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Microwave L a t t i c e Mixers a t 4 . 5 GHz 

J.R. Emmett Ph.D. T h e s i s U n i v e r s i t y of Durham 1974 

ABSTRACT 

The theory, development and c o n s t r u c t i o n i s d e s c r i b e d , of a 

type o f microwave mixer which has a v e r y good n o i s e performance due 

to a low co n v e r s i o n power l o s s . The c o n d i t i o n s under which t h i s 

performance i s obtained are d e r i v e d from a theory based on p r a c t i c a l 

diode laws and o p e r a t i n g c o n d i t i o n s . The e f f e c t of in p u t and output 

t e r m i n a t i o n s on the con v e r s i o n power l o s s a r e then a n a l y s e d , and the 

o p e n - c i r c u i t image r e j e c t i o n type i s shown t o be capable of the b e s t 

performance. 

R e a l i s a t i o n of the o p e n - c i r c u i t image t e r m i n a t i o n i s d i f ­

f i c u l t a t microwave f r e q u e n c i e s because of l o s s e s i n v o l v e d i n the 

p a s s i v e i n p u t network. P a r t 1 of t h i s t h e s i s concerns the theory 

and development of a new type of T.E.M. mode c a v i t y e s p e c i a l l y s u i t e d 

t o these c o n d i t i o n s . Performance of the c a v i t y i s a n a l y s e d u s i n g 

lumped e q u i v a l e n t c i r c u i t s , and the r e s u l t s confirmed on a 400 MHz 

experimental c a v i t y . A double-balanced system i s then d e s c r i b e d , 

w i t h a new type of frequency independent phase i n v e r s i o n . T h i s 

combination i s shown t o s u i t the requirements o f t h e type of mixer 

c o n s i d e r e d , and a t o t a l of s i x experimental mixers a t 4 . 5 GHz a r e 

c o n s t r u c t e d u s i n g t h i s type of c a v i t y . The r e s u l t s obtained a r e 

shown to be i n accordance w i t h the t h e o r i e s put forward, and n o i s e 

measurements a r e used to support the v a l u e s f o r co n v e r s i o n power 

l o s s put forward. 

I n the l a s t chapter, the p r a c t i c a l and commercial i m p l i c a ­

t i o n s of a high performance mixer a t microwave f r e q u e n c i e s a r e 

co n s i d e r e d , e s p e c i a l l y w i t h regard t o the i n t e r m e d i a t e frequency 

a m p l i f i e r d e s i g n . 
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PREFACE 

The two p a r t s of t h i s t h e s i s r e p r e s e n t the two connected p r o j e c t s 
undertaken a t Durham i n the p e r i o d 1969-74. 

The f i r s t p r o j e c t was s t a r t e d as a p a r t - t i m e M.Sc. with the 

g e n e r a l t i t l e of " S t r i p t r a n s m i s s i o n l i n e s . " The b a s i s of the mixer 

theory to be used l a t e r had j u s t been l a i d down, and experimental 

v e r i f i c a t i o n was moving from mixers a t a few hundred k i l o h c r t z , to a 

lumped component 1.5 G i g a h e r t z v e r s i o n . The l a t e r mixer used some of 

the f i r s t g l a s s e n c a p s u l a t e d S c h o t t k y - b a r r i e r diodes a v a i l a b l e . Although 

the r e s u l t s obtained were good, i t was obvious t h a t any commercial 

mixer working a t t h i s frequency or higher c o u l d not employ the t i n y , 

c r i t i c a l l y a d j u s t e d , f i l t e r s and t r a n s f o r m e r s . The answer seemed to 

l i e , a t the time, i n the use of p r i n t e d s t r i p l i r . e components. However, 

a f t e r some p r a c t i c a l e x p e r i e n c e of s t r i p l i n e a t Microwave Instruments 

L t d . , and d i s c u s s i o n w i t h other workers i n t h i s f i e l d , problems of 

l o s s and c o m p a t i b i l i t y became obvious. 

The frequency f o r the next experimental mixer was e s t a b l i s h e d 

a t 4.5 GHz because of i n t e r e s t i n d i r e c t t e l e v i s i o n r e c e p t i o n from the 

g e o s t a t i o n a r y s a t e l l i t e s which use an atmospheric t r a n s m i s s i o n "window" 

i n t h i s frequency r e g i o n . The use of such a mixer i n space v e h i c l e s 

was a l s o c o n s i d e r e d , and so s i z e as w e l l as commercially r e p e a t a b l e 

r e s u l t s was important. A n c i l l i a r y p r o j e c t s f o r the 4.5 GHz mixer were 

concerned w i t h diode e v a l u a t i o n and measurements (which l e d to the 

p a r a s i t i c theory m o d i f i c a t i o n s used h e r e ) , and a l s o work on l o c a l 

o s c i l l a t o r s o u r c e s . One e a r l y experimental d e v i c e i n the l o c a l o s c i l ­

l a t o r p r o j e c t was a 3..5 to 4.5 GHz v a r a c t o r m u l t i p l i e r . S i z e d i c t a t e d 

the use of TEM mode components and f o r mechanical convenience a cap-

a c i t i v e l y coupled input with a loop output was used on the r e s o n a t o r s . 

C o n s t r u c t i o n was a h y b r i d s t r i p l i n e - c a v i t y arrangement, although lower 



l o s s a i r s p a c e d c o a x i a l p a r t s were used l a t e r . The unusual p o i n t 

about these r e s o n a t o r s was the twin resonance, the expected one when 

the l i n e was a q u a r t e r of a wavelength long, and the other when the 

l i n e was s l i g h t l y s h o r t e r . Now, the s h o r t - c i r c u i t e d t r a n s m i s s i o n 

l i n e e x h i b i t s an i n d u c t i v e r e a c t a n c e when s l i g h t l y s h o r t e r than a 

q u a r t e r wavelength, and t h i s could have reson a t e d w i t h the end c o u p l i n g 

c a p a c i t a n c e . I f so, i t was reasoned t h a t t h i s p s e u d o - s e r i e s resonance 

would p r o v i d e the image r e j e c t i o n f i l t e r r e q u i r e d f o r the mixer. I t 

•iron became apparent t h a t t h e r e was v i r t u a l l y no q u a n t i t a t i v e informa­

t i o n on TEM mode c a v i t y c o upling i n the l i t e r a t u r e , s i n c e the easy 

adjustments which may be made i n the c o a x i a l arrangement, allowed the 

use of e m p i r i c a l methods. The mixer p r o j e c t r e q u i r e d more a c c u r a c y , 

s i n c e not only was t h e r e impedance matching to be done, but a l s o ; 

f i l t e r i n g of some ac c u r a c y . 

Work on the theory of the end-loaded c a v i t y took n e a r l y a y e a r , 

although a few mathematical problems l i n g e r e d on u n t i l l a t e r . A t e s t 

c a v i t y a t 400 MHz bore out the main p o i n t s and confirmed the s u i t ­

a b i l i t y of the arrangement f o r the mixer f r o n t end. I n 1971 an S.R.C. 

award was obtained t o work on the 4.5 GHz mixer, and the d e s i g n of 

the balanced f r o n t end was s t a r t e d u s i n g end-loaded c a v i t i e s . The 

problem was to o b t a i n the phase i n v e r s i o n r e q u i r e d f o r balanced 

o p e r a t i o n . By r e v e r s i n g the c u r r e n t flow i n the input c o u p l i n g loop, 

a phase r e v e r s a l was obtained i n one c a v i t y , and the double c a v i t y 

system w i t h a f i g u r e 8 i nput c o u p l i n g was c r e a t e d . S u i t a b l e Schottky 

b a r r i e r diodes were by now becoming a v a i l a b l e f o r the 4.5 GHz mixer. 

Matching t h e s e i n t o quads was s u r p r i s i n g l y d i f f i c u l t due to the almost 

i n v i s i b l e s i z e of the unencapsulated d e v i c e s . Once the measurements 

had been made, the l a r g e parameter spreads of the e a r l y examples 

made matching d i f f i c u l t , a s d i d the i n e v i t a b l e l o s s e s due to damage 



to the v s r y vunerabla exposed j u n c t i o n a r e a s . I n i t i a l r e s u l t s were 

g i v e n a t the European Microwave Conference i n Stockholm, and a copy 

of t h i s paper i s i n c l u d e d i n the Appendix. 

Encouraged by the s u c c e s s of t h i s model, l a t e r v e r s i o n s were 

produced with n e a t e r e n g i n e e r i n g and a p r i n t e d s u b s t r a t a c o n t a i n i n g 

the diodes and a s s o c i a t e d components. T h i s gave the r e q u i r e d t h r e e 

dimensional symmetry, and w i l l i t i s hoped, pave the way towards an 

i n t e g r a t e d system i n c o r p o r a t i n g a low n o i s e balanced I . F . a m p l i f i e r 

as w e l l . Measurements on l a t e r mixers supported the input and output 

c a l c u l a t i o n s from the theory, which i t s e l f was modified to i n c l u d e 

the e f f e c t of diode p a r a s i t i c s and i m p e r f e c t image r e j e c t i o n . The 

b e s t r e s u l t s were obtained u s i n g diodes only a v a i l a b l e v e r y r e c e n t l y , 

and c o n s i s t i n g of an i n t e g r a t e d quad of s i l i c o n Schottky b a r r i e r 

diodes (mixer 6 ) . T h i s i s most encouraging from the p o i n t of view 

of the i n t e g r a t i o n i n the f u t u r e , of not only d i o d e s , but a l s o the 

c a p a c i t o r s and p o s s i b l y the I . F . a m p l i f i e r . The r e s u l t of t h i s 

c o u l d be to extend mixer performance i n t o a r e g i o n where a t p r e s e n t 

only bulky and bandwidth r e s t r i c t i n g R.F. a m p l i f i e r s can compete. 
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PART I THE END-LOADED CAVITY 

1. I n t r o d u c t i o n 

I n many microwave a p p l i c a t i o n s t h e r e a r e problems i n v o l v e d i n 

impedance matching between s o l i d s t a t e a c t i v e d e v i c e s and the p a s s i v e 

c i r c u i t s . I n the p a s t , thermionic c o u n t e r p a r t s of these a c t i v e d e v i c e s 

could u s u a l l y be designed w i t h impedance v a l u e s to f i t a p a r t i c u l a r 

c i r c u i t , but the impedance r e l a t i o n s h i p s of s o l i d s t a t e d e v i c e s are 

determined i n t r i n s i c a l l y , and any d e v i a t i o n would d e t e r i o r a t e the p e r ­

formance. Consequently many p r a c t i c a l c i r c u i t s are operated v e r y 

i n e f f i c i e n t l y due to mismatches. 

I n mixer a p p l i c a t i o n s t h e r e i s a need f o r an e f f i c i e n t frequency 

c o n v e r s i o n , not only to obtain a match between the d e v i c e and the r e s t 

of the c i r c u i t , but a l s o to provide f i l t e r i n g . Due to the non i d e a l 

nature of components, a means of adjustment i s a l s o needed to optimise 

the performance. I n t h i s r e s p e c t we a r e concerned i n P a r t 2 wi t h a 

double-balanced mixer u t i l i s i n g four semiconductor diodes connected i n 

a l a t t i c e c o n f i g u r a t i o n . 

I n t h i s type of mixer a balanced system was r e q u i r e d which would 

provide a f i l t e r , together w i t h impedance t r a n s f o r m a t i o n . I t was decided 

because of high Q p o s s i b i l i t i e s a t microwaves, to use a resonant c o a x i a l 

c a v i t y as the f i l t e r network.^ I n i t i a l l y a c o a x i a l c a v i t y had to be con­

s t r u c t e d which would a c t as a s e r i e s r e s o n a n t c i r c u i t . ^ ' The r e s u l t 

was the end loaded resonant c o a x i a l c a v i t y . 

^ I t i s w e l l known t h a t a c o a x i a l t r a n s m i s s i o n l i n e of j u s t under a 
q u a r t e r wavelength long, shorted a t one end and comp a r a t i v e l y term­
i n a t e d a t the other, w i l l behave as a resonant element. I n the u s u a l 
a p p l i c a t i o n , because of the way i n which the cou p l i n g s a r e i n t r o ­
duced, such a c o a x i a l c a v i t y can be r e p r e s e n t e d as a p a r a l l e l 
r esonant c i r c u i t . 

T h i s v/as ac h i e v e d by using the c a v i t y resonance c a p a c i t a n c e a l s o a s 

the c o u p l i n g element t o ^ ^ ^ ^ ^ r ; ' 7 s v ^ 
1 3 OCT 1975 J 
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The theory of t h i s c a v i t y i s p r e s e n t e d i n Chapter 3, and the 

experimental r e s u l t s i n Chapter 4. F i n a l l y the i d e n t i c a l end loaded 

c a v i t i e s were combined to form a balanced system which i s a p a r t of 

the l a t t i c e mixer. 

I n p r a c t i c e the parameters of any c a v i t y end a s s o c i a t e d 

c o u p l i n g networks a r e o f t e n chosen a r b i t r a r i l y , and the i n f o r m a t i o n 

a v a i l a b l e on the theory of the end loaded c a v i t y i s l i m i t e d . I n 

our a p p l i c a t i o n a more r i g o r o u s approach was n e c e s s a r y , and so 

e q u i v a l e n t c i r c u i t s a r e proposed, based on the p h y s i c a l dimensions 

of the c a v i t y and c o u p l i n g s . The c i r c u i t s can then be a n a l y s e d f o r 

optii.-.um o p e r a t i o n a l c o n d i t i o n s i n the normal way. The t h e o r e t i c a l 

d e r i v a t i o n s obtained a r e compared i n Chapter 4 with experimental 

r e s u l t s on low frequency c a v i t i e s , before the 4.5 Gl-Iz c a v i t i e s used 

f o r the mixer i n P a r t 2 a r e d e s c r i b e d . 

2. General P r o p e r t i e s of Resonant C a v i t i e s 

2.1 H i s t o r i c a l Background 

The h i s t o r y of the r a d i o waves has been one of i n c r e a s i n g 

frequency, advanced t o a l a r g e e x t e n t by overcrowding of the lower 

end of the spectrum. I t i s not s u r p r i s i n g , t h e r e f o r e , t h a t the 

h i s t o r y of the c a v i t y r e s o n a t o r a t microwave f r e q u e n c i e s i s a f a i r l y 

s h o r t one. 

Long l i n e s were, of course, used over a century ago i n the 

f i e l d of e l e c t r i c a l communications, but without any c l e a r conception 

c f t h e i r behaviour under A.C. c o n d i t i o n s . Soon a f t e r the commercial 

development of t e l e g r a p h systems i n the e a r l y 1840's, i t became 

obvious t h a t the t r a n s m i s s i o n i n propagation was not f u l l y e x p l a i n e d 

by the D.C. theory of the time. I n 1855 Lord K e l v i n 1 introduced 

c a p a c i t y and l o s s r e s i s t a n c e i n t o the theory. T h i s was w i t h r e f e r e n c e 



- 3 -

to a c o n c e n t r i c undersea c a b l e . Land l i n e s of the time were, however, 

a s i n g l e l i n e a g a i n s t e a r t h type, and i n d u c t i v e e f f o r t s predominated. 
2 

K i r c h o f f mcide an attempt a t t h i s a n a l y s i s i n 1857. The big jump i n 

t r a n s m i s s i o n l i n e i n t e r e s t came i n the 1880's w i t h the i n t r o d u c t i o n 

of the telephone. T h i s r e q u i r e d a much higher bandwidth than the 

t e l e g r a p h and hence a b e t t e r understanding of the t r a n s m i s s i o n l i n e . 
3 

The immediate problems were s o l v e d by Heavyside i n 1886, although he 

only c o n s i d e r e d the forward wave. About t h i s time, the theory of 

e l e c t r o m a g n e t i c r a d i a t i o n was formulated c u l m i n a t i n g i n Maxwell's 

equations. With t h i s i n f o r m a t i o n a v a i l a b l e around the t u r n of the 
4 

century, D.D. Thompson and o t h e r s produced the p r e s e n t day theory 

of t r a n s m i s s i o n l i n e s , i n c l u d i n g r a d i a t i o n e f f e c t s and resonance 

p o s s i b i l i t i e s . 

About t h i s p e r i o d , the e a r l y e l e c t r i c a l experimenters were 

concerned v.'ith waves of thousands of metres wavelength, but the 

foundations of s h o r t wavelength theory were being l a i d down i n the 

a c o u s t i c a l f i e l d . The low propagation v e l o c i t y of sound waves gave 

wavelengths of a few c e n t i m e t r e s f o r f r e q u e n c i e s i n the a u d i b l e 

range. The a u d i b l e and o f t e n v i s i b l e e f f e c t s a s s o c i a t e d w i t h these 

waves were q u i t e an advantage from the p o i n t of view of g e n e r a t i o n 

and d e t e c t i o n before e l e c t r o n i c d e v i c e s were a v a i l a b l e . 

The e a r l i e s t work on resonant c a v i t i e s was done by the e a r l y 

organ b u i l d e r s . The p h y s i c i s t s continued t h i s work around the t u r n 

of the c e n t u r y ^ and a whole range of e a s i l y r e c o g n i s e d a c o u s t i c 
6 

analogues of microwave systems were produced . Although i n t e r e s t 

i n t h e o r e t i c a l a c o u s t i c r e s e a r c h soon l a p s e d , c e r t a i n types of 

r e s o n a t o r are s t i l l o f g r e a t i n t e r e s t today. I n p a r t i c u l a r , an 

analogue of the end loaded c a v i t y i s used i n loudspeaker c a b i n e t s . 

T h i s i s used to match the high a c o u s t i c a l impedance of the a i r by 
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means of a low Q resonance i n the 30-100 Herz region. This was 
7 

f i r s t t h e o r e t i c a l l y described, I believe, by Jordan and has the 

advantage, as does i t s microwave counterpart, of negligible higher 

spurious resonances due to the poor impedance match of these to the 

a i r . The advantage over the common Helmholtz (Bass Reflex) system 

i s that of an e a s i l y adjusted impedance match, exactly as with the 

microwave counterpart. 

When the radio experimenters were r a i s i n g frequencies i n the 

1920's they used a resonant transmission l i n e system i n the form of 

"Lecher" l i n e s for d i r e c t wavelength measurement. As a resonator, 

however, t h i s type of l i n e would have been very lossy due to radiation 
and non-optimum c h a r a c t e r i s t i c impedance. In 1935 two papers were 

8 9 

published ' which f i r s t described p r a c t i c a l waveguides, and j u s t 

two years l a t e r W.W. Hansen"1"0 published the basic paper on micro­

wave cavity resonators. In recent years the design of cavity 

resonators has progressed into the op t i c a l region of the spectrum 

where the wavelength involved i s far too small for a p r a c t i c a l 

cavity to be made employing conventional theory. Any p r a c t i c a l 

system must use a very high order mode of resonance and there i s 

considerable d i f f i c u l t y i n separating a usable mode from others close 

together i n frequency. In 1958 Schaulow and Townes"*"̂ " pointed out 

that removing the sides of a resonator would eliminate many modes 

by radiating them. Whether there would be any usable modes l e f t 
12 

was i n some doubt u n t i l Fox and L i published a computer simulation 

of t h i s type of cavity i n 1961. This type of cavity made Laser and 

Maser systems possible, and at present the frequencies of these 

are pushing into the near u l t r a - v i o l e t region. 



2.2 Fundamental P r i n c i p l e s 

The two fundamental features of a microwave resonant cavity 

are: -

( i ) The physical s i z e depends on the wavelength involved, and 

( i i ) the electromagnetic f i e l d s are t o t a l l y confined within con­

ducting walls, except where i t i s desired to radiate the energy. 

I n fact the second feature i s an e s s e n t i a l property of a cavity, 

since any c i r c u i t element of a s i z e comparable with the wavelength 

involved w i l l lose energy by radiation. The understanding of the 

operation of such a cavity i s complicated by the fac t that the lumped 

elements of the equivalent low frequency resonant c i r c u i t (inductance 

and capacitance), lose t h e i r v a l i d i t y . I t i s even possibly incorrect 

to use the word c i r c u i t with reference to a cavity. 

