t . The probe end was turned down t o 0.35 mm diameter 

which was adequately small so not t o introduce unwanted r e f l e c t i o n s . 

I t was turned on a l a t h e , machined i n 1 mm stages so th a t the t o o l 

f o rces d i d not d e f l e c t the probe and cut i n t o the metal. 

The probe and c a r r i a g e mechanism were a t f i r s t designed i n a 

s l i g h t l y d i f f e r e n t manner. The probe was shaped as shown i n F i g . 

12 w i t h some of the d i e l e c t r i c sleeve completely removed. A horizon­

t a l hole d r i l l e d through the main carriage body and rear sideplate 

housed a R a d i a l l Rl25415 SMA female flange receptacle, w i t h an a t t a c h ­

ment soldered on making contact w i t h the exposed se c t i o n of the probe. 

The de t e c t o r module was then simply attached to the output connector 

of the rece p t a c l e . This of course allows power, or d i r e c t s p e c t r a l 
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measurements, t o be c a r r i e d out by simply removing the module, while 

mai n t a i n i n g access t o the probe pick-up. At a l a t e r stage however, 

dur i n g the course of m o d i f i c a t i o n s , the h o r i z o n t a l path was closed 

and the diode holder was connected to the probe output v i a a standard 

t e e - j u n c t i o n . (R125780 F-F/m). 

Another f a c i l i t y t h a t was incorporated i n the design was t h a t 

of a d j u s t a b l e probe penetr a t i o n and i t was achieved by con s t r u c t i n g 

a mechanism upon which the probe was mounted p r i o r to being i n s e r t e d 

i n the c a r r i a g e . I t consisted b a s i c a l l y of a hollow screw (Fig.13) 

located on the car r i a g e top. The adjuster was made from s t a i n l e s s 

s t e e l , as was the screw cut i n s e r t set i n the top surface of the 

c a r r i a g e . The s t r e n g t h and r e s i l i e n c e of s t a i n l e s s s t e e l ensured 

t h a t the thread d i d not s t r e t c h when the l o c k i n g nut was tightened. 

The thread p i t c h was 0.5 mm y i e l d i n g a 0.5 mm v e r t i c a l movement per 

one r e v o l u t i o n of the a d j u s t e r . The top of the screw head was grad­

uated i n t o 10 d i v i s i o n s and there was also a corresponding datum 

l i n e engraved on the carriage top. This arrangement ensured an e f f e c ­

t i v e 1.65 mm v e r t i c a l probe t r a v e l accurately adjusted to w i t h i n 

0.05 mm. 

The i s o l a t i o n between the clamp and the carriage was achieved 

w i t h the a i d of e i g h t pads placed at the undercarriage and sidepla t e s . 

Apart from maintaining e l e c t r i c a l i s o l a t i o n they also c o n t r i b u t e d 

t o e l i m i n a t i n g mechanical"play" which could have been a major cause 

of e r r a t i c readings. Two pads were placed on each of the inner sur­

faces of the car r i a g e sides and two more on each of the upper surfaces 

of the c a r r i a g e side runners. Small a d j u s t i n g screws made of nylon 

were also placed behind each pad which could be tightened depending 

on the degree of pad wear. 
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F i n a l l y , a perspex v e r n i e r was mounted on the carriage i n such 

a way, t h a t i t aligned w i t h the scale engraved on the clamp. Twenty 

graduations were marked i n the space of nineteen m i l l i m e t r e s g i v i n g 

a read-out accuracy of 0,05mm. 

4.3 THE STUB TUNER 

4.3.1 General P r i n c i p l e s of Non-Contacting Plungers 

One important p r o v i s i o n which must be made f o r proper s l o t t e d 

l i n e o p e r a t i o n , i s t h a t the probe susceptance Bp must be kept t o 

a minimum value f o r various coupling c o e f f i c i e n t s and f o r d i f f e r e n t 

frequencies. 

A tuning device i s t h e r e f o r e needed t o ensure t h a t maximum power 

t r a n s f e r , from the probe t o the detector module i n p u t , i s obtained 

f o r a l l operating c o n d i t i o n s . Such devices, c o n s i s t simply of a 

sec t i o n of transmission l i n e , w i t h i n which a s l i d i n g short c i r c u i t 

i s placed, whose c o r r e c t p o s i t i o n i n g w i l l optimise the detector output. 

The main advantage i n employing a c o a x i a l stub i s t h a t large 

tuning r a t i o s of up t o 3:1 or more, can be achieved, as opposed t o 

a tu n i n g range of le s s than 2:1 f o r say, a waveguide s e c t i o n . The 

reason f o r t h i s being, t h a t a c o a x i a l l i n e has a p r i n c i p a l TEM mode 

which allows o p e r a t i o n a t frequencies much lower than those required 

f o r propagation of the higher order TE or TM modes. Such a wide 

tun i n g r a t i o can be achieved by i n t r o d u c i n g a short c i r c u i t a t the 

end of the c o a x i a l s e c t i o n which w i l l "tune" a s p e c i f i c frequency 

w i t h i n the range of the stub. 

Before discussing the design of stub tuners a b r i e f mention 

w i l l be given of the d i f f e r e n t types of plungers t h a t e x i s t . [̂ 3 
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There are b a s i c a l l y , two d i s t i n c t categories, depending on whether 

they are contacting or non-contacting. The simplest form of a con-

t a c t k i n g short c i r c u i t i s a metal r i n g w i t h spring f i n g e r s t h a t make 

contact between the inner and outer conductors 15 . While a plunger 

of t h i s type can prove s a t i s f a c t o r y f o r a p p l i c a t i o n s r e q u i r i n g few 

tuning operations, i t can cause serious problems i n the s l o t t e d l i n e 

assembly. Because the tun i n g device w i l l be subjected to thousands 

of t uning operations, mechanical wear w i l l almost c e r t a i n l y be un­

avoidable. This w i l l cause uneven e l e c t r i c a l contact, which i s 

c e r t a i n t o produce e r r a t i c performance, change of frequency c a l i b r a t i o n 

and t u n i n g "noise". 

Non-contacting plungers on the other hand, o f f e r none of the 

disadvantages, but, they are f a i r l y d i f f i c u l t t o c o n s t r u c t . The 

plungers designed f o r t u n i n g the s l o t t e d l i n e probe are non-contacting 

i n as much t h a t t h e i r f r o n t sections do not make physical contact 

w i t h the wa l l s of the c o a x i a l l i n e . By e l i m i n a t i n g t h i s type of 

cpntact, the resonant p r o p e r t i e s of the plunger were maintained and 

w i t h no i r r e g u l a r changes i n impedance, frequency d e v i a t i o n and power 

loss were avoided. A small s e c t i o n a t the back of the plunger d i d 

however make contact w i t h the l i n e conductors so t h a t the plunger 

was kept concentric w i t h i n close tolerance l i m i t s . 

Two d i f f e r e n t v a r i a t i o n s of non-contacting plungers were a t 

f i r s t considered; one was the high-low impedance type, Q3"] the other 

was the capacity-coupled design. The former i s f a i r l y simple t o 

cons t r u c t and i t consists of t h r e e , one quarter wavelength long metal 

r i n g s , whose dimensions comply with, the high-low impedance requirements. 

Two of these plungers were designed t o cover the e n t i r e frequency 

band from 1-18 GHz. The f i r s t one operated from 1-10 GHz and the 



46 

second from 9-18 GHz. Although these two plungers and t h e i r respective 

stubs d i d tune the probe over the e n t i r e frequency range, i t was 

f e l t t h a t b e t t e r performance could be achieved by the use of the 

capacity-coupled type. For best r e s u l t s i t was decided t o have three 

d i f f e r e n t sized plungers w i t h t h e i r respective stubs, so t h a t the 

frequency range could be covered i n three wide band steps of 3:1, 

3:1 and 2:1 tuning r a t i o s r e s p e c t i v e l y . 

Designing such plungers 9 3 » c a l l s f o r a number of f a c t o r s 

t o be considered. The e l e c t r i c a l l ength should be kept as short 

as i s p r a c t i c a l l y p o s s i b l e , so t h a t the i n t e r n a l power loss at the 

high frequency end of the tuning range i s reduced. Also, the rear 

c a v i t y leakage loss should be less than the i n t e r n a l loss by some 

reasonable f a c t o r of about 10:1. I t i s t h e r e f o r e good p r a c t i c e t o 

choose the value of the gap-impedance r a t i o m so t h a t the rear c a v i t y 

leakage reduced t o 1/10 the value of the i n t e r n a l leakage resistance 

a t the low frequency end of the tuning range. 