There are two ways out of t h i s complicated s i t u a t i o n . We can 

abandon attempts to describe c i r c u i t s i n terms of a voltage, a current 

and an impedance, and r e s t r i c t ourselves to the quantities occurring 

i n the equations of the electromagnetic f i e l d , i . e . Maxwell's 

equations. Although i t v/ould be easy to state the problem t h i s way, 

the solution would be d i f f i c u l t . An a l t e r n a t i v e i s to consider only 

the external c h a r a c t e r i s t i c s of the cavity; i t s behaviour as a 

c i r c u i t element. V7e must i n t h i s case include the elements that 

couple the cavity to the r e s t of the c i r c u i t , and then t r e a t i t as 

a one or two terminal p a i r network. Any cavity resonator i s inherently 

a very complex network, i t has an i n f i n i t e number of natural frequencies 

of o s c i l l a t i o n , and what i s more, i t may be excited i n more than one 

mode. I f we can arrange to have only one resonance i n the frequency 

band of i n t e r e s t , however, the analysis of the cavity resonator i s 

considerably simplified, and t h i s method has formed the basis of 

most considerations i n the past. 
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2.3 Theoretical Relations of a Coaxial. Resonant Cavity 

In tha frequency bands up to 10 GHz, where waveguide systems 

were used, there are increasing demands for larger bandwidths and 

greater miniaturisation, and so the use of TEM mode transmission 

l i n e s i s becoming e s s e n t i a l , despite the higher losses incurred 

compared to waveguide. Of the available TEM mode resonators com­

patible with t h i s type of transmission l i n e , the coaxial form offers 

the advantages of t o t a l screening and the lowest l o s s . 

This type of resonator consists of a length of coaxial l i n e 

r e f l e c t i v e l y terminated a t botli ends. The length i s therefore 

governed by the e l e c t r i c a l length at resonance, and i s normally a 

multiple of a quarter wavelength. The designer has the choice of 

shape, cross s e c t i o n a l s i z e and c h a r a c t e r i s t i c impedance. The shape 

can be chosen for p r a c t i c a l convenience, but the s i z e should be such 

that no modes other than TEM can be supported. This usually involves 

cross section dimensions much l e s s than a half wavelength. The 

c h a r a c t e r i s t i c impedance can be chosen to be an optimum with respect 

to several d i f f e r e n t parameters. The most important of these i n most 

cases i s minimum los s at resonance (highest Q valu e s ) . I t i s important 

to r e a l i s e that t h i s condition i s not r e a l i s e d by optimising for the 

minimum A.C, resistance of the l i n e which occurs when the inner and 

outer conductors are of the same diameter ( i . e . c h a r a c t e r i s t i c 

impedance Zo=0). The attention constant of the l i n e alone determines 
14 

the loss of the resonator 

I f we consider a coaxial l i n e of inner conductor diameter = d, 

and outer conductor inner diameter = D:-
A.C. resistance R i s proportional to 

+ (1) 



and the attenuation constant 

a = -rf- (2) 
2Zo 

We know that for c i r c u l a r conductors:-

Zo = 138 l o g ] o (|) 

therefore:-

4 • b 
l o g i o 

where K i s a constant of proportionality. 

Minimising equation (3) with respect to D/d, we find 

an optimum value of Zo of approximately 77 ohms. As the conductor 

diameter r a t i o drops below t h i s minimum = 3.592), the l i n e 

resistance R continues to decrease, but the current required to 

transmit the same power increases at such a rate that the power 

loss i s greater. For a low loss resonator, therefore, i t i s 

advisable to design for a c h a r a c t e r i s t i c impedance somewhere between 

40 and 100 ohms. 

2.4 Impedance Analysis 

For mathematical s i m p l i c i t y in developing t h i s a n a l y s i s , 

the method of equivalent lumped elements i s used. In the proposed 

equivalent c i r c u i t , each cavity and coupling i s replaced with lumped 

element impedances which are of known magnitude and frequency 

dependence. To do t h i s on a rigorous basis i t i s necessary to know 

the f i e l d d i s t r i b u t i o n of a coupled cavity at a l l frequencies, 

However for coupled c a v i t i e s with high Q values, the coupling does 

not s i g n i f i c a n t l y change the normal f i e l d d i s t r i b u t i o n which may be 

found for simple shapes by solving the boundary conditions i n 

Maxwell's equations. 
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The problem of finding the impedance function of a cavity 

and associated coupling system j s s i m i l a r to that of an n-mesh two 

terminal c i r c u i t (assumed l o s s l e s s ) . This can be analysed using 

Foster's theorem, producing an input impedance that i s purely 

imaginary, with poles and zeros alternating along the frequency 

a x i s . Two networks may be said to be equivalent i f t h e i r poles and 

zeros correspond, and impedances are the same at any single non-

resonant frequency. Two such equivalent c i r c u i t s with poles at 

w = 0 and w = 0 0 are shown i n F i g . l . At the frequency close to one 

of the poles (w = w ) we may approximate to the c i r c u i t by lumping 

together a l l non-resonant elements into one, as shown i n Fig.2. 

This i s allowable i f the cavity resonance i s the only one i n the 

frequency band under consideration. I n the case of a coaxial 

resonator used at the fundamental mode corresponding to the f i r s t 

pole of the equivalent c i r c u i t , the next resonance w i l l be at twice 

or three times the fundamental and so may be ignored for the purposes 

of t h i s a n a l y s i s . As an example, a short c i r c u i t e d TEM mode trans­

mission l i n e resonator i s analysed i n Appendix 1. The error produced 

by lumping together elements i s i l l u s t r a t e d i n Fig.3 where an 

admittance plot i s given for one, f i v e and i n f i n i t y elements. Close 

to the f i r s t pole i t can be seen that taking only one element i n t r o ­

duces negligible error for the p r a c t i c a l application of t h i s type 

of a n a l y s i s . 

2.5 F i l t e r Properties 

I f the element values of the equivalent lumped c i r c u i t 

of a cavity resonator are known, i t becomes possible to design the 

required f i l t e r network (normally of the band-pass pattern) ^'. 

The usual s t a r t i n g point i s a normalised low-pass prototype from 
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E q u i v a l e n t c i r c u i t s f o r an n-mesh 2 p o l e w i t h 
poles; a t w - 0 and °°. 

Impedance form 
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A d m i t t a n c e form 
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C u r v e s showing e x a c t form of a d m i t t a n c e f u n c t i o n 
and two a p p r o x i m a t i o n s . 



which a bandpass system may be evolved . Except for s p e c i a l 

applications, transmission c h a r a c t e r i s t i c s usually f a l l into one 

of two types, maximally f l a t or chebyshev response. For a given 

number of f i l t e r sections, the chebyshev system offers the highest 

out-of-band attenuation, but has the penalty of pass band r i p p l e . 

Reducing t h i s ripple reduces the out of band attenuation, and i n 

the l i m i t a maximally f l a t type of response r e s u l t s . This response 

i s defined as having the largest number of response derivatives 

equal to zero at the centre frequency, and i t corresponds to c r i t i c a l 

coupling betv/een c a v i t i e s . The equivalent c i r c u i t of a cavity 

depends to a large extent on the method of coupling and t h i s may 

be divided into three types for the coaxial cavity. These are loop 

(magnetic f i e l d ) , coupling, probe ( e l e c t r i c f i e l d ) coupling or a 

combination of both which w i l l be c a l l e d d i r e c t coupling. As an 

example, the lumped component equivalent c i r c u i t s for these 

coupling methods are given i n Fig.4 for a f i l t e r consisting of 

three c a v i t i e s . The networks have equal input and output impedances, 

but i t i s important to note that any single cavity i s not normally 

a r e c i p r o c a l network, as i t forms a so c a l l e d half section of the 

f i l t e r . The impedance values and coupling parameters of such a 

hal f - s e c t i o n must be derived d i r e c t l y from the physical character­

i s t i c s of the cavity, before a f i l t e r can be constructed. This w i l l 

be done l a t e r for the end loaded coaxial cavity, for which the 

hal f - s e c t i o n equivalent c i r c u i t s are given i n Fig.5. 

2.6 Energy Storage 

In general the electromagnetic energy i n a cavity at 

resonance i s stored in the e l e c t r i c and magnetic f i e l d s . The amount 
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stored i n each f i e l d w i l l vary during the cycle, but t h e i r summation 
19 

i s always equal to the t o t a l energy content of the cavity . It 

cavity loaded Q i s reasonably high, the rate of stored to 

dissipated energy i s high, and the average magnetic f i e l d density 

i s equal to the average e l e c t r i c f i e l d density over a cycle. At 

two instants i n the cycle the energy w i l l be e n t i r e l y i n the f i e l d , 

and at two other instants the energy w i l l be e n t i r e l y in the 

e l e c t r i c f i e l d . With t h i s knowledge we may calculate the t o t a l 

energy stored by finding the peak magnetic f i e l d energy. In a 

coaxial cavity, the magnetic f i e l d i s created by the o s c i l l a t o r y 

currents flowing i n the centre conductor, and i f these currents can 

be calculated, the energy stored may also be found. 

I f we consider a resonant coaxial l i n e of length x the 

energy stored i n a segment i s : -
6E 

where L = inductance per unit length 

I = current flowing i n segment. 

Therefore, t o t a l energy stored i n a length x i s : -

E 
r2 

Jo 

2 2TTX 
cos dx 

sin 29 9 + O 2TT 

where X l i n e wavelength o 

6 2TTX 
o 

Buti- L 

I o current at node point on l i n e . 
z o t — w h e r e Z i s c h a r a c t e r i s t i c l i n e impedance, and A f o o o 

f i s frequency. o 
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1 Z o "2 Therefore, E = - — — 1^ 
o 

G + \ s i n 20 o 2 o 

Normally under resonant conditions 0 i s near —- where n i s an 
o 2 

integer. 

Therefore we can say 
nZ i 2 

— - s " •' •• «> 
o 

where i i s the rms value of I o o 

2.7 Q Factor 

The n factor of a resonator may be defined as 

energy stored W x : : — r 

o energy dissipated 

The energy may be dissipated either in the losses inside the 

cavity or in the external c i r c u i t impedances to which the cavity 

i s coupled. I f there i s no energy dissipated outside the cavity, 

the Q factor i s known as the unloaded Q and i s a measure of the 

energy dissipated i n cavity losses. Obviously t h i s factor cannot 

be measured d i r e c t l y since the introduction of energy into the 

cavity and the resultant measurements v i o l a t e the condition of 

no external energy d i s s i p a t i o n . In most c i r c u i t s the cavity has 

a loaded Q value under working conditions which i s usually several 

times lower than the unloaded value. This i s to ensure that only 

a small f r a c t i o n of the energy dissipated i s l o s t i n cavity losses, 

and the majority i s available for use i n the associated c i r c u i t s . 

I n the previous section we have calculated the energy stored i n a 

short c i r c u i t e d transmission l i n e of length . To calculate the 
4 

loaded Q factor we need to know the energy dissipated. We w i l l 

assume that a negligible amount i s l o s t i n the cavity for p r a c t i c a l 

convenience. 



I f the cavity i s coupled to m external c i r c u i t s of i n t e r n a l 

resistance R, , R . R„ .... R and in each c i r c u i t r.ra.s, currents 1 2 3 m 
i , , i„, i , .... i are flowing, the t o t a l power dissipated w i l l be:--1 2 3 m 

2 2 2 2 i . R + i R„ + i R_ i R 1 1 2 2 3 3 m m . 

and the loaded Q value Q w i l l be from equation ( 4 ) : -
±j 

u n Z i 2 

-5 2 _ 2 ( 5 ) 2 2 2 8f ( i R + i R„ + i R ) o i l 2 2 m m 

A sp e c i a l case of equation (5) i s obtained i f there i s only one 

c i r c u i t coupled into the cavity or i f there are two which are 

optimally matched to each other, and therefore d i s s i p a t i n g the same 

amount of power. i . e . : -

ir n Z / i \2 

(or half t h i s value for two matched c i r c u i t s ) 

(rrJ w h i c Here we have ectracted the factor ̂  -— J which may be regarded as 
V 

the transformer r a t i o of the coupling to the cavity. This factor 

w i l l l a t e r be used in coupling c a l c u l a t i o n s for the end loaded 

cavity, and also as an aid i n v i s u a l i s i n g equivalent c i r c u i t s . I n 

a lumped c i r c u i t i would be the current flowing through the 

inductance at resonate and i the current flowing through the load, 
i \2 

Thus^ —J i s in e f f e c t the r a t i o of the energy stored to the 

energy dissipated in the load, and thus d i r e c t l y proportional to 

Q value. 
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3.0 Theory of the End Loaded Cavity 

3.1 General 

Of the many possible forms of coaxial transmission l i n e 

resonator, the most common consists of a quarter wavelength 

(approximately) of l i n e with one end short c i r c u i t e d and the other 

end open c i r c u i t e d . I n the p r a c t i c a l case, the open c i r c u i t end 

of the l i n e has considerable short capacity due to fringing e f f e c t s , 

and also radiation loss from t h i s end must be taken into account. 

I f the end of the cavity i s screened to prevent t h i s radiation l o s s , 

more shunt capacity i s introduced, and the resonator now must be 

l e s s than a quarter wavelength long (inductive) to resonate with 

the lumped end capacity. 

By taking the end capacity not to earth but to an external 

connection, a d i f f e r e n t type of resonance response i s produced. 

The associated equivalent c i r c u i t at and near reasonance i s given 

i n Fig.6. In the following chapter t h i s resonance i s taken to be 

the fundamental which occurs when the l i n e i s near to one quarter 

wavelength long. The next resonances are at three quarters wave­

length and f i v e quarters wavelength and so on. The e f f e c t of these 

higher resonances w i l l be looked at i n Section 3.4. 

This then i s the end loaded coaxial cavity, (Fig.6A) and 

there are two stages to the p r a c t i c a l a n a l y s i s of i t s behaviour as 

a c i r c u i t element. In the next section, the resonator i s con­

sidered as a two terminal network, and in Section 3.3 an additional 

coupling i s introduced to form a four terminal network. 

3.2 Basic Relations 

The lumped equivalent c i r c u i t of a cavity resonator i s 

given in Fig.GB. This c i r c u i t meets a l l the requirements given 
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i n Section 2.4 for an equivalent c i r c u i t v a l i d for frequencies in 

the v i c i n i t y of the fundamental resonance. From t h i s c i r c u i t we can 

state the loaded Q at resonance:-
a) L / i \ 2 

From the stored energy i n a cavity resonator, Equation (6), Section 2.7 

gives the loaded Q in terms of cavity parameters. By equating these 

two values of Q and using the resonant frequency relationships, we 
i - i 

I f we substitute t h i s value back into Equation 6 and simplify the 
can find a value for^ —J i n terms of R^ and the cavity parameters. 

r e s u l t by considering values of Q greater than one:-
L 

4Z tan 29 
QL = ° ffR ° assuming QL > 1 (7) 

L 

This c a l c u l a t i o n i s covered i n Appendix 4. 

We now add a second coupling to the cavity. By finding the current 

flowing at resonance i n the second load with respect to i , we may 
c 

use the value ofp^we have j u s t found to determine the modified QL 

value of the re s u l t a n t , and also the input to output matching con­

di t i o n s . This w i l l now be done for three common forms of coupling. 

3.3 Input Coupling 

3.3.1 Loop Coupling 

A coupling loop i s inserted into the cavity at an e l e c t r i c a l 

length <|> degrees at resonance from the shorted end (Fig.7A). The 

lumped equivalent c i r c u i t (Fig.7B) i s a transformer of turns r a t i o f -— 
X 1 2 

This c i r c u i t i s redrawn as a T-equivalent and condensed by using 

Thevenins theorem (Fig.7D). The values of Re and Xe i n t h i s equiva­

lent c i r c u i t may be found i n terms of Rs, the mutual and the primary 

inductance values. 



0 
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Since the loop i s e n t i r e l y enclosed by the cavity i t can be 

assumed that the coupling c o e f f i c i e n t approaches unity. Also i n the 

p r a c t i c a l case, the r a t i o ̂  — ^ j w i l l be greater than unity. This 

allows certain s i m p l i f i c a t i o n s in the equations for Re and Ze, which 

are given in Appendix 2. Since the loop w i l l enclose a r e l a t i v e l y 

small area of the t o t a l cavity, i t can be assumed to l i e in an area 

of constant magnetic flux density H. The mutual inductance M can 

then be found since:-
A u H 

H = r ~ — 
^ 2 

Therefore Ap w cosd> 
X ° ° m 2ir t 

-7 

in MKS units w h e r e i s the permeability of free space (= 4n x 10 ) . 

The equivalence of Figs.7B and 7D means that the same power 

must be dissipated in Re and "Rs. 
2 2 

Therefore i Re = i„ R • and Appendix 2 gives Re = — — o 2 S R^ 
io 

So f i n a l l y -— may be stated i n terms of Rs, the resonant frequency 
1 2 

and the loop physical dimensions. 

I 2 - 8 IT m 
2 2A 0) cos* x 10 o 

For an optimum match between input and output of the four terminal 

resonator (F i g . 8 ) : -

1 L 2 S R^ \ i0' \ i 2 / 

Substituting from Equation 8 for ̂ "^"^) a n c* the value of ̂  ~ ^ from 
3 

Section 4.2 
-7 2 x. , 2, /. ,\ ^4 ui xlO A /4Z tan G -4R tan0 +R \ _ j ( A cos<b ) / o ) ( o o L o L l V s = \-T-^y {—;—-J V E -) 

' o 
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The "loop constant" & cor,<}> may be put into a more p r a c t i c a l r 
equation by using the value of Q from Equation 7:-

A CQ?i<j) _ 1 / s o 
4o) x 10 7 V 2 L / (9) 

o 

3.3.2 Probe Coupling 

The end loading of t h i s type of cavity i s , i n i t s e l f , a form 

of heavily overcoupled capacitive probe. The best way to t r e a t an 

additional coupling i s by combining i t with the f i r s t branch in 

p a r a l l e l . The combined branch components can then be used i n the 

equations of Section 3. Fig.9 shows how t h i s may be done but in the 

general case t h i s combination of branches w i l l produce an unmanageable 

expression for the resultant components. I f we can make one of two 

simplifying assumptions, however, the currents flowing i n each of 

the branches can be taken to be i n phase. The assumptions are that : 

either Q >> 1, or that the load resistances are of a si m i l a r value. L 

Taking t h i s to be the case, the expressions for R" and C" are as 

follows:-

C I I = C + C 

R1 ii *L (c+C 1) + (—) 
s Vc+cv 

R 

For an optimum match between R and R :-

Under which conditions:-

R1 I I L \c+c/ s Vc+c ) 2R 



? 
And 4Z tan G 4tan 0 

L ^R" it 1 

Where 
tan 0 = — ( R e s o n a n c e Condition) 

o to L o o 

3.3.3 Direct Coupling 

Direct coupling may be looked upon as a limiting case of 

loop coupling. In the usual form a r a d i a l tap i s made on to the 

centre conductor of the cavity (Fig.lOA). The auto-transformer 

type of equivalent c i r c u i t (Fig.lOB), can be treated exactly as 

the transformer case was in Section 3.3.1. The area of the magnetic 

flux enclosed by the tap i s that between the tap and the short c i r c u i t e d 

end of the cavity, bounded by the outer wall and the inner conductor. 

This area cannot be assumed to have constant flux density as was 

taken to be the case for the loop case. Integration i s therefore 

required i n the c a l c u l a t i o n for Xm. This c a l c u l a t i o n i s done in 

Appendix 3 and Fig.lOB shows the method used. 

Once the value of Xm i s obtained, the method of calculations 

follows exactly as for the loop case. The only difference i s that the 

coupling constant can be defined simply as s i n <|> , and other s i m p l i f i c a ­

tions are possible. Appendix 3 also gives these, and the r e s u l t i s : -
/ R TT 

Sin <f> = 1 s 

V oh 

Under optimum match conditions. 

3.4 Spurious Responses 
The fundamental resonant frequency of the cavity w i l l be given 

by:-
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from the transmission l i n e equations. The addition of the second 

coupling w i l l introduce a small error ( 6 f ) in f due to perturba-
o o 

tions of the normal cavity f i e l d d i s t r i b u t i o n : -

fif / X 3 

m f 1 2 7 
o / XT (R - X ) 

v L 0 S m 

i. e . upwards i n frequency. 

This e f f e c t i s small except for low values of Q , where the deviation 
Li 

i s of l e s s importance anyway. In most p r a c t i c a l cases stray reactance 

w i l l have a greater e f f e c t . 

The second resonance of the cavity w i l l occur when the lenqth 
3X 

i s approximately ——- . The energy stored (eqn.4) w i l l be three times 

as great as for the fundamental, but the Q w i l l be about one thi r d 
Li 

of the fundamental value, due to the modified value of u C. In the 
o 

case of the loop and d i r e c t couplings, t h i s w i l l cause a mismatch 

between input and output, the extent of which i s generally increased 

by the coupling parameters which also vary with frequency. I t i s , 

i n f a c t , t h e o r e t i c a l l y possible to ph y s i c a l l y arrange these couplings 

so that no coupling w i l l occur for a selected higher resonance. This 

could be arranged, for instance, by positioning a loop coupling a t a 

current antinode of the higher resonance. 

This type of cavity, then, offers a c e r t a i n degree of control 

over the spurious higher resonances, and since the lowest of these 

occurs at nearly three times the fundamental frequency, they may be 

ignored i n many p r a c t i c a l cases. 

4.0 P r a c t i c a l End Loaded Cavity 

4.1 Basic Design and Construction 

The cavity drawn in Fig.11 was b u i l t to t e s t the p r a c t i c a l 

accuracy of the end loaded system. The c h a r a c t e r i s t i c impedance (Z^) 
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was 86.5 ohms, chosen for low loss and dimensional convenience. 

The length of the inner conductor was 17 cm giving an 

approximate resonant frequency of 400 MHz. The end capacity C was 

adjustable between 0.35 and 10 picofarads and could be set to an 

accuracy of 0.05 p.f. using a d i a l on the plunger adjusting screw. 

While R. and R values were limited to 50 ohms by the a n c i l l i a r y 
Li S 

coaxial equipment available, the value of 0 q (the e l e c t r i c a l cavity 

length at resonance) could be varied by changing the frequency used. 

The coupling was inserted into the cavity through a longitudinal s l o t . 

This s l o t was placed where i t lay p a r a l l e l to the c i r c u l a t i o n currents 

flowing along the inside walls of the cavity. In t h i s position i t 

caused no appreciable energy leakage from the cavity, w h i l s t the 

coupling could be e a s i l y moved along the length of the s l o t . 

4.2 Measuring Techniques 

Apart from physical dimensions the chief measurements to be 

made are those of frequency and attenuation. The c i r c u i t Q may be 

found by the half-power-points method, and the optimum match con­

dit i o n s determined by finding the point of minimum insertion loss 

of the f i l t e r arrangement. This minimum value of i n s e r t i o n l o s s , 

i n conjunction with the loaded Q, gives the unloaded Q of the cavity, 

which i s a measure of the i n t e r n a l cavity l o s s : -

/ Ql\ 
Min Insertion loss = 20 l°g^ 0 f 1 ~ Q~~ I (in dB) 

The attenuation i s derived from power measurements made in a 50 ohm 

system using a thermistor type of power meter. 

By measuring the centre conductor length i n the cavity with 

the plunger f u l l y withdrawn, a value can be obtained from the resonance 
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relationship for the re s i d u a l value of the end capacity C:-

„ = 1 
^ w Z tan 6 

o o o 

where u> i s the resonant angular frequency. The accuracy of t h i s o 
resonant frequency was checked using a cavity frequency meter on the 

harmonics produced by the source, enabling a large degree of accuracy 

to be obtained. 

With a value for the residual and capacity, the capacitor can 

be f u l l y calibrated (Fig.12) using a low frequency bridge method. 

The value of 8 , the e l e c t r i c a l length of resonance, can then be found o 
from the value of C at resonance and the frequency. This method of 

finding G eliminates errors that could occur in estimating the actual o 
physical length of the inner conductor when part of i t i s forming the 

2 
end capacitor. Since 0 occurs i n the C) equation as tan G errors 

o L o 
i n t h i s near to 90° are quite important. A plot of u C against 0 

o o 
i s given i n Fig.13 for several values of Z . 

o 

4.3 Experimental Results 

4.3.1 Loop Coupling 

I n i t i a l l y the cavity loaded Q was measured i n terms of 8^ at 

resonance. The input coupling was very l i g h t , consisting of a loop 

which was small enough for i t s loading e f f e c t on the cavity to be 

ignored (except at very high Q values). The Q value v/as then measured 
Li 

by the half power points method, for values of u^C corresponding to 

values of 0 from 74 to 84 degrees, giving Qr values from 20 to 300. o L 
Since the input coupling was very l i g h t , the theoretical values of 

equation (7) should be closely followed. Fig.14 i s a the o r e t i c a l 
z o plot of O against 8 for several values of — , and Fig.15 gives L o R L 

t h i s plot for the experimental cavity and r e s u l t s for seven experi­

mental loops are given i n Fig.lG. 



2-Or 

1-9-

1-8-

1-7-

1-6-

1-5-

1-4-

13 -

1-2-

Li. I I -
a. 

I I -

O to -
>-

0 9 H 0 9 
O 
< 
CL 

O S -
< u 0-7-

0-6 • 

05-

04-

0-3 • 

02-

O l 

O 

Figure 12 

End Capac i ty vs Dial Sei t ing 

For Etfperimentcsl Cav i ty 

• j . . . * - J J L . 

O 2 4 6 8 IO 12 14 16 18 2 0 22 24 26 28 30 

DIAL SETTING 

* 



8 0 

Figure IJ 

4)0 C against Bo 
7 0 

for 4 values of Za 

6 0 

2o«25 A 
SO 

1 

o 
4 0 

« ZO-eSO A 

3 
36-5 SO 

Z o - 7 5 A 

x 20 
IOO A 

IO 

O i 1 1 • 1 1 ! I 

72 BO 87 85 7S 

ELECTRICAL CAVITY LENGTH 9o DEGREES 



4 0 0 

3 8 0 
Q L VS ©O F O R 3 V A L U E S O F 3 6 0 R 

x 20 

3 0 0 

280 

2 6 0 
x 

/ 2 4 0 

x 2 2 0 

2 0 0 X / :> so < 0 
6 0 

/ / / to Q 140 
R L x O / Zo 2 X R L 

IOO Zo x / 
X 

R L 
8 0 x 

X 
K 6 0 

x X 
X-r 4 0 x 

X 
20 > { d m ^"^ 

x 
O s I 

85 75 72 

ELECTRiCAL CAVITY LENGTH ©o DEGREES 



rhecrcticci l Ot. and EKfxsnracntal point 3 SO 

for EjspsricMentaS Canity 2o~&6-5.r\ RL« 50 3 4 0 

: 0 

3GO 3 

2 8 Q 

260 

240 
2 2 0 

2 0 0 

3 0 
a us H !6C 
—* I 4 0 3 

I 2 0 

OO 

GO 

6O 
4 0 

2 0 

O 1 1 1 

8 5 8O 8 7 7 2 7 5 

ELECTRICAL CAVITY LENGTH Go DEGREES 



O L Against Locip Coisstcmfc A^Con ^ 
"" v 

(For Fu. « Rs SOn, Zo ~ 86-5, B 2-5 x (O 9 ) 

O 
Experimental posnt? 

K Cos flj » | 
2 0 0 

o Cos 0 0 - 8 

I 8 0 Theoretical curve X 
6 0 O 

4Q X 
2 0 

Qi 
IOO 

X 
eo 

o 
6 0 

4 0 

O J — ! 1 ! I J 
O O S I O 1-5 2 0 2 S 

IL&21JL\ (m lo"2) 



4 „ 3.7. Probe Coupling 

The experimental c a v i t y used was not designed f o r probe 

co u p l i n g , s i n c e i t proved d i f f i c u l t to use two v a r i a b l e end c a p a c i t i e s 

without s t r a y r e a c t a n c e s and u n d e s i r a b l e c o u p l i n g being i n t r o d u c e d 

d i r e c t l y between input and output. However, r e s u l t s a l r e a d y obtained 

(Fig.15) correspond to those t h a t would be produced f o r a combined 

input, output branch as d e s c r i b e d i n S e c t i o n 3.3.2. 

4.3.3 D i r e c t coupling 

I n the experimental model the c o u p l i n g c o n s i s t e d of a r a d i a l 

l i n k to the i n n e r conductor, p o s i t i o n e d a t an e l e c t r i c a l d i s t a n c e <|> 

degrees from the s h o r t c i r c u i t e d end of the cavity„ T h i s angle i s 

the only v a l u e needed to d e f i n e the c o u p l i n g parameter, and a graph 

i s p l o t t e d i n Fig.17 of 0 a g a i n s t 4 f o r the f i x e d v a l u e s of Z , 
L o 

Rs and R used. Exp e r i m e n t a l p o i n t s are compared to the t h e o r e t i c a l L 
o o 

curve f o r v a l u e s of from 2.5 to 12 , the lower v a l u e s being 

a s s o c i a t e d w i t h i n c r e a s i n g measurement u n c e r t a i n t y due to the f i n i t e 

s i z e of the c o u p l i n g l i n k . 

5.0 E v o l u t i o n of the Balanced Double C a v i t y System 

5.1 Balanced System 

Two i d e n t i c a l end loaded c a v i t i e s can be used i n a balanced 

system i f the c u r r e n t s flowing i n the c e n t r e conductors are i n a n t i ­

phase. T h i s i n f e r s i d e n t i c a l i n p u t c o u p l i n g s fed i n a n t i p h a s e . The 

u s u a l way of i n t r o d u c i n g t h i s c o n d i t i o n a t the input p o r t s i s to use 

a d i f f e r e n c e i n l i n e l e n g t h to the two i n p u t s of A/2 e l e c t r i c a l 

l e n g t h a t the resonant frequency of the system. The phase s h i f t 

i n t r o d u c e d i s t h e r e f o r e frequency dependent, so t h a t inphase component 
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introduced from the c a v i t i e s w i l l only c a n c e l i f the frequency 

happens to be an odd m u l t i p l e of the i n p u t frequency. 

T h i s i s not good enough f o r a p p l i c a t i o n to d e v i c e s such as 

balanced mixers, where a frequency independent method of c a n c e l l a ­

t i o n i s o f t e n r e q u i r e d . 

Study of Fig.7 i n d i c a t e s a p o s s i b l e s o l u t i o n to the problem 

of c r e a t i n g a frequency independent phase r e v e r s a l a t the input of 

an end loaded c a v i t y . I f the coupling loop has i t s sense of r o t a t i o n 

r e v e r s e d , the phase of i s r e v e r s e d , producing the c o r r e c t phase 

r e v e r s a l of i which i s r e q u i r e d . The f i n a l arrangement of t h i s 

system i s shown i n F i g . 1 8 . The two i d e n t i c a l c a v i t i e s l i e s i d e by 

s i d e and the i n p u t coupling c o n s i s t s of a symmetrical f i g u r e of 

e i g h t loop, the a c t u a l input being a t the c e n t r e of the "8" c r e a t e d . 

T h e o r e t i c a l l y , the d i v i d i n g w a l l between the c a v i t i e s i s not needed, 

as examination of the c u r r e n t flow w i l l i n d i c a t e . I n p r a c t i c e , of 

course, s l i g h t d i f f e r e n c e s i n manufacture g i v e v a r y i n g s t r a y r e a c t a n c e 

v a l u e s which cause unbalance. A u s e f u l adjustment to c o r r e c t t h i s 

unbalance i s provided by the v a r i a b l e tuning c a p a c i t a n c e . As an 

example, the response of a p a i r of c a v i t i e s i s superimposed i n F i g . 1 9 . 

Here the passband a t 4.48 GHz i s l i t t l e a f f e c t e d by inistuning to 

p r o v i d e a n u l l r e j e c t i o n a t 4.55 GHz. 

5.2 A p p l i c a t i o n to a 4.5 GHz Mixer 

The type of mixer under c o n s i d e r a t i o n r e q u i r e d t h r e e main 

f u n c t i o n s of the i n p u t p a s s i v e c i r c u i t . They a r e : -

(1) Unbalanced to balanced t r a n s f o r m a t i o n of the s i g n a l i n p u t , 

a l s o balanced a t the l o c a l o s c i l l a t o r frequency. 

(2) Impedance matching between s i g n a l source and the i n p u t 

impedance of the mixer. 

(3) Image r e j e c t i o n . 
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I n F i g , 2 0 a lumped component s o l u t i o n i s shown, but with conven­

t i o n a l t e c h n i q u e s , the l o s s e s i n h e r e n t i n t h i s type of c i r c u i t 

i n c r e a s e g r e a t l y above 1 GHz, due p a r t l y to r a d i a t i o n from the com­

ponents which approach the s i z e c f . t h e o p e r a t i o n a l wavelengths. A 

c o n v e n t i o n a l microwave s o l u t i o n u s i n g s t r i p l i n e or c o a x i a l t e chniques 

would c o n s i s t o f : - i 

(1) A R a t - r a c e ; (2) Two f i l t e r s ; (3) Two matching s e c t i o n s . 

Although the l o s s of each component would be q u i t e low, the combined 

l o s s would be high. More important would be the d i f f i c u l t y of a d j u s t ­

ment of such parameters as impedance matching and the balanc e of the 

system. These adjustments a r e n e c e s s a r y because of diode production 

spreads, which a r e not as extreme w i t h S c h o t t k y - b a r r i e r diodes as 

wit h p o i n t - c o n t a c t , but n e v e r t h e l e s s trimming adjustments a r e e s s e n t i a l 

f o r peak performance. The balance of the Ra t - r a c e component depends 

on phase c a n c e l l a t i o n a t the input p o r t , t h i s i n t u r n i s decided by 

p h y s i c a l l e n g t h s which a r e d i f f i c u l t t o a d j u s t and are frequency 

dependent, as mentioned i n the p r e v i o u s s e c t i o n . Another problem 

w i t h t h i s type of i n p u t c i i . c u i t i s s i z e . Whereas a lumped component 

v e r s i o n should be s m a l l e r than a t e n t h o f a wavelength, the d i s t r i b u t e d 

t r a n s m i s s i o n system has to be s e v e r a l wavelengths long i n t o t a l . Even 

u s i n g hitjh d i e l e c t r i c c o n s t a n t s u b s t r a t e s to reduce the e f f e c t i v e 

guide wavelength, the r e s u l t may be too l a r g e f o r some a p p l i c a t i o n s , 

e s p e c i a l l y a t low f r e q u e n c i e s . 

The end loaded c a v i t y i s a composite s t r u c t u r e which combines 

s e v e r a l f u n c t i o n s and easy adjustments. The s e m i - d i s t r i b u t e d c i r c u i t 

i s b e s t a n a l y s e d from lumped e q u i v a l e n t c i r c u i t s r a t h e r than Maxwell's 

theorems and boundary c o n d i t i o n s a s would be used f o r waveguide 

c a v i t i e s . Appendix 2 o b t a i n s the r e a c t a n c e response of an end loaded 

c a v i t y , v a l i d f o r f r e q u e n c i e s i n the r e g i o n of the primary resonance 
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which i s used. The r e a c t a n c e response, as shown i n F i g . 2 1 , i s 

s u i t e d to the image r e j e c t i o n mixer. The image r e j e c t i o n i s con­

t r o l l e d by the loaded 0 v a l u e , w h i l s t input matching to the diode 

quad depends on the c o u p l i n g v a l u e s used. Three dimensional mixer 

symmetry can be arranged as shown d i a g r a m a t i c a l l y i n F i g s . 22 and 23, 

and i n prototype form, F i g s . 24 - 28. The c a v i t y i s designed to 

be assembled with j o i n t s along c u r r e n t flow l i n e s wherever p o s s i b l e , 

thus performance should be u n a f f e c t e d by t i g h t n e s s of screws e t c . 

For s i m i l a r reasons the c o u p l i n g loop i s assembled as one p i e c e , and 

t h e r e i s no c u r r e n t flow between i t and the c a v i t y b l o c k . The u s u a l 

machining p r e c a u t i o n s and s i l v e r p l a t i n g are a p p l i e d i n order to 

reduce the l o s s e s ; f u l l d e t a i l s a r e given i n Ref.20. 

5.3 R e s u l t s 

F i g s . 22 and 23 show dimensional drawings of the c a v i t y block, 

and the d i o d e / I . F . s u b s t r a t e . I n s t e a d of t h i s diode s u b s t r a t e , a 

dummy t e s t s u b s t r a t e (Fig.29) can be f i t t e d i n order to s i m u l a t e a 

100 ohm balanced load. Using a t y p i c a l t e s t c i r c u i t shown i n F i g . 3 0 , 

c a v i t y performance may be c a r r i e d out. The r e s u l t s g i v e n i n F i g.19 

were obtained u s i n g t h i s t e s t arrangement and g r o s s unbalanced or 

assembly f a u l t s e a s i l y d e t e c t e d before mixer assembly. As a guide 

t o c a v i t y performance, l o s s e s of 0.4 dB per c a v i t y a r e normally 

obtained a t 4.5 GHz w i t h an image r e j e c t i o n of 10 dB, 140 MHz away 

from resonance. The l o s s formulae g i v e n i n S e c t i o n 4.2 hold f o r the 

c a v i t y j u s t as f o r a lumped resonant c i r c u i t . The l o s s obtained 

w i t h t h i s formula, should have a s m a l l e x c e s s added, to account f o r 

the a t t e n u a t i o n caused by the connections. I t was decided to o b t a i n 

an e s t i m a t e of the t o t a l c a v i t y l o s s i n p r e p a r a t i o n f o r p o s s i b l y 
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o b t a i n i n g an optimum value of Q , knowing the e f f e c t on mixer con--

v e r s i o n power l o s s of such f a c t o r s as image r e j e c t i o n and t o t a l 

c a v i t y . l o s s . Using the c i r c u i t given i n Fig.30, the e l e c t r i c a l 

c a v i t y l e n g t h (and hence Q ) may be v a r i e d by changing the i n p u t 

frequency and r e t u r n i n g t o resonance by a d j u s t i n g Co. The value of 

Q may be measured by the half-power-points method, i n which the L 

c a v i t y t r a n s m i s s i o n f a l l s by 3 dB a t a frequency 6f from the resonant 

value f such t h a t : -

2<5f 

The image r e j e c t i o n can be c a l c u l a t e d from t h i s , as can the 

unloaded Q value Qq, knowing the c a v i t y l o ss which i s measured by 

o p t i m a l l y matching the output power meters t o the c a v i t y outputs. 

The loss o f the stub tuners i s subtracted from the r e s u l t . The 

r e s u l t s are given g r a p h i c a l l y i n Fig.31; a p l o t of t o t a l c a v i t y 

l o s s a g a i n s t image r e j e c t i o n f o r the c o n d i t i o n s given. A t h e o r e t i c a l 

p l o t of c a v i t y l o ss w i t h an unloaded Q value of 950 i s also shown. 

This i s almost p a r a l l e l t o and about 0.2 dB under the measured t o t a l 

l o s s curve, a p r a c t i c a l unloaded Q of around 950 from the g r a d i e n t , 

w i t h i n d i c a t i n g connections losses o f around 0.2 dB. I n c i d e n t a l l y , 

t h i s unloaded Q value i s about t e n times higher than t h a t which 

could be obtained using lumped tuned c i r c u i t s a t t h i s frequency. 

6.0 Conclusions and Discussion 

I n t h i s s e c t i o n we have looked a t a f a i r l y simple c c a x i a l 

c a v i t y , from the p o i n t o f view o f i t s use as a p r a c t i c a l device. 

The a n a l y s i s i s t h e r e f o r e biased towards o b t a i n i n g f a i r l y accurate 

mechanical data which can be e a s i l y used t o c o n s t r u c t such a c a v i t y . 

At the frequencies a t which t h i s type of c a v i t y i s most u s e f u l 
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. ( i . e . 1 t o 10 GHz), the c o n s t r u c t i o n i n v o l v e s a l i s t of s k i l l e d 

processes, i n v o l v i n y t u r n i n g , b o r i n g , p l a t i n g and general f a b r i c a ­

t i o n o f metalwork. Today, i n t h i s country a t l e a s t , such processes 

prove time consuming and expensive i n i n d u s t r y , and p r i n t e d tech­

niques based on s t r i p l i n e transmission l i n e s would be p r e f e r r e d . 

I t i s worth c o n s i d e r i n g , t h e r e f o r e , why s t r i p l i n e was not 

used f o r t h i s p r o j e c t . A f t e r a l l , the p r i n c i p l e s of s t r i p l i n e have 

been l a i d down since the e a r l y 1950's, and any a n a l y s i s done here 

would be s i m p l i f i e d somewhat due t o the two dimensional nature of 

the s t r i p l i n e technique. The disadvantages l i e mostly w i t h the 

technology ;which i s , of course, r a p i d l y changing i n t h i s f i e l d . 

However c e r t a i n disadvantages are basic t o the two dimensional 

system and cannot be e a s i l y overcome. B r i e f l y , the d i f f i c u l t i e s l i e 

i n two c a t e g o r i e s . F i r s t l y there i s an i n c o m p a t i b i l i t y w i t h f i t t i n g 

a c t i v e devices, which f o r years has l i m i t e d the range o f s t r i p l i n e 

t o s i g n a l d i s t r i b u t i o n systems. P a r t l y t h i s i s due t o the a c t i v e 

component packaging, which i s e s s e n t i a l l y three dimensional even 

i f p lanar devices are i n v o l v e d ; p a r t l y ground plane connection 

d i f f i c u l t i e s are i n v o l v e d w i t h many types o f s t r i p l i n e . The main 

t r o u b l e seems t o be the d i f f i c u l t y o f trimming or a d j u s t i n g the 

passive c i r c u i t t o match the spread o f a c t i v e device parameters. 

Secondly, i n s t r i p l i n e , resonator c o n s t r u c t i o n i s r e s t r i c t e d 

t o d i s t r i b u t e d transmission l i n e systems by excessive losses o f 

lumped components, e s p e c i a l l y i n d u c t o r s produced i n the medium. 