4.3.2 Design of Capacity-Coupled Plungers 

A cross-section of a capacity-coupled plunger i s shown i n Fig.14a 

and F i g . 14b. For the f i r s t two, operating on 3:1 r a t i o the design 

le n g t h a i s such t h a t the e l e c t r i c a l l e n g t h 9 v a r i e s from 40 t o 

120 degrees. For the other, being of a 2:1 tuning r a t i o , the length 

I of the sections i s such t h a t 8 varies from 45 to 90 degrees. These 

may be considered as optimum design ranges. 

Eqn. 4.1 gives an approximation of the plunger resistance of 

the wavelength Aj, at the lowest frequency of the t u n i n g range [9 _ 

231 X 10 ^ -
r n /A, 

1 + 0.72d (4.1 ) 
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where 

r = plunger resistance of lowest frequency 
P £ 

d^ i s a dimensional parameter defined as 

^ £n(b/a) 
1 1 — + -a b 

(4.2 ) 

-The value of the gap-impedance r a t i o m necessary t o make th e -

leakage resistance equal or less than 1/10 of the i n t e r n a l resistance 

can be obtained from the f o l l o w i n g equations derived i n [ 9 ] . 

For a 2:1 tun i n g r a t i o 

0.5 + 14,5 
1+0.72d L (4.3 ) 

and f o r a 3:1 tuning r a t i o 

m = 0.71 + 17.32 1+0.72d 
/X7 

-1 -K 
(4.4 ) 
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The three plungers were designed t o operate from 1 - 3 GHz, 

3 - 9 GHz and 9 - 1 8 GHz r e s p e c t i v e l y . Consequently^ the wavelengths 

v a r i e d from 30 - 10 cm, 10 - 3.333 cm and 3.333 - 1.667 cm. 

For the 3:1 tun i n g r a t i o w i t h e = 40° or A/9, where A i s the longest 

wavelength, the len g t h of the plungers are 

i l l = ^ = 3.333 cm f o r the f i r s t range 

10 
^ secona range I2 = — = 1.111 cm f o r the second 

and f o r the 2:1 t u n i n g r a t i o w i t h 6 = 45° or A/8, where A i s the longest 

wavelength, the Ifength of the plunger i s ' 

^ 3.333 ^ 0.417 cm f o r the t h i r d range 

Solving eqn. 4.2 y i e l d s values f o r d^ , dn , and d„ , which are 

the geometrical parameters f o r the f i r s t , second and t h i r d plunger 

r e s p e c t i v e l y . S i m i l a r l y values f o r m i , m2, and ma can be obtained 

by s o l v i n g eqn. 4.3 and eqn. 4.4. 

The c o a x i a l l i n e stubs have a c h a r a c t e r i s t i c impedance of 50 Q 

Therefore, the impedance of the gaps ( F i g . 14) between the plungers and the inner 

and outer conductors should not be greater than Z = Z /(2m). 
g o 
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The gap spacing t , which i s considered t o be much smaller than 

the mean circumference r i s r e l a t e d t o Z and r as f o l l o w s : ref.[9] 
8 

Z = H i (4.5 ) 
8 r 

where 1 = i n t r i n s i c impedance . /)jo/^eo 

The gap spacings denoted as t and t , r e f e r to the spacings be-
3 D 

tween the plunger and the inner and outer conductor r e s p e c t i v e l y . 

For the three d i f f e r e n t s h o r t - c i r c u i t i n g plungers the spacings 

were found t o be from eqn. 4.5 

Plunger 1 t , = 0.06 mm, t , = 0.145 mm 
3.1 D i 

Plunger 2 t^2 = 0-559 mm, t^2 = 0.13 mm 
Plunger 3 t „ = 0.06 mm, t = 0.147 mm 

- b3 

Although the above derived values may be considered as the o p t i ­

mum design dimensions, i t was decided t h a t t ^ ^ r e s p e c t i v e l y 

should be reduced even f u r t h e r . Even though t h a t would make the para­

meter m̂  l a r g e r , i t was f e l t t h a t t h i s was acceptable since the plunger 

i n question operated on a r e l a t i v e l y narrow tuning range of 2:1. 

The gap dimensions rested f i n a l l y on what was mechanically achievable, 

bearing i n mind the close tolerance requirements previously discussed. 

There were found t o be 

t „ = 0,053 mm, t . „ = 0.123 mm aJ bJ 
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The gap q between the folde d sections and the rear part of the 

plungers was made approximately equal t o f i v e times the l a r g e s t gap 

spacing f o r each stub. The folde d sections were made as t h i n as was 

mechanically possible, w i t h the a c t u a l dimensions given i n Fig . 14a 

and F i g . 14b. The stub tuners were made of brass, chosen not only 

f o r i t s f a i r l y high c o n d u c t i v i t y c o e f f i c i e n t but mainly because 

machining can produce a very smooth, m i r r o r l i k e , surface. 

4.3.3 Tapered Tuning Stubs 

The stubs were designed t o behave as 50Q c o a x i a l l i n e lengths 

w i t h inner and outer conductor diameters of 3.91 ram and 9.0 mm 

r e s p e c t i v e l y . For resonant f r e e operation the stub mean circumferance 

7r(a+b) should be l e s s , or at l e a s t equal t o one wavelength of the 

maximum frequency of 18 GHz. This however, would require a much 

smaller plunger design which mechanically would be an almost impossible 

task. Furthermore, since the chosen dimensions d i d allow successful 

o p e r a t i o n up t o 18 GHz the above c o n d i t i o n was not obeyed. 

The use of SMA connectors neccessitated the i n t r o d u c t i o n of tapers 

t o g r a d u a l l y reduce the stub dimensions t o the required diameters 

w h i l e avoiding r e f l e c t i o n s and impedance changes. The formula given 

below a p p l i e s t o the general case of j o i n i n g two l i n e s of d i f f e r e n t 

impedance values, and the r e f l e c t i o n c o e f f i c i e n t introduced by the 

taper i s obtained from |_8,15_ 

I i sin2TTJl /A 
P = -

7T 4£ /A 
In 4 ° ' (4.6) 

^01 
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where 

£ = taper length 

^ o i ' ^62 ~ c h a r a c t e r i s t i c impedances of the two l i n e s t o be joined 

The p l o t of F i g , 15 may be used t o obt a i n a r a t i o of £/ A such 

t h a t the lowest possible r e f l e c t i o n can be achieved; t h i s was made 

use of i n d e r i v i n g the taper lengths f o r the three stubs. 

However, eqn. 4.6 suggests t h a t i f Ẑ ^ and Ẑ ^ were to be equal, 

and provided the l i n e s were f i l l e d w i t h the same d i e l e c t r i c medium 

say a i r , then p-»-0 i r r e s p e c t i v e of the taper length. This c o n d i t i o n 

was taken advantage of when'designing the taper f o r the 1 - 3 GHz stub. 

The c o a x i a l lengths on e i t h e r side of the very short taper (5 mm) 

were both designed t o give a c h a r a c t e r i s t i c impedance of 50 ( a i r 

d i e l e c t r i c ) . Taper dimensions f o r a l l three tuners are given i n 

Fi g . 16a, F i g . 16b and F i g , 16c, 

4,3.4 Movement Mechanisms of Plungers 

Two d i s t i n c t l y d i f f e r e n t mechanisms were used f o r the movement 

of the plungers. For the lowest frequency tuner the short c i r c u i t 

was attached t o a hollow, threaded brass rod as shown i n Fig . 17. 

This rod d i d not come i n t o contact w i t h n e i t h e r the inner nor the 

outer conductor, and was s u f f i c i e n t l y long t o permit f u l l v e r t i c a l 

movement of the plunger. The inner conductor was secured by f i t t i n g 

a metal plug at the top of the stub and was held i n place by a metal 

p i n running h o r i z o n t a l l y through i t and the conductors. To overcome 

the problem of the pin preventing the f r e e run of the threaded rod 
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the l a t t e r was s l o t t e d lengthwise on e i t h e r side enabling i t to clear 

the p i n . The short c i r c u i t movement was achieved by simply t u r n i n g 

a thumb-wheel f i r m l y secured by a c o l l a r which was part of the metal 

plug. 

For the other two tuners a d i f f e r e n t arrangement was used, shown 

i n F i g . 18. As before, the inner conductor was held r i g i d by f i t t i n g 

a tapped metal plug a t the top of the stub. I t was then hollowed 

out p r o v i d i n g s u f f i c i e n t c l e a r i n g f o r a threaded rod t o be allowed 

t o move w i t h i n i t . The top end of the rod was attached t o a knurled 

thumbwheel which, when turned, r a i s e d and lowered the rod accordingly. 

The plunger was i n t u r n attached, v i a two t h i n rods t o a metal plug. 

This plug was made to move w i t h the thumbwheel as f o l l o w s . A long 

t h i n cap was machined so t h a t i t s top end formed a c o l l a r . This was 

then placed over the thumbwheel and was fastened t o the plunger plug 

w i t h two screws. So, when the knob was turned the cap and subsequently 

the short c i r c u i t were forced t o stay w i t h i t as the threaded rod 

moved i n and out of the inner conductor. 

4,4 THE DETECTOR MODULE 

The power absorbed by the probe w i l l u l t i m a t e l y cause a d e f l e c t i o n 

of a meter or a scope t r a c e . One way of achieving t h i s i s by con­

v e r t i n g the microwave s i g n a l t o d-c, or low frequency, which can then 

be measured by conventional methods. Non-linear elements such as 

diodes can be used as r e c t i f i e r s or frequency convertors, and the 

whole d e t e c t i n g arrangement need only consists of a c r y s t a l detector, 

f o l l o w e d by a narrow-band a m p l i f i e r tuned t o the modulating frequency. 
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The modern c r y s t a l detector i s the most s e n s i t i v e and the simplest 

of a l l r e c t i f y i n g devices. I t consists of a f i n e wire c a r e f u l l y 

pointed and brought t o contact w i t h the semi-conductor which i s usually 

s i l i c o n or germanium. By c o n t r o l l i n g the pressure against the semi­

conductor, the area of contact i s adjusted t o the desired value. 

This determines the resistance of the b a r r i e r contact, i t s capacity, 

as w e l l as the power handling a b i l i t y of the device. When a high 

frequency s i g n a l i s applied t o the diode a d-c current w i l l appear 

i n the load c i r c u i t . The magnitude of the current depends upon the 

device c h a r a c t e r i s t i c s such as r - f source impedance and the d.c. load 

impedance. The diode can be simply considered as a current generator 

w i t h a c e r t a i n dynamic impedance. 

For the s l o t t e d l i n e a p p l i c a t i o n , a J-band detector diode 

(DC 1535) was purchased from M.E.D.L. A s i l i c o n Schottky b a r r i e r 

type was chosen mainly f o r i t s mechanical and e l e c t r i c a l ruggedness, 

highest output voltage, and best t a n g e n t i a l s e n s i t i v i t y . I t provides 

a high burn out l e v e l (200 mW CW, 400 mW peak) and has the a d d i t i o n a l 

advantage of producing a low video resistance (200 2̂ at 150 UA). Con­

s i d e r i n g low l e v e l detector performance, t h i s type of device r e a l i s e s 

an o p e r a t i o n a l s e n s i t i v i t y of about -48 dbm under unbiased c o n d i t i o n s . 

The diode o u t l i n e and approximate dimensions are shown i n the diagram 

of F i g . 19. 

The diode was incorporated t o the s l o t t e d l i n e as a self-contained 

u n i t able t o be removed when unmodulated waveforms had t o be examined. 

For t h i s purpose a c r y s t a l holder was designed to accommodate the 

d e t e c t o r . I t s main f u n c t i o n was to introduce the terminals of the 

• r e c t i f y i n g diode i n t o the microwave c i r c u i t , ensuring t h a t a l l 

r - f power i s ' absorbed by the c r y s t a l without escaping through the 



54 

output t e r m i n a l s . 

The design of the holder was influenced mostly by the diode out­

l i n e and the dimensions of the input connector. T h e o r e t i c a l l y f o r 

the module to operate properly a r e t u r n path has to e x i s t f o r the 

microwave frequencies ( 1 -18 GHz), while modulating frequency - usually 

1 KHz - i s allowed t o pass through the diode. ( F i g . 20). This was 

achieved by p l a c i n g a capacitor i n shunt between the diode and the 

holder's w a l l and the r e t u r n path was completed by the stub tuner 

being connected i n p a r a l l e l w i t h the module. The capacitance per 

u n i t l e n g t h was obtained from 

C _ 24.2 X £^ 

^ ^ log b 
a 

F/m (4.7) 

where the symbols have t h e i r p reviously defined meanings. 

The capacitance was obtained mechanically as f o l l o w s : a t i g h t -

f i t t i n g , 7.0 mm wide metal r i n g was placed over the diode body, e f f e c ­

t i v e l y i n c r e a s i n g i t s diameter t o 9.0 mm. A narrow gap of approxi­

mately 0.0254 mm was created between the module w a l l and the outer 

surface of the metal r i n g . A t h i n f i l m of mica was then i n s e r t e d 

i n the c i r c u l a r gap and the by-pass capacitance was obtained according 

t o eqn. ( 4 . 7 ) . 

The impedance a t high frequencies (GHz) as w e l l as at low f r e ­

quencies (KHz) can be c a l c u l a t e d from the f o l l o w i n g r e l a t i o n s h i p 

^ = — ( fi) (4.8 ) 
2TrfC 
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I t can be seen t h a t a t microwaves, the gap i s presenting an almost 

n e g l i g i b l e impedance - i . e . a near s h o r t - c i r c u i t c o n d i t i o n - while 

a t low frequencies the impedance i s extremely high, resembling an 

open c i r c u i t . 

A cross-section of the detector module i n c l u d i n g relevant d i ­

mensions i s presented i n F i g . 21. I t was machined out of brass and 

i t consisted of two c y l i n d r i c a l p a r t s w i t h the adjoined ends threaded. 

When the two halves were brought together, the metal r i n g and the 

mica f i l m were held f i r m l y i n t o p o s i t i o n w . r . t . the r e c t i f y i n g c r y s t a l . 

A R a d i a l l SMA connector (R125056) was f i t t e d a t the holder i n p u t , 

w h i l e i t s output was turned down t o dimensions s i m i l a r to those of 

an SMA-Jack connector c a r r y i n g the detected s i g n a l t o the measuring 

instrument. 
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CHAPTER 5 

ELECTRICAL MEASUREMENTS AND PERFORMANCE 

5.1 WAVELENGTH CORRECTION FACTOR 

On completion of the s l o t t e d l i n e design and c o n s t r u c t i o n , various 

t e s t s were c a r r i e d out t o e s t a b l i s h the q u a l i t y of i t s performance. 

Wavelength, was the f i r s t q u a l i t y t o be measured. Since the 

cable was s l o t t e d and a trough cut out f o r the probe measured meant 

t h a t i t was no longer completely d i e l e c t r i c f i l l e d . On i n v e s t i g a t i o n 

i t was confirmed t h a t as a consequence the r e l a t i o n s h i p 

f = c/{X/£~ ) no longer a p p l i e d unless a c o r r e c t i o n f a c t o r was i n t r o ­

duced. This f a c t o r was determined approximately using the p r e c i s i o n 

of high q u a l i t y i n s t r u m e n t a t i o n . The frequency of the generator was 

acc u r a t e l y set t o the desired value by c a l i b r a t i n g i t against the 

spectrum analyser. The s l o t t e d l i n e was then connected t o the source 

output v i a a 6dB a t t e n u a t o r so t h a t any possible mismatches were e l i m ­

i n a t e d . With the l i n e terminated i n a short c i r c u i t a number of stand­

i n g wave minima were located along i t and t h e i r p o s i t i o n s recorded. 

Having measured the wavelength a t the set frequency, simple s u b s t i ­

t u t i o n y i e l d e d the value f o r the c o r r e c t i o n f a c t o r , x^, from the f o l ­

lowing r e l a t i o n s h i p 

f = — ! r X 

where A = — ^ 
A c 
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OR 
f A' — 

x^ = /£ r (5.1) 

where 

A' = s l o t t e d l i n e wavelength 

= r e l a t i v e p e r m i t t i v i t y of cable d i e l e c t r i c (PTFE) 

For b e t t e r accuracy i t was decided t o carry out the above measure­

ments i n i t i a l l y a t low frequency since the corresponding wavelength 

would then be l a r g e enough t o minimise e r r o r s i n e s t a b l i s h i n g precisely 

the minima p o s i t i o n s along the l i n e . The frequency of 2GHz was chosen, 

and the procedure was repeated a t l e a s t three times so t h a t the average 

reading could be obtained. Measurements were then made at selected 

frequencies up t o 18 GHz. I t was found t h a t the value of x^ = 1.050 

approximately a p p l i e d over, the range. By combining »̂ 

eqn. 5.1 can be given as 

2.174 X 10^ 
f = ; (Hz) (5.2) 

f o r A^ i n metres. 
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5.2 RESIDUAL VSWR (Sj^) OF THE SLOTTED LINE 

Another important parameter measured was the r e s i d u a l VSWR of 

the l i n e . This i s the standing wave r a t i o when the s l o t t e d l i n e i s 

terminated i n a matched impedance. Although i t i s impossible to com­

p l e t e l y e l i m i n a t e r e s i d u a l VSWR, i t can be, wi t h some care, reduced 

t o acceptable values. I t i s mainly caused by changes i n the charac­

t e r i s t i c impedance. These i n t u r n may be due to the s l o t p o s i t i o n 

and dimensional v a r i a t i o n s which, unless compensated, can create 

standing waves along i t s l e n g t h . 