Also, the u n r e l i a b l e ground plane (earth) connections r e s t r i c t the 

use of resonators w i t h high c u r r e n t f l o w t o e a r t h . For the type o f 

m.ixo.r under c o n s i d e r a t i o n , the l i m i t s imposed produce a s t r i p l i n e 

system o f the f o l l o w i n g c h a r a c t e r i s t i c s : -
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(1) I t may be l a r g e r than the c a v i t y system d e s p i t e the use of 

high d i e l e c t r i c constant s u b s t r a t e . 

(2) I t cannot be mechanically balanced ( i . e . symmetrical) i n 

three dimensions ( s i g n a l , l o c a l o s c i l l a t o r and I . F . ) . 

(3) S i g n a l bandwidth and balancing range are narrower, due 

t o phase changes i n the l a r g e ( i n wavelengths) passive 

c i r c u i t . 

The r e s u l t i s t o produce a p a r t i c u l a r "breed" o f s i n g l e balanced 

mixer s u i t e d t o s t r i p l i n e use. As we s h a l l see i n the next 

s e c t i o n (and Appendix 5 ) , t h i s does not have the low t h e o r e t i c a l 

l o ss t h a t i s associated w i t h the double balanced system. 
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PART I I - 4.5 GHz LATTICE MIXERS 

7.0 I n t r o d u c t i o n 

Receiving systems a t microwave frequencies normally employs a 

low noise r a d i o frequency a m p l i f i e r stage, followed by a mixer and an 
21 

i n t e r m e d i a t e frequency a m p l i f i e r . F r i i s showed t h a t the noise f i g u r e 

o f the m i x e r / l . F . a m p l i f i e r combination i s p r o p o r t i o n a l t o the conversion 

power loss of the mixer. Using a low loss mixer and an I.F. a m p l i f i e r , 

t h e r e f o r e , i t may be p o s s i b l e t o o b t a i n as good a noise performance as 

t h a t obtained using an a d d i t i o n a l R.F. a m p l i f i e r . Apart from the 

p h y s i c a l advantage of having no R.F. a m p l i f i e r , e l e c t r i c a l s p e c i f i c a t i o n s 

on such items as cross modulation and bandwidth may be more e a s i l y met 

using a mixer as the f i r s t stage i n the r e c e i v i n g system. 

At present, diode mixers o f f e r the best noise performance a t 

microwave frequencies, so t o produce a p r a c t i c a l mixer, a t h e o r e t i c a l 

a n a l y s i s using a close approximation t o p r a c t i c a l diode parameters i s 

needed. The problem here i s t o produce a diode model, which has a suf­

f i c i e n t l y accurate s o l u t i o n , w i t h o u t being so complex t h a t the mathematics 

are unmanageable. Several people have produced adequate analyses, 

mainly f o r r e s t r i c t e d c o n d i t i o n s , under which very low losses are 

p o s s i b l e . The problem l i e s i n r e a l i s i n g these low diode losses i n a 

p r a c t i c a l c i r c u i t , not so much because p r a c t i c a l diode losses are higher 

than theory would i n d i c a t e , but because imbedding network losses are so 

high. The passive network i n which the diode(s) operate has many 

f u n c t i o n s , i n c l u d i n g matching, f i l t e r i n g and supplying the c o r r e c t l o c a l 

o s c i l l a t o r d r i v e . Under some t h e o r e t i c a l l y d e s i r a b l e o p e r a t i n g con­

d i t i o n s , the loss i n v o l v e d i n p r o v i d i n g the f u n c t i o n s o u t l i n e d above 

would outweigh the gain i n diode performance obtained. The c o n d i t i o n s 

f o r low diode loss obtained i n the a n a l y s i s used, must t h e r e f o r e be 

r e a l i s a b l e w i t h low loss a t microwave frequencies. 
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This p a r t i s therefore, concerned w i t h the p r a c t i c a l r e a l i s a t i o n 

of a mixer a t 4.5 GHz using the range of diodes commercialJLy a v a i l a b l e 

a t the time of w r i t i n g . The f i r s t chapters are a s i m p l i f i e d t h e o r e t i c a l 

survey, j u s t i f y i n g the use of the image r e j e c t i o n l a t t i c e arranged w i t h 
32 

c u r r e n t d r i v e . The passive c i r c u i t i s then considered and f i n a l 

r e s u l t s are presented w i t h a chapter on measurements. F i n a l l y , an 

attempt i s made t o see the e f f e c t of mixer improvements on low noise 

r e c e i v i n g systems i n general, and the i n f l u e n c e on e i t h e r components i n 

the system i s stu d i e d . 

8. Mixer C i r c u i t s 

8.1 H i s t o r i c a l 

The f i r s t methods of r a d i o wave d e t e c t i o n used a p h y s i c a l side 

e f f e c t of r e c e p t i o n , such as sparking across an a i r gap i n a resonant 

c i r c u i t . This works w e l l w i t h a very high f i e l d s t r e n g t h , which i s 

p r o p o r t i o n a l t o the size of r e c e i v i n g and transinj t t i n g a e r i a l s , the 

t r a n s m i t t e r power, and the frequency. The low frequency communication 

networks, t h e r e f o r e , r e q u i r e d a s i g n a l " d e t e c t o r " of much gr e a t e r 

s e n s i t i v i t y , and va r i o u s s o l i d - s t a t e r e c t i f i e r s were used u n t i l about 

1925, when the thermionic value was introduced. The c h i e f disadvantage 

of the s o l i d - s t a t e r e c t i f i e r s was t h e i r u n r e l i a b l e nature, as a r e s u l t 

of a lack of understanding of the conduction processes i n v o l v e d . 

The non-linear r e s i s t a n c e c h a r a c t e r i s t i c of both s o l i d s t a t e 

and thermionic d e t e c t o r s , was e s s e n t i a l l y a square lav; a t low s i g n a l 

l e v e l s . The d e t e c t i n g e f f e c t was t o square mathematically the c u r r e n t , 

or v o l t a g e , f l o w i n g i n the device. I f t h i s c u r r e n t was a c a r r i e r wave 

w i t h i n f o r m a t i o n c a r r y i n g sidebands, the r e s u l t contained a small 

c o e f f i c i e n t of the r e q u i r e d i n f o r m a t i o n , amongst other components. I t 

was soon no t i c e d t h a t i n t e r f e r i n g s i g n a l s close t o the one being received 



were not impressed upon, but. modulated by the r e c e i v e d s i g n a l . T h i s 

mixing p r o c e s s was used f o r r e n d e r i n g c a r r i e r wave morse s i g n a l s a u d i b l y , 

by means of producing an audio beat note or heterodyne. The i n t e r f e r i n g 

s i g n a l was r e p l a c e d by a " l o c a l " o s c i l l a t o r i n the r e c e i v e r , which could 

be a s e l f - o s c i l l a t i n g d e t e c t o r or a m p l i f i e r . The heterodyne s i g n a l 

could be s e l e c t i v e l y a m p l i f i e d to improve the s i g n a l to n o i s e r a t i o , 

and the s u p e r s o n i c heterodyne or "superhet" system was born. 

The advantage of the superhet system was to do the m a j o r i t y of 

the a m p l i f i c a t i o n a t a f i x e d frequency and hence s i m p l i f y tuning and 

keep a f i x e d bandwidth throughout the tuning range. A second d e t e c t o r 

was used a t the end of the i n t e r m e d i a t e frequency a m p l i f i e r f o r i t s 

o r i g i n a l purpose, w h i l e the f i r s t d e t e c t o r was now a t r u e mixer. 

I n the middle 1930's, the demands on the mixer were f o r high 

e f f i c i e n c y w i t h the minimum of v a l v e s , i n a d d i t i o n to i s o l a t i o n of s i g n a l 

and l o c a l o s c i l l a t o r c i r c u i t s . A f a m i l y of m u l t i g r i d v a l v e s was developed 

t o a m p l i f y the s i g n a l and "gate" i t a t the frequency of the l o c a l 

o s c i l l a t o r . T h i s was e f f i c i e n t , but needed a t l e a s t f i v e g r i d s ( i n c l u d i n g 

the s c r e e n g r i d s used f o r i s o l a t i o n ) , and these i n t r o d u c e d a good d e a l of 

shot n o i s e . At low f r e q u e n c i e s , the atmospheric n o i s e r e c e i v e d was higher 

than t h i s i n t e r n a l n o i s e , but a t high f r e q u e n c i e s the n o i s e , and the 

t r a n s i t time of e l e c t r o n s a c r o s s a v a l v e , was a l i m i t i n g f a c t o r to i t s use. 

I n t e r e s t i n high f r e q u e n c i e s f o r Radar use i n the e a r l y 1940's, 

brought a new e f f o r t i n t o production of s o l i d - s t a t e mixers and d e t e c t o r s . 

These were c o n s t r u c t e d normally of s i l i c o n w i t h a tungsten or molybdenum 

w i r e " c a t s - w h i s k e r " c o n t a c t . The j u n c t i o n c a p a c i t a n c e of t h i s p o i n t 

c o n t a c t was low, and the high frequency performance good, but t h e r e was 
23 

a l a r g e element of "black magic" i n production . Semiconductor t e c h ­

nology and understanding developed to a g r e a t e x t e n t when t r a n s i s t o r 

p r o d u c t i o n demanded i t i n the 1950's. The use of photo-lithography and 



m a t e r i a l s such as Gallium Arsenide, has enabled the Schottky b a r r i e r 

diode t o be produced w i t h a good high frequency performance, and con­

s i s t e n t r e l i a b l e c h a r a c t e r i s t i c s . The l a t t e r i s important because the 

use of matched p a i r s or quads of diodes i n balanced and double-balanced 
24 

mixers, has many advantages- . 

At the same time as these diodes have been developed, o t h e r use­

f u l n o n - linear phenomena have been e x p l o i t e d and u s e f u l devices produced. 

These can be sub-divided i n t o : v a r i a b l e capacitance types, negative 

r e s i s t a n c e types and three t e r m i n a l devices ( t r a n s i s t o r s and F.E.T's.). 

A l l o f these are usable i n mixer c i r c u i t s , w i t h v a r y i n g advantages of 

gain and convenience i n c i r c u i t design. However, a t present, the 

Schottky b a r r i e r diode s t i l l seems t o o f f e r the best performance com­

b i n a t i o n s , e s p e c i a l l y a t frequencies i n excess o f 1 GHz. 

8.2 Basic P r i n c i p l e s 

A frequency converter normally c o n s i s t s of a frequency source 

c a l l e d the " l o c a l o s c i l l a t o r " or "pump", and a network c o n t a i n i n g one or 

more n o n - l i n e a r devices. There must also be means t o couple the i n p u t 

and output s i g n a l s , as w e l l as the l o c a l o s c i l l a t o r . The complete net­

work i s o f t e n c a l l e d a "mixer" necause the i n p u t s i g n a l (which w i l l be 

c a l l e d simply the s i g n a l ) i s mixed w i t h the l o c a l o s c i l l a t o r i n a non­

l i n e a r device t o produce product frequencies. 

One (or sometimes more) of these products i s the r e q u i r e d o u t p u t 

s i g n a l . I n a r e c e i v i n g system the output frequency i s known as the i n t e r ­

mediate frequency or I.F., because of i t s place i n the r e c e i v i n g chain 

between the r a t i o frequency and the d e s i r e d modulation frequency. The 
6 9 

I.F. u s u a l l y l i e s between 10 - 10 Hertz. The bandwidth must be suf­

f i c i e n t t o c a r r y a l l the i n f o r m a t i o n t r a n s f e r r e d from the s i g n a l , y e t a 

low enough frequency i s r e q u i r e d f o r low-noise, high-gain a m p l i f i c a t i o n . 



The non-linear device used can be predominantly non-linear reactance 

or r e s i s t a n c e . Normally the two cases are c a l l e d parametric frequency 

converters ana mixers, r e s p e c t i v e l y . Tne parametric converter of a 
? (5 

negative r e s i s t a n c e mixer" can provide conversion g a i n , which i s 

a t t r a c t i v e a t f i r s t s i g h t . However, apa r t from the s t a b i l i t y and band­

wi d t h problems i n t h i s type of converter when frequency t r a n s l a t i o n i s 
27 

i n a downward d i r e c t i o n , the devices a t present a v a i l a b l e g i v e a noise 

f i g u r e which i s much worse than the p e r f e c t device theory would i n d i c a t e . 

Although the mechanism of mixing has been s t a t e d as being non-

l i n e a r i t y i n some c h a r a c t e r i s t i c of a device, s t r i c t l y i t i s the time 

v a r i a t i o n of t h i s c h a r a c t e r i s t i c (which i s normally p e r i o d i c ) i n con­

j u n c t i o n w i t h the l o c a l o s c i l l a t o r , which does the conversion. This 

introduces a new f a m i l y o f p o s s i b l e devices, which although not s t r i c t l y 

n o n-linear (or not used i n a n o n - l i n e a r mode of operation) can be time 

v a r y i n g . Relays and associated devices are good examples, as are 

t r a n s i s t o r s and F.E.T's., some of which can be used a t microwave 

frequencies. 

The most important disadvantage o f t r a n s i s t o r s and F.E.T's. a t present 

i s the excess noise they i n t r o d u c e i n t o the mixing process, although f o r 

c i r c u i t convenience they are o f t e n used s u c c e s s f u l l y up t o 1 GHz. 

The p o s i t i v e r e s i s t i v e diode mixer w i l l always e x h i b i t a conversion 

l o s s , low though t h i s may be. The advantages i n the microwave region o f 

such a mixer are:-

(1) Wide bandwidth and no s t a b i l i t y problems. 

(2) Good, repeatable performance due t o accurate modelling of Schottky 

b a r r i e r diode c h a r a c t e r i s t i c s ; even a t microwave frequencies. 

(3) The t h e o r e t i c a l treatment of a p u r e l y r e s i s t i v e case, although 

incomplete, i s b e t t e r a t p r e d i c t i n g p r a c t i c a l r e s u l t s than i n the 

r e a c t i v e case. 



The l a s t two p o i n t s are important t o t h i s r e p o r t because of 

the need t o d e f i n e what c o n s t i t u t e s a good mixer, and t o e s t a b l i s h the 

fundamental l i m i t s of i t s performance using p r a c t i c a l devices. 

8.3 Diode Arrangements 

P r a c t i c a l mixers may use one, two or f o u r diodes. Two or 

more diodes a l l o w the c i r c u i t t o be "balanced". I n the case of two 

diode mixers, the balancing i s done w i t h respect t o the l o c a l o s c i l l a t o r 

frequency. Local o s c i l l a t o r leakage from both the s i g n a l and output 

p o r t s i s then prevented, and any noise present i n the l o c a l o s c i l l a t o r 

(which may be considerable compared t o the s i g n a l power) should i d e a l l y 

cancel out a t the output t e r m i n a l s . This occurs only under p e r f e c t 

c o n d i t i o n s , and any p r a c t i c a l c i r c u i t must use matched diodes, and 

p o s s i b l y i n c o r p o r a t e balance trimming adjustments as w e l l . 

The f o u r diode mixer may be of the s e r i e s , shunt, or r i n g 

( l a t t i c e ) type. The l a t t i c e type i s w i d e l y used since i t i s double-

balanced, w i t h respect t o both s i g n a l and o s c i l l a t o r . H i s t o r i c a l l y , 

l a t t i c e mixers have been ignored a t microwave frequencies f o r two 

reasons. F i r s t l y , the e a r l y p o i n t c o n t a c t diodes were hard t o s e l e c t 

i n t o p r o p e r l y matched p a i r s , l e t alone matched quads, and the match 

could e a s i l y have been i n f l u e n c e under working c o n d i t i o n s by the 

v a r i a t i o n of diode parameters which v/as prone t o occur, apparently 
23 

a t random or as a f u n c t i o n of environment, age, or i n p u t power 

The second reason i s t h a t the t h e o r e t i c a l improvement i n 

noise f i g u r e a f f o r d e d by ouch an arrangement would have brought l i t t l e 

o v e r a l l improvement due t o noise c o n t r i b u t i o n s elsewhere i n the 

system. For these two reasons, then, the recent a v a i l a b i l i t y of 

s i n g l e package matched quads of Gchottky b a r r i e r diodes, cannot be 

underestimated i n terms of i t s i n f l u e n c e on f u t u r e mixer design. 



8.4 Terminations 

Correct terminal.ion of mixer p o r t s i s extremely important. 

The output products do not j u s t c o n s i s t of the d e s i r e d i n t e r m e d i a t e 

frequency component. The a c t u a l frequency and magnitude d i s t r i b u t i o n 

i s determined by the diode n o n - l i n e a r i t y law and the arrangement used. 

I f the system i s considered as one i n which a l l the s i g n a l power i s 

converted w i t h o u t loss i n t o a l l the output components present (ho gain 

i s p o s s i b l e i n the r e s i s t i v e case), the power converted i n t o the 

d e s i r e d output component depends on c o r r e c t l y t e r m i n a t i n g a l l the 

other unwanted components. I f t h i s can be done f o r a l l the unwanted 

components, (and t h i s i s not always p o s s i b l e i n some c o n f i g u r a t i o n s ) , 

a l l the output power i s channelled i n t o the i n t e r m e d i a t e frequency 

component, and a t h e o r e t i c a l conversion loss o f zero i s obtained. 

This i s obviously impossible i n p r a c t i c e due t o t e r m i n a t i o n losses and 

the i n f i n i t e number of output components. However, unwanted products 

o f magnitude approaching t h a t of the d e s i r e d output must be d e a l t w i t h 

i n order t o o b t a i n resonable r e s u l t s . The second t e r m i n a t i o n c o n d i t i o n 

t h a t must be observed i s , of course, t h a t the s i g n a l and o u t p u t p o r t s 

must be conjugately terminated i n order t o o b t a i n maximum power 

t r a n s f e r . 

I t may be noted t h a t the t e r m i n a t i o n f o r the l o c a l o s c i l l a t o r 

p o r t has not been mentioned. This i s because, provided t h a t the 

c o r r e c t d r i v e waveform and power i s s u p p l i e d , the l o c a l o s c i l l a t o r 

p l a y s no p a r t i n the process d i r e c t l y , merely p r o v i d i n g the p e r i o d i c 

v a r i a t i o n s of diode r e s i s t a n c e . I n p r a c t i c e , however, e s p e c i a l l y w i t h 

mixer c o n f i g u r a t i o n s which demand high d r i v e l e v e l s , there i s r a r e l y 

l o c a l o s c i l l a t o r power t o spare a t microwave frequencies, and e f f i c i e n t 

c o u p l i n g i s necessary. 
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8.5 C l a s s i f i c a t i o n and Performance 

The combination o f diode arrangements i n a mixer, and the 

p o s s i b l e t e r m i n a t i o n s t o unwanted components seems endless. I n f a c t 

f o u r basic f a m i l i e s (Fig.32) can be e x t r a c t e d , depending on the i n p u t 
28 

and output p o r t t e r m i n a t i o n s of unwanted frequency components . Fig.33 

shows the seven diode arrangements p o s s i b l e using one, two, or f o u r 

diodes, e i t h e r i n shunt or s e r i e s w i t h the s i g n a l p a t h . Combining the 

diode arrangements w i t h the t e r m i n a t i o n s gives a group of 28 mixers. 

The d e c i s i o n on v/hich of these 28 c i r c u i t s t o use, r e s t s on 

the t h e o r e t i c a l performance p o s s i b l e and the ease of r e a l i s i n g the con­

d i t i o n s imposed by the theory a t microwave frequencies. I n general, 

the higher the degree of balance of a mixer, the lower the number of 

unwanted components produced, and t h e r e f o r e the easier the f i l t e r i n g 

processes become, and the higher the e f f i c i e n c y of the system. Against 

t h i s , the e x t r a complexity i n v o l v e d must be placed, but f o r the present 

a p p l i c a t i o n the double-balanced mixer would seem t o be the optimum. The 

two diode balanced mixers (8 i n number) and the f o u r diode balanced 

mixers (8 i n number) have much i n common, the e x t r a diodes a l l o w i n g the 

normal i n p u t and output balun transformers t o be e l i m i n a t e d . The f o u r 

double balanced mixers a l l use the " r i n g " c o n f i g u r a t i o n of diodes, so 

c a l l e d because they are connected i n a s e r i e s r i n g of f o u r of the same 

p o l a r i t y . Of course, the double-balanced arrangement i s only one 

p o s s i b l e higher arrangement, v/hich can be considered as two balanced 

mixers connected i n p a r a l l e l w i t h the i n p u t s out of phase ( F i g . 3 4 ) . 