Connector r e f l e c t i o n s i s another source of r e s i d u a l VSWR. These 

can, however, be d r a s t i c a l l y reduced by c a r e f u l l y s e l e c t i n g the type 

of connectors t o be used by ensuring t h a t they are of low loss and 

of high q u a l i t y . I t i s generally accepted t h a t the above-mentioned 

imperf e c t i o n s could introduce a r e s i d u a l VSWR which may be considered 

as a s i n g l e lumped d i s c o n t i n u i t y , since the r e f l e c t i o n s t h a t are pre­

dominant i n causing i t are of f i x e d phase. 

I d e a l l y i t should be determined by terminating the l i n e i n a 

p e r f e c t , r e f l e c t i o n l e s s , matching load. Such perf e c t termination 

does not, however, e x i s t since even the best q u a l i t y low loss load 

w i l l produce some r e f l e c t i o n s . This can be overcome by employing 

a measurement technique which requires the s l o t t e d l i n e t o be term­

i n a t e d i n a s l i d i n g load instead. I n doing so the r e f l e c t i o n s caused 

by the load may be d i s t i n g u i s h e d from those caused by the l i n e . I t 

i s important t o bear i n mind t h a t any d i s c o n t i n u i t i e s i n the load 

connector w i l l be combined w i t h the r e s i d u a l VSWR, since only the 

VSWR of the load i s i s o l a t e d from the r e s t of the system. Although 

a v a r i a b l e load was not a v a i l a b l e the use of a three-stub tuner 
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produced s i m i l a r e f f e c t s . 

With the three-stub tuner t e r m i n a t i n g the l i n e , (Fig.22) the 

probe was tuned and i t s p o s i t i o n adjusted t o obta i n a maximum output 

on the VSWR meter. This i n d i c a t e d t h a t both r e f l e c t i o n s caused by 

the load and the l i n e were added and in-phase c r e a t i n g the highest 

obtainable VSWR, S^^^. Having measured t h i s , the probe was placed 

a t the maximum of the standing wave p a t t e r n and the stubs were adjusted 

t o o b t a i n t h i s time a minimum reading on the meter. This now in d i c a t e d 

t h a t the load and l i n e d i s c o n t i n u i t i e s were now out of phase r e s u l t i n g 

i n a low VSWR value, S . . The maximum and minimum r e f l e c t i o n c o e f f i -
mm 

c i e n t s , p and p . , were c a l c u l a t e d from the f o l l o w i n g r e l a t i o n s h i p s ^max "̂ mm * ^ 
'lO '. 

p ^ .̂ max 1 
max s . + 1 ^^-"^ '-'mm ̂  ̂  

p . = ^min - 1 (5.4) 
min P , 1 

^max ^ ̂  

Where p and p . r e f l e c t i o n c o e f f i c i e n t s are defined i n terms Inax "^min 
of the load r e f l e c t i o n c o e f f i c i e n t s , p^^ andpp, [lO] i . e . 

Pmax= PD (5.5) 

P .„ = PT - Pn (5.6) min L D 



c 
o 
•*-' 
(0 
c 

c .2 
(0 
c 

o 
I-

o 
lO 

c 

0) 

o 

c 

1 
it

u 
1 

W l̂ 1 

c 
o 
o c 
3 

6 

0) 

I +-
0) 

CO 

fl) c 

o° 
LI. 

in 

5 
CO 

> 

o 
D 

a 
D 

LO 

E 
2 
8^ 

o 

C9 
c 

C9 

CQ CO 



60 

r e s u l t i n g i n 

PT = 
Pmax Pmin 

L 2 (5.7) 

n Pmax Pmin 
D̂ = (5.8) 

2 

on the assumption t h a t PL » Pj) 

The above method was used a t frequencies of up t o 12 GHz. Beyond 

t h i s frequency, because of the i n a b i l i t y of the three-stub tuner to 

operate c o n s i s t e n t l y a s l i g h t l y d i f f e r e n t approach had t o be employed. 

The s l o t t e d l i n e was terminated i n a 50 load v i a a t e e - j u n c t i o n 

(see Fig.22). A s i n g l e stub tuner was connected t o the t h i r d part 

of the tee, and was adjusted t o produce the smallest possible VSWR, 

S . . Having done t h i s a l i n e s t r e t c h e r was in s e r t e d between the min ° 
l i n e and the j u n c t i o n and was var i e d u n t i l a previously defined maximum 

was made a minimum. The value of the VSWR was then recorded and the 

r e s i d u a l VSWR, Sj^,of the l i n e , was obtained from [_5 _ 

= I + L^min \ S 1 + l^mn (5.9) 
R 2 
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The r e s i d u a l VSWR, S^, of the l i n e was p l o t t e d against frequency 

and the graph i s shown i n F i g . 23. The values varied from 1.02 t o 

1.25 depending on the frequency. I t should be noted, of course, t h a t 

since two variables'had t o be adjusted during the course of the measure­

ments, i . e . probe p o s i t i o n and stub tuning, i t was a t times very d i f ­

f i c u l t t o accurately o b t a i n the maximum standing wave value. This 

could p a r t i a l l y e x p l a i n the discrepancies observed i n the graph where 

the r e s i d u a l VSWR does not seem t o increase w i t h frequency. Another 

explanation could be t h a t a t some frequencies the f i x e d d i s c o n t i n u i t i e s 

i n t e r a c t i n such a manner t h a t they e i t h e r add or subtract and i n 

so doing enhance or dimi n i s h the e f f e c t . The connectors used, also 

have a r e s i d u a l VSWR which varies w i t h frequency according t o the 

graph of F i g . 24. 

S i m i l a r l y , the f i x e d , matched, terminations not been r e f l e c t i o n -

l e s s , produced a maximum r e s i d u a l VSWR of almost 1.2. 

5.3 LINE ATTENUATION AND POWER LOSS CHARACTERISTICS 

The s e m i - r i g i d cable had a sp e c i f i e d a t t e n u a t i o n of 30 db/100 f t 

a t 10 GHz. Consequently, the amoung of power l o s t i n the s l o t t e d 

l i n e was i n v e s t i g a t e d , and the a t t e n u a t i o n A calc u l a t e d from the 

r e l a t i o n s h i p 

A(dB) = 10 log 10 -- (^-10) 
P2 
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where 

?^ = i n p u t power t o the s l o t t e d l i n e 

= output power from the s l o t t e d l i n e 

The decrease i n the l e v e l between the input and the output, ex­

pressed as a r e l a t i v e value i n decibels was p l o t t e d against frequency 

shown i n the graph of F i g . 25. The readings obtained were a combin­

a t i o n of the cable l o s s and the loss of the two R a d i a l l connectors. 

S l o t r a d i a t i o n was another c o n t r i b u t i n g f a c t o r becoming more prominent 

a t the higher frequencies. 

The r a t e a t which a s i g n a l was attenuated, t r a v e l l i n g through 

the s l o t t e d l i n e was next examined. The a t t e n u a t i o n constant of the 

s l o t t e d l i n e under t e s t was obtained f o r the frequencies between 1 

and 12 GHz o n l y , a l i m i t d i c t a t e d by the s l o t t e d l i n e t h a t was 

a v a i l a b l e f o r the measurement. The f o l l o w i n g method, based on t r a n s ­

mission l i n e theory, was used. 

The a t t e n u a t i o n constant a as mentioned i n chapter 2 i s a func­

t i o n of R, L, G and C and i s u s u a l l y quoted per u n i t l e n g t h . I t can 

be e i t h e r r e l a t e d t o the power loss of the l i n e , or the r e f l e c t i o n 

c o e f f i c i e n t s a t i t s t e r m i n a l s i . e . 17 J 

a = 
21 ?2 

nepers / u n i t length (5.11) 

or 

a = A n̂ 
21 P i ( 0 ) 

nepers/unit length (5.12) 
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where 

I = length of the l i n e . 

I t can also be expressed as a fu n c t i o n of the VSWR i . e . 

21 

S - 1 
2 

S2 + 1 Si -.1 
(5.13) 

where 

= i n p u t VSWR a t i i = 0 

$2 = output VSWR a t length il 

the above can be f u r t h e r s i m p l i f i e d by termin a t i n g the l i n e w i t h 

a short c i r c u i t . ( S e e Fig.26). This w i l l t h e o r e t i c a l l y make 

S2 > °° y i e l d i n g 

2i 

^ + 1 

Si - 1 
(5.1A) 

The v a r i a t i o n of a t t e n u a t i o n constaOt, a, w i t h frequency i s shown 

i n Fig.27. The leng t h of the s l o t t e d l i n e was 36.7 cm and a was 

expressed i n dB/m. 
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Tests were also c a r r i e d out to determine i f any i r r e g u l a r i t i e s 

i n conductor c o n c e n t r i c i t y , or i n s l o t machining were present. I n 

p a r t i c u l a r there was concern t h a t when the s l o t was cut out some very 

small p a r t i c l e s of the outer conductor copper s h i e l d i n g might have 

been embedded i n the remaining d i e l e c t r i c , thus causing erroneous 

probe pick-up. 

For the t e s t s the type of termination was not important, and 

n e i t h e r was the d r i v e l e v e l nor the a c t u a l values of the e l e c t r i c 

f i e l d i n t e n s i t y along the l i n e . What was important however, was th a t 

these a r b i t r a r y values, when p l o t t e d against s l o t t e d l i n e p o s i t i o n 

produced a uniform p a t t e r n . The graphs i n F i g . 28, F i g . 29 and Fig,30 

show the v a r i a t i o n of maxima and minima along the l i n e f o r the chosen 

frequencies of 4, 6 and 12 GHz r e s p e c t i v e l y , while the l i n e was term­

i n a t e d i n 50 f2 

I t should be noted t h a t a t 4 GHz the r e s u l t s were obtained before 

some minor m o d i f i c a t i o n s were c a r r i e d out on the carriage and clamp. 

These involved a l t e r i n g the o u t l i n e of the undercarriage which i n 

consequence narrowed the clamp s l o t , t o avoid r a d i a t i o n of the input 

s i g n a l . These m o d i f i c a t i o n s d i d not have a d i r e c t e f f e c t on the cable, 

and the previous r e s u l t s wdre therefore s t i l l v a l i d . At 4 GHz i n t e r ­

mediate readings were taken i n a d d i t i o n to the readings at maxima 

and minima. This also applied to the r e s u l t s obtained at 12 GHz but 

since a l o t more maxima and minima were present, purely f o r c l a r i t y 

only three s e c t i o n s of the s l o t t e d l i n e were used f o r the measurements. 

At 6 GHz only the maxima and minima readings were noted. A gradual 

decrease i n l e v e l was observed, becoming more apparent at the higher 

frequencies. I t was not assumed to be the r e s u l t of conductor non-
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u n i f o r m i t y , but ra t h e r caused by the cable losses. This was confirmed 

by feeding the i n p u t s i g n a l t o the output connector, and repeating 

the t e s t which produced s i m i l a r l e v e l v a r i a t i o n s . 

The above procedure was repeated w i t h the l i n e terminated i n 

a s h o r t - c i r c u i t . The reason being t h a t the minima would now be more 

s e n s i t i v e t o any e x i s t i n g i r r e g u l a r i t i e s . The r e s u l t s obtained at 

2 GHz and 4 GHz are shown i n F i g . 31 and Fig. 32 r e s p e c t i v e l y . 

For comparison purposes a graph w i t h the l i n e open-circuited 

i s also included. ( F i g . 33). 

5.4 PROBE COUPLING COEFFICIENT 

The probe coupling was examined by determining the amount of 

power absorbed from the l i n e . I t was an important t e s t , because i t 

gave a d i r e c t assessment of the carriage and probe assembly designs. 

For the measurement, the detector module was removed and the 

s l o t t e d l i n e operated on unmodulated CW. The power at the output 

of the s l o t t e d l i n e was recorded and then compared w i t h t h a t obtained 

a t the probe. During the measurements (Fig.34) the s l o t t e d l i n e was 

terminated i n i t s c h a r a c t e r i s t i c impedance thus e l i m i n a t i n g r e f l e c t i o n s 

t h a t might have upset the t r u e power l e v e l s . The degree of coupling 

(dB) was obtained from the r e l a t i o n s h i p 

k = 10 lo g i o — (5.16) 
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.where 

kp = probe coupling c o e f f i c i e n t 

Pp = power absorbed by the probe 

Pj^ = power measured of the s l o t t e d l i n e output 

The power was measured w i t h the a i d of the spectrum analyser. 

The use of the power meter was avoided since i t would not only measure 

the power at the desired frequency but also t h a t c o n t r i b u t e d by the 

generators harmonics content. The procedure was c a r r i e d out twice, 

before and a f t e r the m o d i f i c a t i o n s were made to the carriage and probe 

designs. I n i t i a l l y , the undercarriage dimensions and the probe 

assembly d i d not provide a 50 impedance path. Furthermore, the 

probe l i n e w i t h some of the d i e l e c t r i c removed, presented a d i f f e r e n t 

impedance at the Junction p o i n t where the output was taken from the 

c a r r i a g e . 

The v a r i a t i o n of the probe coupling c o e f f i c i e n t k^ w i t h frequency 

i s shown i n F i g . 35. Three p l o t s were drawn f o r maximum, medium and 

minimum probe depths w i t h the 0 dB regarded as the reference. Although 

the coupling of the lower frequencies seems to be low, there i s a 

great deal of s i m i l a r i t y between the shapes of the three p l o t s sug­

g e s t i n g t h a t no unwanted e f f e c t s due to the probe depth s e r i o u s l y 

degraded the l i n e performance. 

As part of the m o d i f i c a t i o n s the probe dimensions were a l t e r e d , 

by i n c r e a s i n g i t s diameter from 0.25 mm t o 0.35 mm, and by keeping 

the d i e l e c t r i c sleeve undisturbed. On examination i t was found t h a t 

the coupling had changed by as much as 7 - 8 dB f o r the low frequencies 

shown i n F i g , 36, g i v i n g a more l e v e l response over the t o t a l frequency 

band up t o 18 GHz, 
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5.5 PROBE TUNING ASSEMBLY MEASUREMENTS 

The "peaks" and "dip s " on the graphs were accepted as being a 

d i r e c t consequence of the stub tuner. This was confirmed by i n v e s t i ­

g a t i n g the response of a standard GR s l o t t e d l i n e (see dotted l i n e 

on graph) where s i m i l a r v a r i a t i o n s although more prominent, were also 

encountered. The reason f o r t h i s may be understood i f the impedance 

of the probe end i s considered as the load, and the length of the 

probe t o i t s connector as the transmission l i n e (Z^ = 50 ) . By design 

t h e tuner was placed i n shunt a distance from the f i x e d load. Theoret­

i c a l l y , the load i s matched t o the l i n e not only when the adjustable 

s h o r t i s c o r r e c t l y tuned but also when the stub i s placed a t the 

c o r r e c t distance from the load. 

I n assessing the required stub l o c a t i o n , three q u a n t i t i e s had 

t o be evaluated. One was the standing wave r a t i o , the second the 

distance between the f i r s t voltage minimum and the t e r m i n a t i o n , and 

the t h i r d was the wave le n g t h . Basic standing wave measurements and 

knowledge of the operating frequency were s u f f i c i e n t t o c a l c u l a t e 

the desired values. Standard Smith chart techniques were employed 

t o e s t a b l i s h the required stub p o s i t i o n w .r.t. the created standing 

wave p a t t e r n . L ̂  . 

^2 = '^(min) + ̂ 1 (5.17) 

where 

•̂1 = distance of stub from f i r s t voltage minimum (towards 
the load) 
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£ = distance of stub from f i r s t voltage minimum (towards 
the generator) 

d(min) = distance of f i r s t voltage minimum from the load 

The t e s t set-up shown i n F i g . 37, consisted of a 2 - 12 GHz 

s l o t t e d l i n e terminated w i t h the probe of the designed l i n e . The l a t t e r 

was i n t u r n terminated a t both ends by i t s c h a r a c t e r i s t i c impedance. 