Another higher arrangement would c o n s i s t of three balanced mixers, con-
o 29 

nected w i t h the i n p u t s 120 out o f phase . This would use s i x diodes 
and cancel a l o t of unwanted frequency components. There i s , however, 

o 

the problems of producing an accurate wideband 120 phase s h i f t . The 

output components produced by several types of mixer are discussed i n 

Appendix 5. 
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9. Summary of the Theory of L a t t i c e Mixers 

9.1 General Theory 

Appendix 5 gives a mathematical treatment of the op e r a t i o n 

of a l a t t i c e mixer. The assumption made i s t h a t each diode acts as 

a p e r f e c t s w i t c h , the r e s u l t a n t s w i t c h i n g f u n c t i o n i s a squarewave 

which can be considered as an odd order F o u r i e r s e r i e s . A more accurate 

approach would have been t o t r e a t the diode as a time v a r y i n g l i n e a r 

r e s i s t a n c e , w i t h a law such as:-

r cosma) t , m P 

where u>̂  i s the pump or l o c a l o s c i l l a t o r frequency. Small s i g n a l 

a n a l y s i s laws can then be used on the c i r c u i t . 

I n the case of p o i n t contact and hot c a r r i e r diodes, the 

v a r i a b l e b a r r i e r r e s i s t a n c e i s l a r g e l y explained using Schottky's model 

of a p-n j u n c t i o n , from which i s deduced the t h e o r e t i c a l law:-

kT T 
V = — I n (1 + ~ ) (1) 

q h 

A t o t a l l y d i f f e r e n t law i s r e q u i r e d f o r diodes which operate w i t h 

d i f f e r e n t c u r r e n t f l o w mechanisms, such as backward diodes and therm­

i o n i c devices. Even t h i s law does not hol d too w e l l i n p r a c t i c e , and 

sev e r a l m o d i f i c a t i o n s have been proposed w i t h reference t o s p e c i f i c 

devices, or s p e c i f i c p a r t s of the c h a r a c t e r i s t i c curve. For the forward 

c h a r a c t e r i s t i c s , a reasonable agreement i n both slope and magnitude may 

be obtained by adding a term I r g t o the r i g h t hand side of the expression. 

This s e r i e s r e s i s t a n c e r g , known as the spreading r e s i s t a n c e can be 

measured i n p r a c t i c e by a pulse technique. Although the value obtained 

i s not n e c e s s a r i l y constant over the whole c h a r a c t e r i s t i c , i t causes 

the g r e a t e s t e f f e c t i n the high forward c u r r e n t region where i t i s 

measured f a i r l y a c c u r a t e l y by t h i s technique. 



The pumping waveform a p p l i e d to the diode i s of c o n s i d e r a b l e 

importance, although a t microwave f r e q u e n c i e s i t i s f a i r l y d i f f i c u l t i n 

p r a c t i c e , to employ waveforms other than s i n u s o i d a l because of the 

bandwidth r e q u i r e d . The approach here i s to use s i n u s o i d a l c u r r e n t 

d r i v e and express the mixer r e l a t i o n s h i p s i n terms of the c u r r e n t , 

d r i v e l e v e l and diode c h a r a c t e r i s t i c s . ( F i g 4 1 ) . 1 

I f we take equation (1) ( i n c l u d i n g the I r term) and c o n s i d e r 
s 

I as the h a l f wave r e c t i f i e d waveform of the s i n u s o i d a l c u r r e n t d r i v e , 

we can d i f f e r e n t i a t e w i t h r e s p e c t to I and o b t a i n the diode r e s i s t a n c e 

e x p r e s s i o n s : -

r + ( t ) 
r s + r b 1 + X ( t ) - X ( t ) S ( t ) (2) 

r ( t ) 
r s + r b 1 - X ( t ) + X ( t ) S ( t ) (3) 

where:-

S ( t ) cos upt - 1/3 cos 3wpt + 1 / 5 cos 5wpt 

X ( t ) = X cos u p t = -1E-
21 

s 
Normalised c u r r e n t d r i v e l e v e l 

The l a t t i c e arrangement of time v a r y i n g r e s i s t a n c e s thus formed 

i s i l l u s t r a t e d i n F i g . 3 5 . By s h o r t c i r c u i t i n g the output t e r m i n a l s , we 

can o b t a i n g e n e r a l e x p r e s s i o n s f o r the output c u r r e n t s ( i ) and i n p u t 

v o l t a g e (V g) which c o n t a i n a l l p o s s i b l e frequency products generated. 

w i t h i n the l a t t i c e . These e x p r e s s i o n s may be given i n the form:-
ev£ 

v = 1 r s 
ev£jji 
> A cos n upt + s b / j n cos wot 

and 

1 T = 1 L s h cos n wpt + — 
r b 

even 
^ ^ A^ cos n a p t 

r ^ i s the diode slope r e s i s t a n c e a t the o r i g i n . 

(4) 

(5) 
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I n t r o d u c i n g frequency s e l e c t i v e t e r m i n a t i o n s to the l a t t i c e 

we f i n a l l y o b t a i n two equations which c o n t a i n only i n p u t and output 

q u a n t i t i e s : -
h ( S i g n a l v o l t a q e ) v = i r K + v K - (6) q q b 1 1 3 

( I . F . C u r r e n t ) i = i K.** - v K (7) 
-1 q 3 - 1 2 

22 
The K parameters a r e i n g e n e r a l complex and a r e f u n c t i o n s of 

r 
the image t e r m i n a t i o n , diode q u a l i t y f a c t o r r ' ( -—) and l o c a l o s c i l -

b 
l a t o r d r i v e l e v e l . 

The c o n v e r s i o n s power l o s s under matched c o n d i t i o n s i s simply: -

Re(v i *) 
3 ^ ^ . ( 8 ) 

R e a l p a r t s a r e r e q u i r e d because (6) and (7) use phasor q u a n t i t i e s . 

9.2 S o l u t i o n of the R e s i s t i v e Cases 

9.2.1 I n t r o d u c t i o n 

F o r c o r r e c t o p e r a t i o n the output of the l a t t i c e r e q u i r e s a 

v o l t a g e r e s t r i c t i o n t o the d e s i r e d i n t e r m e d i a t e frequency component. 

The i n p u t however i s open t o v a r i a t i o n s . The l a r g e s t , and t h e r e f o r e 

most important p a r a s i t i c v o l t a g e appearing a t the i n p u t t e r m i n a l s i s 

the "image" (2uip - coq) . F i g s . 36 and 37 i l l u s t r a t e the i n p u t and output 

components g r a p h i c a l l y , from which i t can be seen t h a t the image magni­

tude i s comparable t o t h a t of the s i g n a l , so roughly ± 3dB d i f f e r e n c e 

i n c o n v e r s i o n power l o s s , can be produced by t e r m i n a t i o n of t h i s com­

ponent alone. Terminations may be d i v i d e d i n t o , o p e n - c i r c u i t , s h o r t -

c i r c u i t and the v a l u e of the s i g n a l source impedance. The f i r s t two 

c a s e s a r e o f t e n c a l l e d narrow band c o n d i t i o n s and produce the b e s t 

r e s u l t s . The l a s t c o n d i t i o n i s o f t e n known as the broad band c a s e , 
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and a c o n v e r s i o n power l o s s of 3 d B i s the t h e o r e t i c a l lower l i m i t , 

w h i l s t Odu i s Lhe t h e o r e t i c a l l i m i t of both narrow band c a s e s . At 

f i r s t s i g h t both open and s h o r t - c i r c u i t c a s e s would appear to g i v e 

s i m i l a r r e s u l t s , s i n c e i n n e i t h e r case i s any image power d i s s i p a t e d 

i n the t e r m i n a t i o n . However, i n the s h o r t c i r c u i t c a s e , image 

c u r r e n t s flow i n the l a t t i c e i t s e l f through the t e r m i n a t i o n , and 

l o s s e s w i l l t h e r e f o r e be hi g h e r than those of the o p e n - c i r c u i t v e r s i o n 

F i g s . 3 8 , 3 9 and 4 0 show t y p i c a l c a l c u l a t e d r e s u l t s f o r the 

t h r e e c a s e s , the c o n v e r s i o n power l o s s ( c p l ) being p l o t t e d i n dB 
r 

a g a i n s t X f o r v a r i o u s v a l u e s of the diode q u a l i t y f a c t o r r 1 = — . 
b 

Knowing the l o c a l o s c i l l a t o r d r i v e c u r r e n t r e q u i r e d , and c o n s i d e r i n g 

the e f f e c t i v e l a t t i c e - c i r c u i t as seen by the l o c a l o s c i l l a t o r ( F i g . 4 1 ) 

the l o c a l o s c i l l a t o r power (Po) r e q u i r e d can be c a l c u l a t e d . I f the 

t e r m i n a t i o n s are p u r e l y r e s i s t i v e , equations 6 and 7 are r e a l and:-

1 + X* V " C p l . . . = r where k = ——, f\ 
( m i n ) 1 - K 3 + * 1 K 2 

The optimum i n p u t and output impedances of the l a t t i c e can then be 

expressed a s : -

k 5 \ 
R i ( o p t ) = k ^ r b a n d R L ( o p t ) " ^ V b 

Fo r p u r e l y r e s i s t i v e t e r m i n a t i o n s and o p e r a t i o n the k parameters a r e 

r e a l and p o s i t i v e , but may be d i f f e r e n t f o r each type of mixer due to 

the d i f f e r e n t image t e r m i n a t i o n s . 

9 . 2 . 2 Narrow-band O p e n - c i r c u i t Mixers 

F i g . 3 8 shows a c p l approaching zero f o r high d r i v e l e v e l s and 

p e r f e c t diodes. U n f o r t u n a t e l y , under these c o n d i t i o n s the optimum 

t e r m i n a t i o n s approach z e r o as w e l l . 
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Normal c o n d i t i o n s of use s t i l l a l l o w a v e r y good performance 
7 

to be obtained- At a d r i v e l e v e l of 1 0 f o r i n s t a n c e , a mixer u s i n g 

diodes w i t h I = 1 0 mA r 1 = 1 0 ^ needs 9 0 mW of l o c a l o s c i l l a t o r s s 

power, and a c p l of l e s s than 0 . 1 dB should be obtained w i t h an 

i n f i n i t e image t e r m i n a t i o n . 

9 . 2 . 3 Narrow-band Short C i r c u i t Mixers 

The e x t r a l o s s produced by the image c u r r e n t flowing through 

the diode l a t t i c e i s apparent from F i g . 3 9 . I n a d d i t i o n , except f o r 

p e r f e c t d i o d e s , t h e r e w i l l be a minimum v a l u e of c p l as the d r i v e 

i n c r e a s e s . For i n f i n i t e d r i v e l e v e l s , the v a l u e of the c p l approaches 

7 . 6 5 dB f o r a l l p r a c t i c a l diodes and, as would be expected, zero f o r 

p e r f e c t diodes. 

9 . 2 . 4 Broad Band Mixers 

I n a p r a c t i c a l mixer, e s p e c i a l l y i f the r a t i o of s i g n a l to I . F . 

frequency i s h i g h , the image t e r m i n a t i o n may be almost i d e n t i c a l to 

t h a t of the s i g n a l s i n c e i t i s so c l o s e i n frequency. However, 

i d e a l l y a l l the higher order products should be r e j e c t e d , although 

these w i l l normally be a t such a low power as to have no s i g n i f i c a n t 

e f f e c t on the c p l . F i g . 4 0 i l l u s t r a t e s t h i s c a s e , minimum c o n v e r s i o n 

power l o s s e s of 3 t o 3 . 5 dB can be obtained u s i n g p r a c t i c a l d i o d e s , 

provided the optimum d r i v e l e v e l i s used. At i n f i n i t e d r i v e l e v e l s , 

i d e a l diodes would g i v e a c p l of 3 . 0 dB as expected, and f o r a l l 

p r a c t i c a l d e v i c e s the c p l l e v e l s o f f a t 4 . 7 7 1 dB. 

9 . 3 P r a c t i c a l Performance 

The narrow-band open c i r c u i t mixer would seem to be the b e s t 

arrangement to use i n a p r a c t i c a l c i r c u i t , but the image frequency 
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t e r m i n a t i o n cannot then be c o n s i d e r e d i d e a l . I n g e n e r a l i t can be 

expressed as R_^ + 3 X_2 a n t ^ w i t h most f i l t e r networks i t w i l l be 

mainly r e a c t i v e w i t h s i m i l a r to the s i g n a l source impedance. 

The k f a c t o r s used i n the l a s t s e c t i o n f o r c a l c u l a t i o n of c p l 

and optimum input/output impedances, w i l l t h e r e f o r e , now be complex. 

Apart from an i n c r e a s e i n minimum c p l , t h i s w i l l g i v e r i s e to complex 

i n p u t and output impedances, which w i l l have t o be c o n j u g a t e l y matched. 

L u c k i l y i t t u r n s out t h a t a degradation i n c p l of only 1 dB w i l l be 
22 

produced i f the image r e j e c t i o n i s a t l e a s t 10 dB , a v a l u e which i s 

f a i r l y e a s i l y o b t a i n a b l e . A l s o the output impedance, which i s ve r y 

high i n the i d e a l c a s e , i s reduced to a l e v e l which can be matched 

w i t h l e s s l o s s to the I . F . a m p l i f i e r i n p u t . T h i s i s important 

p r a c t i c a l l y , because the s i g n a l i s a t i t s lowest l e v e l i n the r e c e i v i n g 

system a t t h i s p o i n t , and t h e r e f o r e most vunerable to n o i s e . 

9.4 The E f f e c t of Diode P a r a s i t i c s 

Up to now the diodes have been c o n s i d e r e d as pure time v a r y i n g 

r e s i s t a n c e s f o r ease of t h e o r e t i c a l treatment. To t h i s e x t e n t the 

e f f e c t of p a r a s i t i c s i n the l a t t i c e i t s e l f i s t o t a l l y d i f f e r e n t to 

the e f f e c t of n o n - i d e a l t e r m i n a t i o n s , s i n c e the b a s i c l a t t i c e equations 

a r e now no longer v a l i d . I n any p r a c t i c a l c a s e , however, even a t 

high f r e q u e n c i e s , the p a r a s i t i c r e a c t a n c e s (Fig.42) a r e s m a l l com­

pared to the ti m e - v a r y i n g r e s i s t a n c e of the diodes, and indeed a r e 

c h i e f l y due to the packaging and assembly of the quad of diodes. 

Returning to S e c t i o n 9.1, equations (2) and ( 3 ) , f o r the time 

v a r y i n g r e s i s t a n c e of the diodes, we can i n s e r t a complex term to 

c a t e r f o r the p a r a s i t i c s . The v a l u e s can then be used i n the o r i g i n a l 

a n a l y s i s , i n t r o d u c i n g the s i m p l i f i c a t i o n s which r e s u l t from a 

r e s t r i c t i o n to r e a l i s t i c v a l u e of p a r a s i t i c r e a c t a n c e s . P.W. Wright 



V 

r 

X 
• »•(!.) •CO 

41 

-AAAAA-

• 7 « 

Cn 



has done t h e s e c a l c u l a t i o n s , and an excimple o f t h e e f f e c t s p r o d u c e d 

i n a p r a c t i c a l case i s i l l u s t r a t e d b e low f o r a m i x e r w i t h tog = 4490 MHz 

r i n d up = 4560 MHz. 

A. P a r a l l e l C a p a c i t y 

For r = 15 ohms and Lp = 1.5 nH, t h e c o n v e r s i o n power l o s s 

i n c r e a s e s by 1.4 dB f o r each 0.1 p f o f c a p a c i t y . T h i s does n o t appear 

t o v a r y much w i t h d r i v e c o n d i t i o n s , a l t h o u g h a s s u m p t i o n s used appear t o 

b r e a k down a t v e r y low (and l a r g e l y u n r e a l i s t i c ) l e v e l s . B o t h d e p l e ­

t i o n c a p a c i t y ( C j ) and package c a p a c i t y (Cp) a r e lumped i n t o one t i m e -

i n v a r i a n t v a l u e f o r t h i s c a l c u l a t i o n . T h i s assumes t h a t t h e t i m e -

v a r i a b l e p a r t o f C j i s s m a l l compared t o t h e whole c o m b i n a t i o n , and 

t h a t r s << R j , b o t h o f w h i c h a r e n o r m a l l y t r u e t o a good degree o f 

a c c u r a c y . I n F i g . 4 3 e x p e r i m e n t a l v a l u e s o b t a i n e d by G r e g o r y a r e g i v e n . 

These c o n f i r m t h e v a l u e s g i v e n i f one assumes t h e e f f e c t o f t h e d i o d e 

c a p a c i t a n c e i s t h r e e t i m e s more a t 4.5 GHz as i t i s a t 1.5 GHz. 

B. S e r i e s I n d u c t a n c e 

For r g = 15 ohm and a f i x e d v a l u e o f (Cp + C j ) o f 0.13 p f , t h e 

c o n v e r s i o n power l o s s i n c r e a s e s by a b o u t 1.2 dB f o r each 1 nH o f 

i n d u c t a n c e . 

The e f f e c t s o f r e s i s t a n c e i n d u c t a n c e and c a p a c i t y a r e n o t 

d i r e c t l y c u m u l a t i v e . C a l c u l a t i o n s f o r a m i x e r u s i n g d i o d e s : -

r g = 15 ohms L = 2 nH C = 0.13 p f gave a l o s s o f 2.2 dB. The e f f e c t 

o f t h e p a r a s i t i c s on i n p u t and o u t p u t impedances i s a l s o o f some 
4 

i m p o r t a n c e . The f i x e d r a t i o o f —? between i n p u t and o u t p u t impedances 
IT 

w h i c h comes o u t o f t h e l a t t i c e c a l c u l a t i o n s , i s p r e s e r v e d , b u t t h e 

a c t u a l m a g n i t u d e s a r e much r e d u c e d by p a r a s i t i c s . A g a i n , t h i s can t u r n 

o u t t o be o f advantage p r a c t i c a l l y , because t h e impedances a r e r e d u c e d 

t o a v a l u e w h i c h can be e a s i l y matched i n t o , w i t h o u t t h e u s u a l l o s s 

i n v o l v e d i n m a t c h i n g v e r y h i g h impedances t o t r a n s m i s s i o n l i n e l e v e l s . 
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10. Microwave M i x e r s 

l O . 1 I n t r o d u c t i o n 

Because o f t h e huge i n f o r m a t i o n b a n d w i d t h i t can c a r r y , t h e 

microwave f r e q u e n c y range i s v e r y i m p o r t a n t i n communications. A n o t h e r 

p o i n t i s t h e smeill s i z e o f h i g h g a i n d i r e c t i o n a l a e r i a l s a t t h e s e 

f r e q u e n c i e s , w h i l s t t h e low i n t r i n s i c a t m o s p h e r i c n o i s e and e x t r a ­

t e r r e s t r i a l range e n a b l e v e r y low n o i s e r e c e i v e r s t o be used t o 

advantage. I n such a system t h e m i x e r i s an i m p o r t a n t i t e m , more so 

i f i t has no R.F. a m p l i f i e r i n f r o n t o f i t i n t h e r e c e i v i n g c h a i n . 

I n d e t d , a m i x e r can t h e o r e t i c a l l y o u t - p e r f o r m an R.F. a m p l i f i e r f o r 

many p u r p o s e s . 

P o i n t c o n t a c t d i o d e s were used e x t e n s i v e l y f o r e a r l y microwave 

m i x e r s . S i n c e t h e s e were o f t e n used i n Radar s e t s , where t h e d i o d e 

was o f t e n s u b j e c t t o p u l s e s o f R.F. e n e r g y as w e l l as v i b r a t i o n , t h e 

p o i n t c o n t a c t d i o d e was c o n s i d e r e d u n r e l i a b l e i n m a i n t a i n i n g i t s 

e l e c t r i c a l p a r a m e t e r s f o r any p e r i o d o f t i m e . The use o f mi.xers w i t h 

matched p a i r s o r quads o f d i o d e s was t h e r e f o r e i g n o r e d . W i t h t h e 

a d v e n t o f microwave-communications l i n k s , b a l a n c e d arrangements were 

used i n o r d e r t o reduce t h e n o i s e c o n t r i b u t i o n o f t h e k l y s t r o n l o c a l 

o s c i l l a t o r t h e n i n use. These m i x e r s used v/aveguide t e c h n i q u e s , 

w h i c h a r e s t i l l employed f o r t h e f r e q u e n c y range above 10 GHz. A t 

low f r e q u e n c i e s , however, t h e r e d u c t i o n i n s i z e ( b u t n o t l o s s e s ) 

o f f e r e d by m i c r o s t r i p and s t r i p l i n e systems i s a t t r a c t i v e , w h i l s t 

lumped component m i x e r s a r e used up t o 1 GHz. S c h o t t k y b a r r i e r 

d i o d e s a r e n e a r l y u n i v e r s a l l y used i n m i x e r s t o d a y , a l t h o u g h backward 

d i o d e s a r e coming i n t o use f o r low l e v e l d e t e c t o r where t h e i r c on­

s i d e r a b l e n o n - l i n e a r i t y a t t h e o r i g i n g i v e s a h i g h e f f i c i e n c y . 
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1 0 . 2 P r a c t i c a l C i r c u i t s 

1 0 . 2 . 1 S i g n a l and L o c a l O s c i ] ] a t o r C o u p l i n g Methods 

There a r e a number o f ways o f c o u p l i n g t h e s i g n a l and l o c a l 

o s c i l l a t o r i n t o a d i o d e l a t t i c e . The c i r c u i t employed h e r e i s b e s t 

i l l u s t r a t e d by t h e lumped component v e r s i o n i n F i g . 4 4 . The s i g n a l 

(wq) i s c o u p l e d i n v i a an u n b a l a n c e d t o b a l a n c e d m a t c h i n g t r a n s f o r m e r . 