The r e s u l t i n g VSWR was p l o t t e d against frequency and i s shown i n Fig.38 

U n f o r t u n a t e l y , i t was not possible t o cover the e n t i r e frequency range 

which would have allowed a complete evaluation of the stub tuner loca­

t i o n t o be made, (see t a b l e of Fig.39). An attempt was however made 

to estimate approximately the required p o s i t i o n , bearing i n mind th a t 

the stub does not necessarily have to be placed near the f i r s t minimum 

from the load but any number of h a l f wavelengths away from the c a l ­

c u l a t e d distance. S i m i l a r l y i f the tuner was to be s i t u a t e d c o r r e c t l y 

a t the lowest frequency then i t i s possible t h a t i t would be e f f e c t i v e 

f o r the higher frequencies since the minima w i l l repeat at much shorter 

i n t e r v a l s . P r o j e c t i n g the obtained r e s u l t s , y i e l d e d approximate 

maximum distances of l.^ = 37 mm and I2 =̂  50 mm, assuming t h a t the 

tuner w i l l be e f f e c t i v e w i t h i n 5% of the desired distance. 

I t was f e l t t h a t an estimate of optimum tuner l o c a t i o n could 

not be obtained unless a l l the frequencies of i n t e r e s t were 

i n v e s t i g a t e d . 

The performance of the plungers was assessed by measuring t h e i r 

r e f l e c t i o n c o e f f i c i e n t s . Each tuner was i n t u r n used as an adjustable 

s h o r t c i r c u i t t e r m i n a t i n g e i t h e r a GR or a Flann s l o t t e d l i n e and 

the VSWR was measured, which was then converted t o a r e f l e c t i o n 

c o e f f i c i e n t . I t must be noted t h a t the r e s u l t s d i d not t r u l y represent 
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the q u a l i t y of the r e f l e c t i n g short c i r c u i t . This was because the 

use of GR - SMA and N type - SMA adaptors r e s p e c t i v e l y , as w e l l as 

the use of SMA connectors i n the stubs introduced some resistance 

which reduced the amount of r e f l e c t e d power. This was made obvious 

by t e s t i n g a f i x e d SMA short c i r c u i t using the same type of adaptors 

over the same frequency range (F i g . 4 0 ) . Even though a b e t t e r q u a l i t y 

of tuners might have been required i f they had t o be used as adjustable 

s h o r t s , i t was accepted t h a t t h e i r performance was adequately s a t i s ­

f a c t o r y f o r the purpose of the intended matching and t u n i n g . 

5.6 DETECTOR CHARACTERISTICS 

The dete c t o r module was f i n a l l y examined f o r i t s modulation band 

width c a p a b i l i t y and power-current c h a r a c t e r i s t i c s . I t s response 

t o v arying modulating frequencies was assessed f o r the range of 0.1 

- 100 KHz, monitoring the l e v e l of the output voltage while the input 

was maintained a t a constant 1.32 V p-p. Level v a r i a t i o n s were p l o t t e d 

against frequency as shown i n Fig . 41. 

When a diode i s used as an r - f detector an important r e l a t i o n s h i p 

i s between the inp u t s i g n a l and r e c t i f i e d c u r r e n t . I f a detector 

i s t o behave as a square-law device, under small s i g n a l c o n d i t i o n s , 

the detected c u r r e n t should be p r o p o r t i o n a l to the r - f power, since 

higher than the second order terms i n the power se r i e s expansion may 

be neglected. The detector module was connected v i a a 10 dB attenuator 

t o a s i n g l e frequency generator and the diode output current was 

measured f o r varying power l e v e l s at three d i f f e r e n t frequencies. 

( F i g . 42). 

From the shape of the c a l i b r a t i o n curves, i t can be deduced that 
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the module behaves as a square law device f o r input power l e v e l s of 

up t o about 0 dBm. This would suggest t h a t f o r an average probe t o 

l i n e coupling of 20 dB, a s l o t t e d l i n e i n p u t s i g n a l of more than 100 

mW would be required t o upset the square law r e l a t i o n s h i p . 
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CHAPTER 6 

COMMENTS AND CONCLUSIONS 

6.1 PROJECT OBJECTIVES 

This p r o j e c t was undertaken w i t h two main o b j e c t i v e s i n mind. 

The f i r s t was to design and construct a low cost s l o t t e d l i n e , the 

second t o ensure t h a t i t was of s u f f i c i e n t accuracy to be used as 

an important and a necessary measuring a i d i n subsequent research 

a p p l i c a t i o n s . There are already c o a x i a l s l o t t e d l i n e s a v a i l a b l e on 

the market operating of frequencies up t o 18 GHz. 

What made t h i s p a r t i c u l a r design i n t e r e s t i n g , i f not unique, 

was t h a t f o r the f i r s t time a c o a x i a l cable w i t h a d i e l e c t r i c medium 

other than a i r was used i n i t s c o n s t r u c t i o n . 

The b e n e f i t s from such a s u b s t i t u t i o n q u i c k l y became obvious. 

The cable may be obtained a t low cost from manufacturers such as 

R a d i a l l , Omni-Spectra, e t c . and some of them f o r a small e x t r a charge 

w i l l s e l l s t r a i g h t lengths made t o very close tolerances. Using a 

d i e l e c t r i c - f i l l e d cable, spaTt from reducing the o v e r a l l length of 

the s l o t t e d l i n e by a f a c t o r of 1/i/s^ also e l i m i n a t e s the d i f f i c u l t i e s 

t h a t may be encountered i n p r e c i s i o n machining of a i r l i n e s , r e f l e c t e d 

i n the high cost of the product. 

I t became apparent from the beginning t h a t a good, e r r o r f r e e 

performance of such a s l o t t e d l i n e w i l l mainly depend on sound mechan­

i c a l design and precise c o n s t r u c t i o n . Every a v a i l a b l e technique, 

based on microwave frequency p r i n c i p l e s , was adopted and incorporated 
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achieve the required e l e c t r i c a l operation and s t i l l maintain low cost. 

Accordingly, a thorough understanding of transmission l i n e theory 

and wave propagation i s an e s s e n t i a l study as a background f o r the 

successful design of the s l o t t e d l i n e and i t s accessories. However, 

the aim and the emphasis was t o t r a n s l a t e the theory and r e s u l t i n g 

r e l a t i o n s h i p s i n t o p r a c t i c a l r e a l i s a t i o n s . 

6.2 RELEVANCE OF THE THEORY 

I n chapter 2 i n i t i a l l y , wave transmission theory was b r i e f l y 

reviewed w i t h a t t e n t i o n paid t o the manner how the power i s attenuated 

i n a transmission l i n e . The a t t e n u a t i o n constant a was expressed 

i n terms of power as w e l l as l i n e parameters i n high frequency a p p l i ­

c a t i o n s . S i m i l a r l y , equations f o r the ev a l u a t i o n of the s i g n a l phase 

v e l o c i t y f o r various media were r e s t a t e d . 

A s e c t i o n of c o a x i a l l i n e was represented by an equivalent c i r c u i t 

c o n t a i n i n g lumped elements of res i s t a n c e , inductance, conductance 

and capacitance per u n i t l e n g t h . R, L, G and C were used i n the d e r i ­

v a t i o n of secondary parameters, propagation constant y and character­

i s t i c impedance Z^. The complex expressions one obtains f o r the a t t e n ­

u a t i o n a , phase s h i f t g , and c h a r a c t e r i s t i c impedance Z^, s i m p l i f y 

f o r l o s s l e s s and low loss cases. 

An important equation of p r a c t i c a l use i s the one f o r the charac­

t e r i s t i c impedance of the l i n e derived from E and H f i e l d d i s t r i b u t i o n s 

w i t h i n the c o a x i a l l i n e , i n terms of the inner end outer conductor 

dimensions. This formula was applied c o n t i n u a l l y i n the design of 

the s l o t t e d l i n e and i t s accessories, t o maintain a c h a r a c t e r i s t i c 

impedance of 50 . 
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F i n a l l y , the behaviour of an electromagnetic wave propagating 

along a l i n e was examined f o r d i f f e r e n t loads under mis-matched cond­

i t i o n s . The subsequent formation of standing waves was discussed 

and formulae developed i n t e r e l a t i n g the load Z^, t o r e f l e c t i o n coef­

f i c i e n t and S^ . These proved t o be extremely u s e f u l r e l a t i o n s h i p s 

and were e x t e n s i v e l y used i n the c a l c u l a t i o n s and t e s t i n g of the 

s l o t t e d l i n e . 

Chapter 3 d e a l t w i t h the requirements f o r the e l e c t r i c a l p e r f o r ­

mance of each i n d i v i d u a l part of the design. The importance of con­

ductor c o n c e n t r i c i t y and u n i f o r m i t y was h i g h l i g h t e d , needed f o r 

accurate measurements of the e l e c t r i c f i e l d i n t e n s i t y . The e f f e c t 

of the s l o t s i z e on the cable was discussed i n terms of the reduced 

capacitance r e s u l t i n g i n . c h a r a c t e r i s t i c impedance changes and possible 

formation of a d d i t i o n a l standing waves. These f a c t o r s were of primary 

c o n s i d e r a t i o n i n deciding the s l o t w idth. 

Like the s l o t w i d t h the e l e c t r i c probe needed t o be of small 

dimensions, even at 18 GHz i t s diameter should be a f r a c t i o n of the 

wavelength. I f the dimensions are large i t would cause r e f l e c t i o n s 

and i n t r o d u c e e r r o r s i n VSWR readings. The ana l y s i s of the e f f e c t 

due t o power absorption by the probe was considered by assuming i t 

t o be an admittance shunting the transmission l i n e . The equations 

f o r the conductive and susceptive components were given, and used 

f o r c a l i b r a t i o n purposes. I n a d d i t i o n s h i f t s of the standing wave 

maxima, and t o a lesser extent minima, caused by the probe, were d i s ­

cussed, and equations found r e l a t i n g the t r u e and the measured VSWRs. 

The schematic r e p r e s e n t a t i o n of the probe and i t s equivalent 

c i r c u i t which included the inductance introduced by the s h o r t -

c i r c u i t i n g plunger was of p a r t i c u l a r importance. I t i n d i c a t e d t h a t 
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f o r maximum output, the tuned c i r c u i t of C2. L» and R should be reson­

ant, and t h i s can only be s a t i s f a c t o r i l y achieved i f the capacitance 

C2 between the probe and the s l o t i s kept constant, otherwise tuning 

would be made redundant. Requirements of t h i s nature were c o n t i n u a l l y 

taken i n t o c o n s i d e r a t i o n , and i n f l u e n c i n g the mechanical aspects of 

the design. 

6.3 ELECTRICAL REQUIREMENTS AND MECHANICAL CONSTRUCTION 

The c o n s t r u c t i o n of the s l o t t e d l i n e components was described 

i n chapter 4. Whenever appropriate attempts were made to j u s t i f y 

c o n s t r u c t i o n procedures by r e f e r r i n g t o relev a n t microwave design 

p r i n c i p l e s . When planning the clamp, the main o b j e c t i v e was to provide 

a means f o r mounting the probe carriage assembly and enabling i t t o 

t r a v e l the s l o t t e d cable l e n g t h , while maintaining pe r f e c t symmetry 

w i t h i t s surroundings. This required p r e c i s i o n machining, and speci a l 

gauges were used t o achieve m i l l i n g tolerances of less than 0.01 mm. 

Both halves of the clamp were simultaneously machined t o the s p e c i f i e d 

dimensions, so t h a t they were i d e n t i c a l ; they were also dowelled t o 

al l o w complete realignment i n the event of being dismantled. 

The s e m i - r i g i d cable was s l o t t e d a f t e r i t was placed i n the clamp 

f o r two reasons. F i r s t l y , t h i s ensured t h a t the s l o t ran symmetrically 

between the clamp w a l l s , p l a c i n g the probe c e n t r a l l y w i t h i n the s l o t . 

Secondly, suspecting t h a t the two conductors may not be absolutely 

c o n c e n t r i c , i t was decided t h a t a reference plane was needed, of known 

distance from the inner conductor was needed. Having made the assumption 

t h a t t h i s was by f a r the s t r a i g h t e s t of the two conductors, i t was 

decided t h a t i t was more important t o maintain a uniform distance 
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between the probe and the inner conductor, than t o maintain constant 

p e n e t r a t i o n . 

Therefore the s l o t depth was determined more i n terms of clearance 

between the s l o t bed and the inner conductor, r a t h e r than distance 

from the cable surface t o the d i e l e c t r i c forming the s l o t bed. 

The cable was s l o t t e d by i n s e r t i n g a c i r c u l a r c u t t e r through 

the clamp s l o t u n t i l the predetermined depth was achieved. I t i s 

worth n o t i n g a t t h i s p o i n t t h a t a number of small copper p a r t i c l e s 

could be embedded i n the s o f t PTFE sleeving of the cable, and i f so 

they should be c a r e f u l l y removed. 

I n i t i a l l y , the clamp s l o t was decided t o be 6.35 mm wide. The 

choice of t h i s p a r t i c u l a r dimension was simply based on the f a c t t h a t 

the probe PTFE sleeve was 4.1 mm i n diameter and ther e f o r e a large 

enough s l o t had t o be provided t o allow the probe s k i r t t o reach the 

s l o t t e d s e m i - r i g i d cable. During the course of t e s t i n g however, t h i s 

was found t o create excessive r a d i a t i o n leakages t o the extent t h a t 

above 13 - 14 GHz there were detectable e f f e c t s caused by a mere move­

ment of one's hand over the clamp s l o t . 

Radiation of t h i s type can only be eli m i n a t e d t h e o r e t i c a l l y i f 

the outer conductor w a l l i s i n f i n i t e l y t h i c k . P r a c t i c a l l y t h i s can 

be simulated by making the clamp s l o t as wide as the cable s l o t i t s e l f , 

so t h a t i t s s l o t w a l l s would seem t o be a n a t u r a l extension of the 

cable s l o t w a l l s , p r o v i d i n g the outer conductor w i t h s u f f i c i e n t 

t h i c k n e s s . This was not however mechanically possible since the cable 

s l o t was only 1.27 mm wide, making i t d i f f i c u l t t o create a clamp 

extension of s i m i l a r dimension w i t h i n which the probe and s k i r t had 

t o be accommodated. The smallest obtainable width was t h a t of 

2.3 mm which r e s u l t e d i n the leakages being minimised t o an acceptable 
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l e v e l inherent t o a l l s l o t t e d l i n e s . 

Apart from the changes i n the undercarriage s k i r t design, a number 

of m o d i f i c a t i o n s were c a r r i e d out, concerning the opening i n which 

the probe was placed, as w e l l as the j u n c t i o n leading t o the connector 

f o r the detector module. As i t was previously discussed a small r i n g 

of the d i e l e c t r i c s l e e v i n g was i n i t i a l l y removed from the probe; a 

j u n c t i o n was made and the absorbed power was d e l i v e r e d t o a connection 

at the back of the c a r r i a g e . I n i t i a l c a l c u l a t i o n s d i d not account 

f o r uniform, matched transmission from the probe t i p t o the j u n c t i o n , 

or t o the connector leading t o the tuner. This led t o varying amounts 

of power being d e l i v e r e d t o the output depending on the operating 

frequency, while maximum tuning could only be achieved f o r s p e c i f i c 

distances. 

A f t e r ensuring t h a t a 50 Q, path was created f o r the probe, by 

a l t e r i n g i t s dimensions, i t was decided t o remove the j u n c t i o n and 

simply take the output from the carriage top through a standard SMA 

tee. The a l t e r a t i o n s proved successful i n t h a t more constant coupling 

was achieved and s a t i s f a c t o r y tuning was provided even though the 

tuner was not l o c a t e d a t the optimum p o s i t i o n . 

The use of a d j u s t a b l e pads proved q u i t e u s e f u l , i n t h a t "play" 

caused by m a t e r i a l wear as w e l l as small misalignments could be cor­

rected by simply a d j u s t i n g the tensions on the screws behind the pads. 

Another minor problem t h a t was encountered concerned the probe depth 

mechanism and i n p a r t i c u l a r the l o c k i n g nut. Having been made from 

duralumin, i t proved too s o f t , causing the thread t o " s t r e t c h " a f t e r 

only a few l o c k i n g o p e r a t i o n s This was overcome by making the mechan­

ism from s t a i n l e s s s t e e l which i s much tougher and r e s i l i e n t . A c y l ­

i n d r i c a l , threaded i n s e r t was also f i t t e d i n the top surface of the 
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c a r r i a g e assuring l a s t i n g , t r o u b l e - f r e e operation. 

6.4 ELECTRICAL PERFORMANCE 

The performance of the s l o t t e d l i n e w i t h i t s accessories was 

examined i n chapter 5. Q u a n t i t i e s such as wave l e n g t h , power loss 

and coupling between the l i n e and the probe were measured so t h a t 

an o v e r a l l assessment of the l i n e ' s q u a l i t y could be made. 