The two s e r i e s t u n e d c i r c u i t s between t h i s t r a n s f o r m e r and t h e d i o d e 

l a t t i c e , p r e s e n t a pass band f o r t h e s i g n a l and a m a i n l y r e a c t i v e 

t e r m i n a t i o n t o t h e image and h i g h e r components. I n p r a c t i c e n e i t h e r 

t h e i n p u t t r a n s f o r m e r n o r t h e s e r i e s t u n e d c i r c u i t s can be l o s s l e s s . 

I g n o r i n g f o r t h e moment t h e t r a n s f o r m e r l o s s e s , t h e h i g h e r t h e l o a d e d 

Q v a l u e o f t h e s e r i e s t u n e d c i r c u i t s , t h e g r e a t e r t h e r e j e c t i o n o f 

t h e image, b u t a l s o t h e g r e a t e r t h e s i g n a l l o s s i n t h e pass band. 

T h i s pass band l o s s L, d i r e c t l y a f f e c t s t h e c p l s i n c e i t r e p r e s e n t s 

a s i g n a l a t t e n u a t i o n and i t can be r e l a t e d t o t h e t u n e d c i r c u i t Q by 

t h e w e l l known f o r m u l a : -

L ( d b ) 2 0 l o g 9) 
1 0 

where Q i s t h e w o r k i n g Q and Q t h e u n l o a d e d Q o f t h e t u n e d c i r c u i t . L o 

The image r e j e c t i o n depends on and ( 2 u j p " ^ t o q ) ' s o ^ o r 

t h e l o w e s t c p l , t h e i n t e r m e d i a t e f r e q u e n c y (wp - wq) s h o u l d be as h i g h 

as p o s s i b l e , t o a l l o w a low v a l u e o f Q and a h i g h v a l u e o f image 
L 

r e j e c t i o n t o be o b t a i n e d a t t h e same t i m e . I t must however be 

p r a c t i c a b l e t o a m p l i f y t h e i n t e r m e d i a t e f r e q u e n c y w i t h as low as n o i s e 
2 1 

f i g u r e as p o s s i b l e , i n o r d e r t o o b t a i n a good system p e r f o r m a n c e 

The r e s u l t i s , t h e r e f o r e , a t h r e e way compromise w h i c h must be 

s o l v e d f o r each i n d i v i d u a l a p p l i c a t i o n , e s p e c i a l l y w i t h due r e g a r d t o 

b a n d w i d t h c o n s i d e r a t i o n s . 
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I n t h e case o f t h e l o c a l o s c i l l a t o r c i r c u i t , however, power l o s s 

i s l e s s i m p o r t a n t t h a n b a l a n c i n g o f t h e d r i v e c u r r e n t . F i g . 4 4 i l l u s t r a t e 

t h e s i n u s o i d a l c u r r e n t d r i v e c i r c u i t , w h i c h may be arrangesd a t low 

f r e q u e n c i e s u s i n g a s e r i e s t u n e d c i r c u i t i n v o l v i n g t h e whole l a t t i c e 

a r r a n g e m e n t , o r a t microwave f r e q u e n c i e s w i t h t u n i n g s t u b s . A t h i g h 

microwave f r e q u e n c i e s , t h e r e may be some c o n c e r n w i t h m i n i m i s i n g L.O. 

l o s s e s , i n o r d e r t o o b t a i n h i g h d r i v e l e v e l s u s i n g t h e low power so u r c e s 

a v a i l a b l e . 

10.2.2 The Diode Quad 

The d i o d e quad i s w i r e d i n a r i n g c o n f i g u r a t i o n . The p a r a m e t e r s 

o f t h e a c t u a l d i o d e s used a r e g e n e r a l l y governed by c o m m e r c i a l a v a i l ­

a b i l i t y , and a b a l a n c e has t o be g e n e r a l l y s t r u c k between t h o s e w i t h h i g h 

p a r a s i t i c c a p a c i t y and low r , and t h e o p p o s i t e c o m b i n a t i o n . Packaging 

i s most i m p o r t a n t a t microwave f r e q u e n c i e s f r o m t h e p o i n t o f view o f 

p a r a s i t i c s , and m a t c h i n g o f d i o d e c h a r a c t e r i s t i c s i s a l s o o f c o n c e r n 

f o r b e s t r e s u l t s . From t h e c o n s t r u c t i o n a l p o i n t o f v i e w , t h e most 

i m p o r t a n t p o i n t i s t h a t t h e r i n g o f d i o d e s and a s s o c i a t e d c a p a c i t o r s 

s h o u l d be c o n s i d e r a b l y s m a l l e r t h a n t h e w a v e l e n g t h a t t h e f r e q u e n c i e s 

used. For b a l a n c e d c o n d i t i o n s t o p r e v a i l , t h e r i n g must be e l e c t r i c a l l y 

s y m m e t r i c a l w i t h r e s p e c t t o t h e s i g n a l I . F . and l o c a l o s c i l l a t o r c i r c u i t s 

A t microwave f r e q u e n c i e s t h i s i m p l i e s m e c h a n i c a l symmetry as w e l l , due 

t o t h e e f f e c t o f s t r a y r e a c t a n c e s . The t h r e e degrees o f symmetry 

r e q u i r e d mean t h a t a t h r e e d i m e n s i o n a l l a y o u t i s needed. 

10.2.3 I n t e r m e d i a t e Frequency E x t r a c t i o n 

I t may seem t h a t because t h e i n t e r m e d i a t e f r e q u e n c y i s u s u a l l y t h e 

l o w e s t f r e q u e n c y i n v o l v e d i n a m i x e r , i t t h e r e f o r e o u g h t t o be e a s i e s t 

t o h a n d l e . However, t h e I . F . o u t p u t o f a m i x e r i s a t t h e l o w e s t s i g n a l 

l e v e l o f t h e e n t i r e r e c e i v i n g system, and l o s s e s h e r e a r e p r o b a b l y more 

s e r i o u s t h a n a t t h e s i g n a l i n p u t , due t o t h e p o s s i b i l i t y o f t h e I . F . 



a m p l i f i e r n o i s e f i g u r e i n c r e a s i n g when i t s i n p u t i s mismatched. A t 

p r e s e n t , i n t h e e x p e r i m e n t a l models b u i l t , t h e I . F . s e c t i o n c o n s i s t s o f 

a wideband 70 MHz b a l a n c e d t o unba l a n c e d t r a n s f o r m e r , t o c o n v e r t f r o m 

t h e h i g h l a t t i c e o u t p u t impedance down t o t h e s t a n d a r d 50 ohm meas u r i n g 

system. Choke l i n e s a r e p r o v i d e d f r o m t h e l a t t i c e t o t h e t r a n s f o r m e r t o 

reduce l o c a l o s c i l l a t o r l e a k a g e f r o m t h e I . F . p o r t . A c o n v e n t i o n a l 

70 MHz low n o i s e a m p l i f i e r i s used f o r t e s t p u r p o s e s u s i n g b i p o l a r 

t r a n s i s t o r s . I t i s hoped t o d e v e l o p a b a l a n c e d I . F . a m p l i f i e r a r r a n g e ­

ment, a b l e t o be d i r e c t l y c o n n e c t e d t o t h e d i o d e l a t t i c e , i n o r d e r t o 

t a k e advantage o f t h e lov/er l o s s and n o i s e f i g u r e p o s s i b l e w i t h t h i s 

a r r a n g e m e n t . E l i m i n a t i o n o f t h e I . F . t r a n s f o r m e r w o u l d a l s o pave t h e 

way t o an i n t e g r a t e d system o f i n c r e a s e d b a n d w i d t h . 

11.O 4.5 GHz P r a c t i c a l M i x e r s 

11.1 M i x e r Measurements a t Microwave F r e q u e n c i e s 

11.1.1 I n t r o d u c t i o n 

The u s e f u l n e s s o f a microwave r e c e i v e r i s l i m i t e d by i t s a b i l i t y 

t o d i s c r i m i n a t e between weak s i g n a l s and n o i s e . A s s o c i a t e d w i t h t h e 

s i g n a l , no m a t t e r what i t s s o u r c e , i s a n o i s e power N:-

N = k T B .. (10) 

where K = Boltzmann's c o n s t a n t 

T = A b s o l u t e t e m p e r a t u r e 

B = Bandwidth. 

The n o i s e f i g u r e F o f a r e c e i v e r (sometimes c a l l e d t h e n o i s e 

f a c t o r ) , e x p r e s s e s i t s r e l a t i v e a b i l i t y t o a m p l i f y w i t h o u t i n t r o d u c i n g 

a d d i t i o n a l n o i s e . I t may be g i v e n as t h e r a t i o between t h e s i g n a l t o 

n o i s e r a t i o a t t h e i n p u t , t o t h a t a t t h e o u t p u t : -

N 
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s 

•where — i s t h e i n p u t s i g n a l t o n o i s e r a t i o 

S 
— i s t h e o u t p u t s.i'jnal t o n o i s e r a t i o . N L 

o 

The e f f e c t i v e p a r t s o f t h e r e c e i v e r can be s p l i t i n t o two s e c t i o n s 

as shown i n F i g . 4 5 . The I . F . a m p l i f i e r s e c t i o n i s s p e c i f i e d by t h e g a i n 

and n o i s e f i g u r e . I n t h e case o f t h e m i x e r s e c t i o n , i t w o u l d appear a t 

f i r s t as i f o n l y t h e c o n v e r s i o n power l o s s L w o uld a f f e c t t h e n o i s e 

p e r f o r m a n c e . T h i s w o u l d be so i f t h e d i o d e s i n t r o d u c e d o n l y t h e n o i s e 

o f t h e i r p a s s i v e b a r r i e r r e s i s t a n c e s . U n f o r t u n a t e l y , t h e c u r r e n t f l o w i n g 

i n t h e d i o d e s c r e a t e s a d d i t i o n a l s o u r c e s o f n o i s e o f t h r e e main t y p e s : -

1. N o i s e i n t h e s e r i e s " s p r e a d i n g " r e s i s t a n c e . 

2. Shot n o i s e a t t h e b a r r i e r . 

3. 1/f o r " f l i c k e r " n o i s e a t low f r e q u e n c i e s ( g e n e r a l l y c o n s i d e r e d 

t o be a s u r f a c e e f f e c t ) . 

The u s u a l way o f i n t r o d u c i n g t h i s a d d i t i o n a l n o i s e i s t o d e f i n e an o u t p u t 

n o i s e r a t i o o f t h e m i x e r : 
t = (12) 

where T^ i s t h e e f f e c t i v e a b s o l u t e n o i s e t e m p e r a t u r e o f t h e m i x e r . 

N o r m a l l y , u s i n g i n t e r m e d i a t e f r e q u e n c i e s i n t h e MHz r e g i o n , and S c h o t t k y 

b a r r i e r d i o d e s made f r o m g a l l i u m a r s e n i d e , t h i s r a t i o i s v e r y low 

( z 1.1 i s q u o t e d ) . 

R e t u r n i n g t o f o r m u l a ( 1 1 ) , t h e i n p u t n o i s e o f t h e m i x e r i s s i m p l y 

t h e t h e r m a l n o i s e as g i v e n by f o r m u l a ( 1 0 ) . The s i g n a l power o u t p u t o f 

t h e m i x e r i s : -
S = f o L 

and t h e o u t p u t n o i s e power i s : -

N = k T B. o 1 

S u b s t i t u t i n g i n t o f o r m u l a ( 1 1 ) , t h e n o i s e f i g u r e o f t h e m i x e r becomes 

s i m p l y : -
F = L t . m 
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The o v e r a l l r e c e i v e r n o i s e f i g u r e i s a s c e r t a i n e d by c o n s i d e r i n g the 
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mi xer and I . F . a m p l i f i e r as two networks i n cascade (and assuming the 

no i s e bandwidth of the mixer exceed t h a t of the I . F . a m p l i f i e r ) : -
F - 1 

F « F +
 I F 

( o v e r a l l ) m G 

Now F - L t and Gm = ~r m - I j 

F = L ( t - 1 + F ) 113) 

which i s the F r i i s fon.iula as mentioned i n Chapter 1. 

I t i s t h e r e f o r e e v i d e n t t h a t the n o i s e f i g u r e of a r e c e i v e r i s 

determined t o a l a r g e e x t e n t by the c o n v e r s i o n power l o s s of the mixer. 

The n o i s e temperature r a t i o t i s g e n e r a l l y governed by i n t r i n s i c d e v i c e 

c h a r a c t e r i s t i c s , although i t can be reduced by lowering the c u r r e n t d r i v e 

flowing i n the diodes. T h i s u s u a l l y i n c r e a s e s L and d e f e a t s the o b j e c t 

of the e x e r c i s e . A p art from t h i s compromise, the I . F . output impedance 

of the mixer may e n t e r i n t o the formula t o a s m a l l e x t e n t , which could 

i n f l u e n c e the I . F . n o i s e f i g u r e a d v e r s e l y i n some c a s e s . The only other 

p o i n t concerning the I . F . a m p l i f i e r i s t h a t the g a i n (G ) does not 
I F 

a f f e c t the r e c e i v e r n o i s e f i g u r e , although the a m p l i f i e r n o i s e f i g u r e 

(F^p) i s i t s e l f normally a v a l u e obtained from cascaded s t a g e s , and i s 

t h e r e f o r e as complex a s u b j e c t i n i t s own r i g h t , as the r e c e i v e r n o i s e 

f i g u r e . 

To sum up, we need measurement of mixer c o n v e r s i o n l o s s and n o i s e 

f i g u r e to know how w e l l i t would perform i n a r e c e i v e r system. These 

measurements a re c o n s i d e r e d i n S e c t i o n 11.1.2 and 11.1.3. A l s o i t i s 

u s e f u l to know how the mixer i s performing as regards t h e o r e t i c a l p r e ­

d i c t i o n s . T h i s i s covered i n S e c t i o n 11.1.4, so f a r as these c o n d i t i o n s 

can be measured a c c u r a t e l y a t microwave f r e q u e n c i e s . F i n a l l y i n 

S e c t i o n 11.1.5, o p t i m i s a t i o n techniques a r e d i s c u s s e d i n order to d i s ­

cover how to b e s t operate a mixer i n a giv e n a p p l i c a t i o n . T h i s i s 

becoming of some importance, a s more demands are made f o r r e c e i v e r 
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systems w i t h s p e c i a l requirements, such as bandwidth or cross-modulation 

performance. I n the s e c a s e s , o p t i m i s a t i o n f o r minimum n o i s e f i g u r e 

as considered here, may not be the b e s t approach. 

11.1.2 Diode Measurements 

I n a mixer, the diodes perform i n a complex s i t u a t i o n . T h i s 

s i t u a t i o n should f o l l o w d i r e c t l y from the theory which assumes a given 

diode model. I n the p r e s e n t case the semiconductor diode i s c o n s i d e r e d 

to be predominantly a time-varying r e s i s t a n c e , and t h e r e a r e three con­

s t a n t s which c h a r a c t e r i s e i t s performance. There a r e , r the i n c r e m e n t a l 

r e s i s t a n c e a t the o r i g i n , r ^ the spreading r e s i s t a n c e , and I the 

r e v e r s e s a t u r a t i o n c u r r e n t c o n s t a n t . Furthermore, to a s s e s s the diodes 

p o t e n t i a l a t microwave f r e q u e n c i e s , p a r a s i t i c c a p a c i t y and l e a d inductance 

should be known, as mentioned i n S e c t i o n 9.4. The r a t i o r / r denoted 
s b 

by r ^ , i s used to d e s c r i b e the q u a l i t y of the diode and I i s i n c o r p o r a t e d 

i n the d e f i n i t i o n of the l o c a l o s c i l l a t o r d r i v e X. 

The i n f o r m a t i o n s u p p l i e d by manufacturers of diodes t e l l l i t t l e 

about the diode, because the c o n d i t i o n s under which the measurements a re 

made are so r e s t r i c t e d and i n c o n s i s t e n t between manufacturers. Indeed, 

i n some c a s e s , i t i s the mounting r a t h e r than the diode which i s being 

measured. One t r o u b l e with the v a l u e s s p e c i f i e d i s t h a t they cannot be 

measured d i r e c t l y . The r e s i s t a n c e r, cannot be, because any measuring 
b 

D.C. would s h i f t the o p e r a t i n g p o i n t of the d e v i c e from the o r i g i n . 

S i m i l a r l y f o r A.C. measurement systems because of the n o n - l i n e a r i t y of 

the measured r e g i o n . To make a d i r e c t e s t i m a t e o f r r e q u i r e s a high 
s 

forward c u r r e n t t h a t could d e s t r o y the d e v i c e or heat the j u n c t i o n , 
thus changing the c o n d i t i o n s of measurement. 1^, on the other hand, 

i s u s u a l l y masked by s u r f a c e leakage c u r r e n t s ( i t can be as low as 
-14 

10 amps), and q u i t e i m p o s s i b l e to measure. I f r ^ i s known, however, 
kT the r e l a t i o n s h i p r, = can be used. b q l s 
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The b e s t e s t i m a t e of r, i s p o s s i b l y t h a t obtained by A.C. 
h 

bridge methods, o b t a i n i n g a balance w h i l s t s u c c e s s i v e l y reducing the 

bridge e x c i t a t i o n v o l t a g e . Another method used a t Durham i s to p l o t 

the c h a r a c t e r i s t i c V - I curve f o r the diode, and use a computer to 

o b t a i n an e x t r a p o l a t i o n to the o r i g i n . A t y p i c a l v a l u e obtained f o r 

a GaAs diode i s 1.3 x 1 0 ^ ohms, w h i l s t p o i n t c o n t a c t diodes have shown 
3 

v a l u e s as low as 7.5 x 10 ohms, both diodes i n c i d e n t a l l y , were s o l d 

f o r X band (10 GHz) use. 
32 

The r ^ can be measured u s i n g a p u l s e technique , where A.C. 

or D.C. r e s i s t a n c e measurements a r e used w h i l s t the d e v i c e i s p u l s e d 

i n t o the high forward conduction r e g i o n . Heating e f f e c t s a re reduced 

d i r e c t l y with the duty c y c l e of the p u l s e , but has s t i l l t o be taken 

not to damage the d e v i c e . A computer e x t r a p o l a t i o n i s a l s o u s e f u l to 

o b t a i n a second v a l u e of r . 
s 

P a r a s i t i c c a p a c i t y and inductance i s d i f f i c u l t to measure 

because they depend to such a degree on the mounting geometry used. 

An e s t i m a t e can be made n u m e r i c a l l y knowing the d e v i c e geometry, and 

r e s u l t s compared w i t h Smith c h a r t impedance measurements and A.C. 

b r i d g e v a l u e s , i f these can be obtained. 

11.1.3 The Power Meter and i t s A p p l i c a t i o n 

The c o n v e r s i o n power l o s s of a mixer i s d e f i n e d as the r a t i o 

of power s u p p l i e d a t the s i g n a l frequency t o the power output a t the 

i n t e r m e d i a t e frequency, under matched c o n d i t i o n s i n both c a s e s . The 

s i g n a l l e v e l a t which a mixer i s f e d from an a e r i a l system l i e s between 
- ] 4 -3 

10 to 10 w a t t s , which i s a v a s t range of which only the top few 

o r d e r s can be used f o r measurements t o any degree of a c c u r a c y . Although 

i c may appear to be p o s s i b l e to measure s i g n a l l e v e l , a t t e n u a t e i t a 

known amount, and then amplify the I . F . output, poor g a i n s t a b i l i t y of 
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the a m p l i f i e r w. i l l v a s t l y reduce the a c c u r a c y . C o n s i d e r a b l e negative 

feedback can g i v e a s u i t a b l e g ain s t a b i l i t y i n an a m p l i f i e r , but t h i s 

technique i s not normally employed i n low n o i s e a m p l i f i e r s a t 

f r e q u e n c i e s above 1 MHz. The t r o u b l e here l i e s w i t h the magnitude 

of the l o s s we wish to measure. An ac c u r a c y of 0.2 dB demands 0.1 dB 

a c c u r a c y i n both a t t e n u a t o r and a m p l i f i e r g a i n . 