I t was i n t e r e s t i n g t o note t h a t the wavelength was neither t h a t 

of f r e e space, nor was i t reduced to t h a t of a PTFE f i l l e d transmission 

l i n e . I n f a c t w i t h the l i n e being p a r t i a l l y f i l l e d w i t h d i e l e c t r i c , 

a c o r r e c t i o n f a c t o r had to be introduced i f the r e l a t i o n s h i p 

f = c/( A/e ̂ ) was t o remain v a l i d . Having taken t h i s i n t o consider­

a t i o n the measurement of frequency could be accurately obtained using 

the s l o t t e d l i n e . 

Although the r e s i d u a l VSWR was not very easy t o determine, the 

i n d i c a t i n g v a r i a t i o n s from 1.02 t o 1.25 were deemed acceptable when 

considering t h a t the VSWR's of the l i n e s connectors as w e l l as those 

of the tuners and termin a t i o n s were also included. 

S i m i l a r l y s l o t t i n g a small diameter cable, such as the one used, 

was bound t o create more accute impedance changes which were enhanced 

when p a r t of the d i e l e c t r i c was removed. 

Another c o n t r i b u t i n g f a c t o r was of course the e f f e c t of the s l o t ­

t i n g process. There was no way of ensuring t h a t the s l o t bed and 

sides would be smooth, and t h a t no copper f i l l i n g s from the outer 

conductor would have been embedded i n the d i e l e c t r i c . 

Examining the v a r i a t i o n s of power loss of the l i n e w i t h frequency, 

i t was found t h a t i t e x h i b i t e d very l i t t l e loss even at very high 
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frequencies. The r e s u l t s compared w e l l w i t h the manufacturer's speci­

f i c a t i o n s , t a k i n g i n t o account t h a t the connectors and the s l o t c o n t r i ­

buted small amounts of e x t r a l o s s . 

S i m i l a r l y , the a t t e n u a t i o n constant ot behaved i n much the same 

way, i n d i c a t i n g an increase w i t h frequency. 

From observing the maxima and minima of the standing waves pro­

duced by e i t h e r a sho r t c i r c u i t , an open c i r c u i t or a c h a r a c t e r i s t i c 

impedance t e r m i n a t i o n , the conclusion i s t h a t no apparent i r r e g u l a r ­

i t i e s are present i n the l i n e . I n the case of the matched termi n a t i o n 

( F i g . 28 - Fig 30) one must allow f o r the f l u c t u a t i o n s as being the 

r e s u l t of the e f f e c t of the probe when measuring very low VSWRs. 

As mentioned p r e v i o u s l y i n the case of a low VSWR the l o c a t i o n of 

the maxima as w e l l as t h a t of the minima i s a f f e c t e d by the probe. 

This i s not however the case i n the short/open c i r c u i t c o n d i t i o n . 

Here, the minima are not a f f e c t e d by the presence of the probe (Fig.31 

Fig,33) r e s u l t i n g i n more uniform p a t t e r n s . As i t i s seen from the 

graphs, the l e v e l s . o f the maxima and minima are consistent and varying 

very l i t t l e f o r the e n t i r e l ength of the l i n e of d i f f e r e n t frequencies. 

These v a r i a t i o n s could be explained p a r t l y as being the r e s u l t of 

instrument d r i f t i n g e.g. the VSWR i n d i c a t o r , or inconsistency of power 

output from the generator. 

The amount o f power absorbed by the probe was considerably im­

proved as a r e s u l t of the m o d i f i c a t i o n s o u t l i n e d i n chapter 5. As 

seen from F i g . 36 the coupling i s not constant but instead i t varies 

w i t h frequency. One explanation f o r t h i s , could be tha t a t some f r e ­

quencies the t u n i n g i s more e f f i c i e n t than a t some others. This might 

be the r e s u l t of the short c i r c u i t s being more e f f e c t i v e at c e r t a i n 

p o s i t i o n s i n the tu n e r s , thus r e f l e c t i n g more of the input s i g n a l 
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power. Another explanation i s t h a t the stub being a t a f i x e d distance 

from the probe i s more e f f e c t i v e f o r frequencies whose wavelengths 

happen t o be the c o r r e c t f r a c t i o n of t h a t distance. An attempt was 

made t o c a l c u l a t e the required stub l o c a t i o n unsuccessfully since 

not a l l the frequencies of i n t e r e s t could be considered. 

S i m i l a r l y the detecto r module was found t o have an input VSWR 

of approximately 3:1, which would suggest t h a t depending on frequency 

a v a r y i n g amount o f power would reach the diode thus c r e a t i n g an incon-

s i s t a n t c o u p l i n g . However, these v a r i a t i o n s seem acceptable i n view 

of the f a c t t h a t s l o t t e d l i n e s l i k e the GR-874LBB produced s i m i l a r 

r e s u l t s . A coupling, from -35 dB t p -14 dB, of maximum probe depth, 

can s t i l l provide s u f f i c i e n t power f o r measurements using s e n s i t i v e 

apparatus, l i k e the spectrum analyser and the VSWR i n d i c a t o r . 

6.5 FUTURE WORK AND RECOMMENDATIONS 

O v e r a l l , the design may be considered successful i n that i t may 

be used as a general purpose s l o t t e d l i n e . However, w i t h some improve­

ments i t can be used i n s p e c i f i c a p p l i c a t i o n s where a high degree 

of accuracy i s e s s e n t i a l . 

P r e c i s i o n connectors such as the APC-7 type would g r e a t l y improve 

the performance of the s l o t t e d l i n e i n terms of power loss and r e s i d u a l 

VSWR r e d u c t i o n . The SMA type connector used, although adequate, proved 

troublesome, i n c o n s i s t e n t , and not mechanically robust enough, f o r 

the numerous ma t i n g s i . t h a t s l o t t e d l i n e connectors have t o undergo. 

As mentioned before the innova t i o n i n t h i s p a r t i c u l a r design 

was the use of s e m i - r i g i d d i e l e c t r i c f i l l e d cable. Therefore, one 

i s advised t o choose one of high q u a l i t y and approach manufacturers 
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t h a t supply lengths produced s p e c i f i c a l l y w i t h i n very close tolerances 

f o r conductor c o n c e n t r i c i t y and s t r a i g h t n e s s . Although they do charge 

e x t r a f o r i t , the advantages more than balance the cost. 

Discussing the c a r r i a g e i n sec t i o n 4.2 i t was mentioned t h a t 

i t was made from duralumin, a choice based purely on raachinability, 

d u r a b i l i t y and the f a c t t h a t being a l i g h t metal would not c o n t r i b u t e 

added weight t o the s l o t t e d l i n e . T h e o r e t i c a l l y , however, duralumin 

i s not a very good conductor and t h i s a f f e c t e d the amount of power 

t r a n s f e r r e d from the probe t i p t o the detector. A brass, or s t e e l 

c a r r i a g e w i t h the probe path s i l v e r plated would be more acceptable 

and i n a d d i t i o n i t would provide, the added s t r e n g t h t o withstand the 

te n s i o n from the t i g h t e n i n g of the l o c k i n g nut on the probe depth 

a d j u s t e r . 

The coupling could be f u r t h e r improved by inc o r p o r a t i n g some 

ki n d of double t u n i n g system. This would r e q u i r e not only the plunger 

i n the tuner t o be movable but the detector module as w e l l . This 

means t h a t f o r any frequency the diode should be "tuned" i n terms 

of distance from the probe so t h a t maximum power t r a n s f e r i s achieved. 

This could be done by r e p l a c i n g the probe u n i t w i t h a length 

of s e m i - r i g i d cable s i m i l a r t o t h a t used i n the s l o t t e d section of 

the l i n e . This would then be shaped a t one end, so tha t the inner 

conductor was exposed, and protruded through the undercarriage t o 

act as the probe. The other end would be extended through the adjustor 

mechanism and f i t t e d w i t h an appropriate connector, to which the tuner 

would be attached. The s e c t i o n of cable between the carriage top 

and the tuner would then be s l o t t e d exposing the inner conductor onto 

which a connector of the extended receptacle type could be attached, 

t o provide the output t o the de f e c t o r . The whole arrangement could 
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be encased i n an appropriate metal sleeving t o eliminate possible 

r a d i a t i o n leakages; t h i s o f f e r s the added advantage of replacing the 

SMA probe u n i t w i t h cable capable of operating a t high frequencies 

w i t h minimal e x h i b i t i o n o f l o s s . 

Following these m o d i f i c a t i o n s a s l o t t e d l i n e of e x c e l l e n t p e r f o r ­

mance could be produced, f o r a l l types of research a p p l i c a t i o n s , being 

f a i r l y easy to c o n s t r u c t and inexpensive enough to s a t i s f y the aims 

of the p r o j e c t . 
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