S i n c e we must measure power l e v e l s a t two d i f f e r e n t f r e q u e n c i e s , 

i t would seem d e s i r a b l e to use the same method a t both f r e q u e n c i e s , i n 

order to e l i m i n a t e d i f f e r e n t i a l e r r o r s between the microwave power 

measuring system and the low frequency system. L u c k i l y , power i s one 

of the few fundamental q u a n t i t i e s t h a t can be measured d i r e c t l y and 

c o n v e n i e n t l y a t microwave f r e q u e n c i e s . Most of the instruments used 

are based on power r e s p o n s i v e ( u s u a l l y thermal) elements, which can be 

used a t the I n t e r m e d i a t e frequency as w e l l as a t the s i g n a l f r e q u e n c i e s . 

Normal commercial instr u m e n t s use one of two thermal e f f e c t s . 

E i t h e r C a l o r i m e t r i c or Bolometric. C a l o r i m e t r i c types measure the 

temperature r i s e of some substance heated by the R.F. energy. Often 

the temperature r i s e i s measured e l e c t r i c a l l y w i t h a thermocouple. 

The B o l o m e t r i c i n s t r u m e n t s measure the change i n e l e c t r i c a l c h a r a c t e r ­

i s t i c s of a w i r e or t h e r m i s t o r which i s heated i t s e l f by the R.F. energy, 

low frequency r e s i s t a n c e v a r i a t i o n s u s u a l l y being used. A bridge c i r c u i t 

can be employed i n both c a s e s , with dummy unheated elements used to 

b a l a n c e out ambient temperature e f f e c t s . Both types of power meter 

are of approximately equal merit when i t comes to measurement of power 

a t the I . F . and s i g n a l f r e q u e n c i e s i n the p r e s e n t a p p l i c a t i o n . The one 

used was the Hewlett - Packard 431C Thermistor type. T h i s was used a t 

a f u l l s c a l e s e n s i t i v i t y of 0.03 m i l l i w a t t s , and the c i r c u i t b l o ck 

diagram used f o r c o n v e r s i o n power l o s s measurements i s g i v e n i n Fig.46. 

The a n c i l l i a r y items used are to minimise e r r o r , the main sour c e s of 
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which a r e mentioned below. 

1. Mismatch E r r o r 

Due to a non-conjugate match between power meter and source. 

I n Fig.46 the matching networks minimise t h i s e r r o r a t the expense 

of a d d i t i o n a l l o s s . T h i s l o s s was of the order of 0.2 dB and can be 
33 

measured f o r a 1:1 match i n a t r a n s m i s s i o n l i n e system , and t h i s 

v a l u e can be added to the t o t a l t r a n s m i s s i o n l o s s of the measuring 

system. 

2. • R.F. L o s s e s and D.C. to Microwave S u b s t i t u t i o n E r r o r 

R.F. l o s s e s account f o r the power l o s s between the power meter 

connector and the t h e r m i s t o r l e a d . 

S u b s t i t u t i o n e r r o r i s caused by the d i f f e r e n c e i n h e a t i n g 

e f f e c t a t low and high f r e q u e n c i e s on the t h e r m i s t o r l e a d . T h i s 

o c c u r s due to the d i f f e r e n t s p a c i a l d i s t r i b u t i o n of c u r r e n t and r e s i s ­

tance i n the l e a d s a t high f r e q u e n c i e s . These two e f f e c t s a re combined 

i n t o a frequency c a l i b r a t i o n f a c t o r f o r the power meter ( i t i s a matter 

of around 3% a t 4.5 GHz). 

3. Instrument E r r o r 

An e r r o r i n e i t h e r meter c a l i b r a t i o n or zero d r i f t , which i s 

caused by thermal unbalance i n the t h e r m i s t o r bridge c i r c u i t . I n Fig.46 

the same meter i s used f o r both s i g n a l and I . F . measurements, and the 

zero d r i f t can be checked between each measurement. With th e s e p r e ­

c a u t i o n s , the t o t a l e r r o r should not exceed 0.2 dB u s i n g the arrangement 

gi v e n . 

11.1.4 Noise Measurements 

Noise f i g u r e i s a term a p p l i e d to any g e n e r a l four t e r m i n a l 

network, which i s d e f i n e d as the r a t i o of the a c t u a l n o i s e power output 

of the network to the output t h a t would e x i s t i f the network were 



n o i s e l e s s ; i . e . the n o i s e o r i g i n a t e d only from the source connected 

t o i t s input t e r m i n a l s . 

Other ways of d e s c r i b i n g r e c e i v e r n o i s e performance, such as 

t a n g e n t i a l s e n s i t i v i t y , and minimum d i s c e r n i b l e s i g n a l , are mostly 

s u b j e c t i v e r a t h e r than o b j e c t i v e . T h i s i s e s p e c i a l l y t r u e of r e c e i v e r 

systems working a t f r e q u e n c i e s above 30 MHz, where the atmospheric 

noiye fed to the system by the a e r i a l i s l i k e l y to be below t h a t 

c r e a t e d by the r e c e i v e r i t s e l f . S i m i l a r l y the s i g n a l t o n o i s e r a t i o 

of a r e c e i v e r i s a w o r t h l e s s term s i n c e i t i s dependent on bandwidth 

as w e l l as n o i s e performance. 

The b a s i c technique f o r o b t a i n i n g n o i s e f i g u r e i s to measure 

the output power of the network f o r two i n p u t power c o n d i t i o n s . I n p u t 

power changes can be produced i n two ways. The f i r s t method i n v o l v e s 

a change i n the o p e r a t i n g c o n d i t i o n s of the source, such as v a r y i n g 

the c u r r e n t or v o l t a g e s u p p l i e d . The second method uses a p r e c i s i o n 

a t t e n u a t o r to reduce source pov/er s u p p l i e d . I n t h i s c a s e , however, 

the c a l i b r a t i o n may not be a c c u r a t e enough and the a t t e n u a t o r i t s e l f 

i s a n o i s e producing network so i t s temperature of o p e r a t i o n must be 

known a c c u r a t e l y , a q u a n t i t y which i s by no means easy to d i s c o v e r . 

There are t h r e e commercial types of n o i s e source s u i t a b l e f o r 

use a t 4.5 GHz. The primary standard i s the Johnson n o i s e produced 

by a r e s i s t o r a t a known temperature. I t may a l s o be claimed t h a t the 

t h e r m i o n i c n o i s e diode i s a l s o a primary standard, s i n c e the n o i s e 

power of a temperature l i m i t e d e l e c t r o n stream can be computed. How­

ever frequency l i m i t a t i o n such as t r a n s i t time r u l e t h i s type of 

source out a t 4.5 GHz. The t h i r d n o i s e source and the one used i n 
34 

t h i s a p p l i c a t i o n i s the gas d i s c h a r g e tube. I n 1949 Mumford 

p u b l i s h e d the r e s u l t s of h i s work which showed t h a t the p o s i t i v e column 

of a gas d i s c h a r g e could be used as a simple and p r e c i s e n o i s e source. 



He made the hy p o t h e s i s t h a t a tube g i v i n g a monochromatic l i g h t 

s ource, g i v e s out no i s e i n the microwave bands t h a t i s equal to t h a t 

which would be produced by a b l a c k body with a maximum r a d i a t i o n 

peak a t the frequency of the monochromatic l i g h t output. Although 

t h i s was l a t e r d i s p u t e d q u a l i t a t i v e l y , the n o i s e output i s c l e a r l y 

w e l l i n e x c e s s of t h a t g i v e n by the hot load method, where the maximum 

temperature l i m i t i s o f t e n only 500°K. The gas normally used i s argon 

or neon, and the p r e s s u r e i s c l o s e l y c o n t r o l l e d to produce a p o s i t i v e 

column d i s c h a r g e throughout the tube. The tube i s mounted i n a 

t r a n s m i s s i o n l i n e which couples to the plasma o f the d i s c h a r g e . T h i s 

source can then be c a l i b r a t e d a g a j n s t the hot load as a standard, the 

change of n o i s e output w i t h l i f e being only about 0.05 dB f o r 2000 

hours use. 

The a c t u a l instrument used was the Magnetic AB type 113 w i t h 

an argon tube. The system block diagram of t h i s i n s t r ument i s giv e n 

i n F i g . 4 7 . The comparison of n o i s e output of the mixer i s made 

a u t o m a t i c a l l y by s w i t c h i n g the n o i s e source and measuring system a t 

500 Hz. The r e s u l t i s d i s p l a y e d on a meter d i r e c t l y i n terms of 

n o i s e f i g u r e . The main e r r o r from i n s t r u m e n t a t i o n i n a c c u r a c i e s , i s 

t h a t caused by the v a r i a t i o n of source impedance p r e s e n t e d to the 

mixer with the d i s c h a r g e tube on and o f f . T h i s e r r o r can be minimised 

by good desig n and i s only of the order o f 0.1 dB i n the p r e s e n t c a s e . 

I f we are to assume t h a t instrument e r r o r s w i l l always cause 

an u n c e r t a i n t y i n such a measurement, the g r e a t e s t a c c u r a c y w i l l occur 

when the n o i s e source can provide an exc e s s n o i s e r a t i o approximately 

the same as the n o i s e f i g u r e of the system being t e s t e d . S i n c e the 

argon d i s c h a r g e tube produces an e x c e s s n o i s e of about 15 dB (above 

t h a t produced by the load r e s i s t o r a t 290*K), the range i s somewhat 

high f o r the low n o i s e mixer c o n s i d e r e d here. I n f a c t the hot loa d 
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would provide a b e l t e r source except f o r tv/o s e v e r e s e t b a c k s . 

F i r s t l y the r e s i s t a n c e of the load must not vary s i g n i f i c a n t l y over 

a v e r y wide range of temperature. Secondly the load r e s i s t o r , which 

may be q u i t e l a r g e , has to be kept a t an even known e q u i l i b r i u m 

temperature, d e s p i t e the output coupling which i s connected to the 

o u t s i d e world. Automatic temperature switching i n a s i m i l a r method to 

the gas tube i s i m p o s s i b l e , so instrument d r i f t has to be accounted 

f o r w h i l e c o o l i n g or he a t i n g the load,and w a i t i n g f o r e q u i l i b r i u m to 

be obtained. F o r t h e s e r e a s o n s , the a c c u r a c y quoted of 1 dB, using 

the d i s c h a r g e tube and 113 instrument, does seem r e a s o n a b l e , although 

work i s perhaps needed here i f lower n o i s e f i g u r e s were to be 

measured. 

11.1.5 Mixer Operating C o n d i t i o n s 

I n the p r e s e n t c o n t e x t , the o p e r a t i n g c o n d i t i o n s i n v o l v e the 

v o l t a g e s and c u r r e n t s f l o w i n g i n the l a t t i c e of diodes and the 

imbedding c i r c u i t . Measuring these q u a n t i t i e s a l l o w s a comparison 

with t h e o r e t i c a l p r e d i c t i o n s , and i t can a l s o g i v e some i n s i g h t i n t o 

p o s s i b l e c i r c u i t improvements. 

At low f r e q u e n c i e s the measurement problems are few. High 

impedance probes cause l i t t l e p e r t u r b a t i o n a t the o p e r a t i n g c o n d i t i o n s , 

and both magnitude and waveform measurements can be made u s i n g an 

o s c i l l o s c o p e . At hi g h e r f r e q u e n c i e s probe impedances can cause an 

a p p r e c i a b l e e f f e c t on the c i r c u i t , and a t microwave f r e q u e n c i e s , even 

i f a s u i t a b l e high impedance probe were a v a i l a b l e , i t would be n e c e s s a r y 

to a n a l y s e the in f o r m a t i o n gathered c l o s e l y . T h i s i s because of the 

f i n i t e s i z e of the measuring system i n comparison with the wavelength 

used. 
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Power and impedance are the two fundamental q u a n t i t i e s which 

can be measured a t microwave f r e q u e n c i e s . The a p p l i c a t i o n of power 

measurements have a l r e a d y been considered, and i t i s impedance* measure­

ments t h a t have t o be used to determine the mixer o p e r a t i n g c o n d i t i o n s . 

To see how these measurements can be made, c o n s i d e r a source of 

i n t e r n a l r e s i s t a n c e Ro feeding i n t o a load of magnitude Z. Z can be 

found i n two ways, using power measurements as a b a s i s . F i r s t l y the 

power t r a n s m i t t e d to Z and the power r e f l e c t e d from i t can be found 

by.using a d i r e c t i o n a l c o u p l e r . T h i s w i l l g i v e a v a l u e f o r | z | from 

power t r a n s m i s s i o n equations, which can be obtained by means of f i n d i n g 

the VSWR i n the t r a n s m i s s i o n l i n e (of c h a r a c t e r i s t i c impedance Pn) 

co u p l i n g the source to the load. A s l o t t e d l i n e i s normally r e q u i r e d 

f o r t h i s measurement, and i f the e l e c t r i c a l l ength from s l o t t e d l i n e 

•to the load i s known, the phase as w e l l as the magnitude of Z may be 

obtained. I f the mixer under t e s t were the unknown load, the v a l u e 

of Z found would be the i n p u t impedance of the c a v i t i e s . To d i s c o v e r 

the i n p u t impedance of the diodes the c a v i t y t r a n s f o r m a t i o n r a t i o i s 

r e q u i r e d . T h i s can be found knowing the length of the c a v i t i e s and 

the frequency, combined w i t h the c o u p l i n g dimensions. More p r a c t i c a l l y , 

the t e s t b l o ck as mentioned i n Chapter 5 may be used w i t h the known 

100 ohm l o a d . As may be noted the t r a n s f o r m a t i o n r a t i o depends on 

frequency, and may be v a r i e d t h i s way as an a l t e r n a t i v e to the 

t h r e e - s t u b tuner i n Fig.46. Both methods have been used and g i v e 

s i m i l a r r e s u l t s . Although the tuner may be e l i m i n a t e d by u s i n g the 

v a r i a b l e frequency method, c a l i b r a t i o n e r r o r s and d r i f t of the s i g n a l 

g e n erator s t i l l produce o v e r a l l u n c e r t a i n t i e s . 

The output impedance of the l a t t i c e i s measured a t the I . F . 

frequency (70 MHz). The balanced output tra n s f o r m e r i s of known 

tr a n s f o r m e r r a t i o and i s connected v i a a matching u n i t and a low p a s s 



f i l t e r to the power meter. The matching u n i t i s of the P i type 

u s i n g lumped components, and the g e n e r a l c i r c u i t i s shown i n F i g . 4 8 . 

The component v a l u e s were chosen f o r a loaded Q va l u e of about 10 i n 

the prototype i n order t o o b t a i n the lowest l o s s of 0.2 dB or l e s s . 

There are s e v e r a l ways of a n a l y s i n g the c i r c u i t o p e r a t i o n , one way 

i s t o d e s c r i b e the component v a l u e s by means of t h r e e e q u a t i o n s , 

f o r a working angular frequency U J : -

R R 
(14) 

15) 
aiC wC 

16) 
R 

where the components are i d e n t i f i e d i n F i g . 4 8 . 

I t can be seen t h a t eqn. (15) can be w r i t t e n : -

k - - -
which i s independent of frequency and the Q. 

The v a l u e s of and which can be c a l i b r a t e d , g i v e the r a t i o 

between R and R d i r e c t l y . L s 

T h i s network can a l s o be used t o tune out r e a c t i v e p a r t s of 

the impedance. I n the p r e s e n t c a s e t h e s e should be tuned out by 

the i n p u t and output t r a n s f o r m e r s when c o r r e c t l y a d j u s t e d . 

11.2 E x p e r i m e n t a l R e s u l t s 

11.2.1 Input and Output Impedances 

Measurements a r e a v a i l a b l e from s i x s e p a r a t e mixers. D e t a i l s 

of t h e s e a r e t a b u l a t e d i n F i g s . 49-53 and they w i l l be r e f e r r e d to 
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by the number given to them i n these t a b l e s . 

T h e o r e t i c a l i n p u t impedances are g i v e n i n Figs.54-56 i n the 

form of normalised i n p u t impedance a g a i n s t d r i v e l e v e l graphs f o r 

the t h r e e c a s e s of a p u r e l y r e s i s t i v e l a t t i c e mixer. I n t r o d u c i n g 

p a r a s i t i c diode c a p a c i t a n c e causes a r e d u c t i o n i n the now complex 

i n p u t impedance ( F i g . 5 7 ) . I t i s i n t e r e s t i n g to r e l a t e t h i s graph 

to the l o c a l o s c i l l a t o r l e v e l d i r e c t l y as i n F i g . 5 8 . Here the 

experimental p o i n t s are f o r mixer 2. 

P u r e l y e x p e r i m e n t a l i n p u t and output impedances are p l o t t e d 

f o r mixers 3-6 i n F i g s . 59 and 60, u s i n g the methods o u t l i n e d i n 
3 

S e c t i o n 11.1.5. The v a l u e s quoted above 10 ohms need t r e a t i n g 

w i t h c a r e , because of the measurement d i f f i c u l t i e s (they are measured 

i n a 50 ohm system), and because the image r e j e c t i o n of the mixer 

s u f f e r s f o r t h e s e high v a l u e s of i n p u t impedance. Two other p o i n t s 

are worth mentioning from these r e s u l t s . F i r s t l y , the r a t i o between 

in p u t and output impedances f o r any of t h e s e mixers a t any d r i v e 
36 

l e v e l appears to be a c o n s t a n t . L a t t i c e mixer theory supports 
4 

t h i s v a l u e of — r - , and as i n d i c a t e d i n S e c t i o n 9.4, t h i s should be ir2 

almost i n v a r i a n t w i t h p a r a s i t i c s or d r i v e l e v e l changes. Given the 

wide v a r i a t i o n of diode p a r a s i t i c s and e f f e c t i v e d r i v e l e v e l s covered 

by F i g s . 59 and 60, t h i s v a l u e seems to hold w i t h i n measurement 

u n c e r t a i n t y . 

The second p o i n t i s i l l u s t r a t e d by the d i f f e r e n c e i n slope 

between the G a l l i u m A r s e n i d e mixers (3 and 4) and the S i l i c o n diode 
mixers (5 and 6 ) . T h i s would i n d i c a t e a b e t t e r q u a l i t y f a c t o r 

r 
s 

(= — ) f o r these diodes. Although the r v a l u e i s h i g h e r f o r the 
b 

GaAs dio d e s , the c a l c u l a t e d r, v a l u e i s so much hig h e r than t h a t f o r 
b 

the S i diodes, one would expect an even b e t t e r q u a l i t y f a c t o r . I n 
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p r a c t i c e , the leakage r e s i s t a n c e of the GaAs diodes i s much hig h e r 

i n p r o p o r t i o n to r (lO"*""1" ohms) than i t i s i n the c a s e of the S i 
b 

7 

diodes where r i s only 10 ohms or so. A s i g n i f i c a n t reason f o r 

t h i s i s found i n s t u d y i n g the j u n c t i o n technology. I n the case of 

s i l i c o n , p a s s i v a t i o n u s i n g SiO^ i s o b v i o u s l y more s u c c e s s f u l than 

t h a t d e p o s i t e d on the a l i e n s u r f a c e of GaAs. The b e t t e r technology 

of s i l i c o n d e v i c e p r o d u c t i o n a l s o a l l o w s b e t t e r a c c u r a c y of j u n c t i o n 

c h a r a c t e r i s t i c s , which a r e c r i t i c a l from the p o i n t of view of 

matching a quad of diodes. T h i s i s i l l u s t r a t e d i n F i g . 6 1 , a micro­

scope photograph of a GaAs diode used i n mixer 1, the j u n c t i o n a r e a 

i s 1 am a c r o s s . The e f f e c t i v e v a l u e of r, i s t h e r e f o r e much l e s s 
b 

kT than t h a t c a l c u l a t e d from ——— where I s i s obtained from diode forward q l s 

c h a r a c t e r i s t i c measurements. Measuring r d i r e c t l y i s very d i f f i c u l t , 

due to the measuring v o l t a g e or c u r r e n t changing the o p e r a t i n g p o i n t 

of the diode away from the o r i g i n , where by d e f i n i t i o n no c u r r e n t 

can flow. The b e s t method r e l i e s on e x t r a p o l a t i o n from both forward 

and r e v e r s e c h a r a c t e r i s t i c s , but due to the r a p i d change of r e s i s t a n c e 

around the o r i g i n t h i s too i s i n a c c u r a t e . 

11.2.2 Conversion Power L o s s 

The t h e o r e t i c a l CPL f o r p u r e l y r e s i s t i v e a c t i o n mixers was 

shown i n F i g s . 38, 39 and 40. Taking these v a l u e s as a b a s i s , we 

must add a c o n t r i b u t i o n due to the p a r a s i t i c c a p a c i t y of the diode. 

F i g . 6 2 g i v e s these c o n t r i b u t i o n s f o r v a r i o u s c a p a c i t a n c e v a l u e s and 

two s e t s of diode parameters which are t y p i c a l of the types used 

i n p r a c t i c e . The a c t u a l experimental v a l u e s of CPL a r e g i v e n i n 

F i g s . 63 and 64 f o r the G a l l i u m A r s e n i d e and S i l i c o n diode mixers 

r e s p e c t i v e l y . The c o n v e r s i o n power l o s s i s p l o t t e d f o r a l l s i x 

mixers a g a i n s t d e l i v e r e d l o c a l o s c i l l a t o r power. T h i s i s f o r 
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p r a c t i c a l convenience, and t h e r e i s no i n d i c a t i o n of how much of t h i s 

power i s used as c u r r e n t flowing around the diode l a t t i c e . V a r i a t i o n 

of l o c a l o s c i l l a t o r power l o s s would cause a s h i f t i n the X a x i s : f o r 

each mixer, although those w i t h a s i m i l a r mechanical arrangement of 

the l o c a l o s c i l l a t o r feed (mixers 3-6), should e x h i b i t l i t t l e v a r i a ­

t i o n . The anomalous r e s u l t of mixer 2 may be due to t h i s cause, 

although the diode c h a r a c t e r i s t i c s showed an i n b a l a n c e which could . 

a l s o have c o n t r i b u t e d . These e x p e r i m e n t a l r e s u l t s must then be t r e a t e d 

w i t h c a r e . T h e o r e t i c a l l y the curves are s e c t i o n s of F ig.38, f o r even 

though the l o c a l o s c i l l a t o r power d e l i v e r e d may be the same between 

mixers, the X range i s d i f f e r e n t due t o the d i f f e r e n t diode c h a r a c t e r ­

i s t i c s (X = ^ ) • To the t h e o r e t i c a l c o n v e r s i o n power l o s s , which i s 

probably around 0.5 dB, the c o n t r i b u t i o n due to diode s t r a y inductance 

must be added, as a l s o must c o n t r i b u t i o n s due to R.F. and I . F . and 

connector l o s s e s i n the mixer i t s e l f . F i n a l l y the i m p e r f e c t image 

r e j e c t i o n must be taken i n t o account. The lowest CPL i s w i t h i n 0.5 

dB of these e s t i m a t e s i n each c a s e . 

11.2.3 Noise F i g u r e 

The r e s u l t s from the p r e v i o u s s e c t i o n show a reducing c o n v e r s i o n 

power l o s s w i t h l o c a l o s c i l l a t o r d r i v e . I t may be considered t h a t an 

i n c r e a s e d d r i v e should have been employed to reduce the CPL f u r t h e r . 

P a r t i a l l y t h i s was not done because the l o c a l o s c i l l a t o r powers 

a v a i l a b l e i n p r a c t i c a l systems r a r e l y exceed 10 mW, and p a r t i a l l y 

because the i n c r e a s e d c u r r e n t flow around the l a t t i c e c a u s e s an 

i n c r e a s e i n n o i s e f i g u r e of the mixer. T h i s o c c u r s d i r e c t l y as.an 

i n c r e a s e d shot n o i s e c o n t r i b u t i o n ( F i g . 6 5 ) , and i n d i r e c t l y as a r e s u l t 

of j u n c t i o n h e a t i n g , which can l e a d to breakdown of the d i o d e s . 

The n o i s e f i g u r e of mixer 6 was measured as a f u n c t i o n of the 

l o c a l o s c i l l a t o r d r i v e , and i s g i v e n i n Fig.66 which i n c l u d e s a 
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c o n t r i b u t i o n from tiie I . F . a m p l i f i e r . The I . F . a m p l i f i e r n o i s e 

f i g u r e was then measured s e p a r a t e l y and the n o i s e temperature r a t i o 

t of the mixer c a l c u l a t e d from:-

F = CPL (F + t - 1) TOTAL I F 

The n o i s e temperature r a t i o (Fig.G7) i s q u i t e c l o s e to t h a t given f o r 

the s i l i c o n diode i n F i g . 6 5 , the i n c r e a s e a t high l o c a l o s c i l l a t o r 

l e v e l s being apparent. T h i s agreement between n o i s e f i g u r e and con­

v e r s i o n power l o s s has the important q u c i l i t y of supporting the con­

v e r s i o n power l o s s v a l u e . T h i s i s important because w i t h some mixers 

using diodes of v a r i a b l e c a p a c i t y , p a r a m e t r i c g a i n has been observed, 

which reduces the c o n v e r s i o n power l o s s without n e c e s s a r i l y reducing 

the n o i s e f i g u r e . 

12.0 C o n c l u s i o n s and D i s c u s s i o n 

12.1 R e s u l t s 

The p r e v i o u s c h a p t e r s have demonstrated the p r a c t i c a l p o s s i b i l ­

i t i e s of producing a microwave mixer of very low and p r e d i c t a b l e l o s s . 

The v a l u e of such a mixer as the f i r s t stage i n a r e c e i v e r system i s 

i l l u s t r a t e d by the n o i s e f i g u r e measurements. The o v e r a l l performance 

of such an arrangement a t microwave f r e q u e n c i e s from 5 to 20 GHz using 

p r e s e n t diodes, would appear to be s u p e r i o r to a l l p r e s e n t low n o i s e 

r e c e i v e r systems, w i t h the e x c e p t i o n of those u s i n g p a r a m e t r i c 

a m p l i f i e r s . Even i n these c a s e s , bandwidth and complexity requirements 

may w e l l favour the mixer. I t may be asked why t h i s work on a mixer 

has not been done be f o r e . P a r t i a l l y t h i s c ould be because t h e r e was 

l i t t l e need f o r i t . At low f r e q u e n c i e s atmospheric n o i s e from the 

a e r i a l makes the use of v e r y low n o i s e mixers p o i n t l e s s , w h i l s t low 

n o i s e R.F. a m p l i f i e r s are easy to b u i l d anyway. At high f r e q u e n c i e s 

t h e r e are t h r e e drawbacks w i t h the type of mixer under study. F i r s t l y 

the p a s s i v e c i r c u i t was hard to d e s i g n to o b t a i n a l l the f u n c t i o n s 



Figure 6'/ Noise tempera tu re r a t i o of mixer 6 
a g a i n s t local o s c i l l a t o r power. 

2 0 

8 
•6 

1 4 

12 

O 
O l O 

L O Power mW 



r e q u i r e d . Secondly f a i r l y h i gh l o c a l o s c i l l a t o r powurs arc needed, 

and work i s s t i l l r e q u i r e d t o produce sources of good s p e c t r a l p u r i t y 

and s t a b i l i t y i n the range above 1 GHz. T h i r d l y , as mentioned 

before, only r e c e n t l y have matched diode quads su i t c i b l e f o r t h i s 

frequency range been a v a i l a b l e . This has probably come about more 

as a side e f f e c t of the use of m i c r o s t r i p techniques f o r l a r g e band-

widths and m i n i a t u r i s a t i o n , than as a d i r e c t e f f o r t t o produce low 

loss mixer components. 

12.2 Future P o s s i b i l i t i e s 

I t seems c e r t a i n t h a t f o r some time t o come the low loss mixer 

w i l l a l l o w the lowest noise f i g u r e and l a r g e s t r e c e i v e r bandwidth 

t o be obtained, a t any r a t e a t the higher microwave frequencies and 

a t reasonable cost. Present day commercial a m p l i f i e r s which are 

uncooled and unpumped, are producing noise f i g u r e s of 4 dB up t o 

1 GHz. I n the case o f t r a n s i s t o r a m p l i f i e r s which show most promise, 

t h i s frequency l i m i t could be r a i s e d t o 5 GHz w i t h i n a few years, 

but even using f i e l d e f f e c t types, low noise a m p l i f i c a t i o n does not 

appear t o be f e a s i b l e much above t h i s l i m i t . The mixer considered 

i n t h i s r e p o r t allows a r e c e i v e r noise f i g u r e of 4 dB or so because 

the low noise a m p l i f i c a t i o n i s done a t the r e l a t i v e l y easy frequency 

o f the I.F. (70 MHz). I t could be p o i n t e d out t h a t a l l the mixers 

used cheap commerical diodes, whereas microwave t r a n s i s t o r a m p l i f i e r s 

need expensive selected devices t o o b t a i n good r e s u l t s . 

On the question of commercial p o s s i b i l i t i e s , i t would appear 

d e s i r a b l e t o use an e n t i r e l y i n t e g r a t e d or t h i c k f i l m mixer f o r cheap 

p r o d u c t i o n . U n f o r t u n a t e l y , as mentioned,the present i n t e g r a t e d 

resonators are very poor i n comparison w i t h the c o a x i a l a i r - d i e l e c t r i c 

c a v i t i e s used. The e x t r a l oss t h a t would be produced would n e a r l y 



a l l occur i n the c r i t i c a l R.F. s i g n a l path and v.'ould c e r t a i n l y 

increase the o v e r a l l noise f i g u r e by ai; .least 1 dR. I t skeins then, 

t h a t a waveguide or c o a x i a l i n p u t c i r c u i t i s d e s i r a b l e , w h i l e diodes 

and associated components could be i n t e g r a t e d e a s i l y w i t h improved 

performance, due t o the r e d u c t i o n i n siz e and hence reduced r e a c t i v e 

p a r a s i t i c s . This improvement i s obvious i n the case of mixers 5 and 

6 where the r e c e n t l y a v a i l a b l e packaged quads of diodes have been 

employed. The improvement i s due almost e n t i r e l y t o the packaging, 

the diodes being n e a r l y i d e n t i c a l t o those used i n mixer 2. Because 

of the i n e f f i c i e n t and bandwidth reducing coupling system between the 

present mixers and I.F. amplifip.r, i t would seem advantageous t o 

i n c o r p o r a t e a t l e a s t the f i r s t stage of the a m p l i f i e r i n s i d e the 

mixer. Advantage could then be taken of the high l a t t i c e output 

impedance a t the I.F. frequency i n order t o make a d i r e c t low noise 

match i n t o f i e l d e f f e c t or b i p o l a r t r a n s i s t o r s . A balanced stage a t 

the a m p l i f i e r i n p u t would then e l i m i n a t e the transformers e n t i r e l y , 

which would s u i t present i n t e g r a t i o n techniques even more. 

The loss of the mixer i s p r e d i c t a b l e because the t h e o r e t i c a l 

study uses p r a c t i c a l diode c h a r a c t e r i s t i c s , r a t h e r than those based 

on a t h e o r e t i c a l model of the diode. Because the diode law can be 

expressed i n terms of c u r r e n t , i t was an obvious choice, f o r mathe­

m a t i c a l s i m p l i c i t y , t o analyse the l a t t i c e mixer a c t i o n i n terms of 

c u r r e n t r a t h e r than v o l t a g e . The r e s u l t a n t t h e o r e t i c a l r e s u l t s are 

very close t o the p r a c t i c a l measurements, e s p e c i a l l y i f c o n t r i b u t i o n s 

due t o r e a c t i v e diode p a r a s i t i c s are taken i n t o account. I n t h i s 

connection, i t would be i n t e r e s t i n g t o consider the use of a diode 

law or c h a r a c t e r i s a t i o n based on the frequency domain r a t h e r than on 

c u r r e n t and v o l t a g e s . Such a p r o j e c t could produce a t h e o r e t i c a l 

study of gx _eat p r a c t i c a l accuracy a t any frequency, w i t h o u t 
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p a r a s i t i c c o n t r i b u t i o n s ; being needed. Since t h i s would be based 

on p r a c t i c a l measurements, a p p l i c a t i o n nf thw theory could w e l l 

be s i m p l i f i e d i n comparison w i t h present methods. 
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Ap p e n d i x 1 

Impedance a n a l y s i s o f a l o s s l e s s s h o r t c i r c u i t e d t r a n s m i s s i o n 
l i n e 

F o r a TEM mode l i n e o f c h a r a c t e r i s t i c impedance Y q and 

l e n g t h l, t h e i n p u t a d m i t t a n c e i s g i v e n by:-

Y = ~ j Y Cot 
J o c 

The a d m i t t a n c e has p o l e s a t w •- nw^ where n -- 0, 1, 2, 3..., 

and = -jr-

T h e r e f o r e — = - 3 C o t — Y . w, o 1 

E x p a n d i n g t h e Cot t e rm we g e t 
10 

_Y • ± + -iy ^ 
Y " ~ ~ J ' of D i r / 2 / u \ 2 
O IT" _ i v "1 n-1 v " r 

The f i r s t t e r m r e p r e s e n t s an i n d u c t a n c e ( L Q = —g—) and t h e 
0 

r e m a i n i n g terms o f t h e s e r i e s r e p r e s e n t t h e a d m i t t a n c e 

o f s e r i e s - t u n e d c i r c u i t s 

• I jit.. 

T 6 T c > 

The e f f e c t o f t a k i n g one, f i v e and a l l t h e e l e m e n t s i n t o 

account, i s p l o t t e d i n F i g . 3. 
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F i g . 1 

E q u i v a l e n t c i r c u i t s f o r an n-mesh 2 p o l e w i t h 
p o l e s a t v/ = 0 and •*>. 

(a) Impedance form 

c {t-mfl-^pr^iJ L h k J — 0 

, 2 2,,2 2, / 2 2 ^ 
(a) — u ) ^ / ((jo -a)^ ) _ t 02H-] 

Z(u>) = jAu - ^ — j 2 7 7 I 2" 7 2 2~ ~ 
ai (OJ -1O2 )(w -u>^ _ U )2H-? 

(b) A d m i t t a n c e form 

Y(u) = 2 ( t o ) 
-1 



F i g . 1 sinipJ i f i c d a t une p o l e m " u.k 

Lj, 

F i g 

C u r v e s showing e x a c t form o f a d m i t t a n c e f u n c t i o n 
and two a p p r o x i m a t i o n s 

+ 3 

fx value -i 

five isnt E«ct value 
element 

181 20' 1.6 1.0' 1.2 0.7. 08 ft five resonant 
elements 

<- One resonant 
/ clornent 

/ 
}1 
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I n F i g . 1cL : -

R 
e 

X 2 R 
m s 

— 2 *2 R +X„ s I 

X (2X - X m ) 
and X o = X_ (1 — - — • ^ - • ^ - ) 

C » * s 2 V 

I n - F i g , 1 C u s i n g - K i r c h o f f 1 s Law a t t h e p o i n t s a - a ' : -

s i m 

i 
o (Assuming — > 1 and m - /«. x ~L ') ^ o 

T h e r e f o r e R g >> X £ and ( i ) becomes:-

X 2 

_ m e R s 
R 

a l s o * e - X m t o a f i r s t a p p r o x i m a t i o n 



Appendix^ 2 

A Loco Cioii.r;;i.cd_J^KV loaded G a v i t y 

F i g . 1 a Loop a r e a A i n s e r t e d i n c a v i t y 

« 5 

m = m u t u a l i n d u c t a n c e 

& = l o o p i n d u c t a n c e 

F i g . 1"b Lumped e q u i v a l e n t c i r c u i t 

(f-»0 («..-*) 

F I R . 1C F i K . l d . 
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where c = speed of l i g h t , E = r e l a t i v e p e r m e a b i l i t y 

o f c a v i t y f i l l i n g . 

F o r a c o n c e n t r i c c i r c u l a r c o a x i a l l i n e : -

, b ,. o v 
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APPENDIX A 

The loaded Q va l u e of an End-loaded C a v i t y 

, IT / A \ 2 
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(Transmission l i n e ) ( 1 ) 
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O O I o 
R L V 1! 

( E q u i v a l e n t c i r c u i t ) (2) 

T h e r e f o r e 
Z T o (3) 

VT 

R -L U) C o 

and 
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u C o o-

L + j <o C R + (0 C o o L 10 ^p2 o o ^ , 
T, 2 1 
R + — -L 2 2 0) C o 

s e p a r a t i n g R e a l and Imaginary p o r t s ^because | I | ~ J ^ + ^ ) 

T h e r e f o r e 
x 2 L o - o 1 o *~ 'J 

l l j 2 

2C 

2 1 2 
R L + id 2 P2 o 

2 1 
L +

 u) 2 r2 i o v-

o 2 2 2 o 1 + — ^ + u C R + -^V C o o L 2 ( 4 ) 

o> 2 , 2 2 + / f j > f 
o o L I C / ( 4 ) 



0 E l e c t r i c a l l e n g t h > J 
i 

1 
0 

/ / / / / . s / / / ,•///,//, 

i r \ 

7-/-7-/—/—T7—7-7—/ / / / / 

(Resonant frequency w„ , i D 5 i i ,rm£j v a l u e s of 1^,1,) 

F i g . 1 C a v i t y f e d by a Voltage Source 

0 

F i g . 2 E q u i v a l e n t C i r c u i t 



APPENDIX 4 (Continued) 

1 1 
Now:- C = — and C + C UJ Z tan 0 o 2 „ o o o u) L o o 

from transmission l i n e and e q u i v a l e n t c i r c u i t resonance c o n d i t i o n s 

r e s p e c t i v e l y . 

C T / c + C ^ 1 6 t a n 2 0 
Therefore | 1 + J = I c ° 1 = ^ " " ( 5 ) 

R a) C << 1 f o r Q values > 1 L o o 

i 6 t a n 2 

Therefore (R w C ) can be neglected i n comparison w i t h --
L o o 2 

f o r p r a c t i c a l values of Q̂ . 

Therefore s u b s t i t u t i n g (5) i n t o (1) 

4Z 
Q = — — tan 6 *L TTR C 

XJ 



APPENDIX 5 

Output Components of Balanced and Double-Balanced Mixe.rs_ 

Balanced: • 

Switching f u n c t i o n S ( t ) 

2TT oip 

F o u r i e r Series: S ( t ) = h + (cos u p - 1/3 cos 3wp + 1/5 cos 5top 
etc.) 

S i g n a l : - A cos to q 

Output = A cos to q S ( t ) 

A cos to q , 2A . . .,, _ , \ *• + — (cos u p cos a) q - 1/3 cos 3 to p cos to q + etc) 2 if 

. (1) (2) (3) 
^ 2A , 
— cos w q + — (cos ( to p - to q) + cos ( u p + u q ) ) 

2A 
3ir (cos (3 top -toq) T cos (3 top +toq) ) e t c . 

Output terms:- 1 Signal 

2 I.F. ( d i f f e r e n c e frequency) 

3 Sum frequency 



Double Balanced:-

+ ] 1 I 

Switching f u n c t i o n S(t) :- 0 
-1 [ | j 

- 5 — - f-
2 IT tup 

4 
Fo u r i e r s e r i e s : - S ( t ) = — (cos to p - 1/3 cos 3 to p + 1/5 cos 5 to p 

et c . ) 

S i g n a l : - A cos to q 

Output = A cos to q S(t) 

4A 
= — (cos to p cos to q - 1/3 (cos 3 to p cos to q) + e t c . ) IT 

(2) (3) 
4A 

= — (cos (top - to q) + cos ( to p + to q) 

4A 
— (cos (3top - to q) + cos (3top + to q) ) + e t c . 

Note increased c o e f f i c i e n t s of term (2) ( I . F . output) i n case of 

double-balanced c o n f i g u r a t i o n , and lack of unwanted s i g n a l (term (.1)) 

a t output. 
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4 . 5 ."> GHz NARROW--BAND O P E N - C I R C U I T L A T T I C E MIXERS 

J . P . W r i y h t J . R. Em m e t t B . L . J . Ku l c i s z a 
N e w c a s t l e P o l . & 
U. o f Durham U.K. 

U . o f D u i: h a in 
U.K. 

U . o f Durliair. 
U.K. 

The p r e v i o u s p ^ p u r p r e s e n t e d a summary o f t h e g e n e r a l 
t h e o r y o f a l a t t i c e m i x e r a nd s p e c i f i c a l l y d e a l t w i t h t h e 
s o l u t i o n s o f s p e c i a l c a s e s i n w h i c h the. c i r c u i t was a s s u m e d 
t o be p u r e l y r e s i s t i v e . The; c o n c l u s i o n was t h a t a n a r r o w - b a n d 
o p e n - c i r c u i t m i x e r o f f e r s t h e l o w e s t c . p . l . e v e n a t q u i t e l o w 
i m a g e - r e j e c t i o n r a t i o s . T he a i m o f t h i s p r o j e c t was t o 
c o n s t r u c t s u c h a m i x e r a t 4.5 GHz an d i n v e s t i g a t e i t s 
p e r f o r m a n c e . 

T h e b a s i c c i r c u i t o f t h e l a t t i c e m i x e r shown i n F i g . l o f 
t h e p r e c e d i n g p a p e r was u s e d a s t h e s t a r t i n g p o i n t . T he m a i n 
d i f f i c u l t y was t o f i n d a m i c r o w a v e e q u i v a l e n t f o r t h e b a l a n c e d 
a r r a n g e m e n t o f t h e two s e r i e s r e s o n a n c e s i n t h e m i x e r i n p u t . 
From among t h e a v a i l a b l e m i c r o w a v e c o m p o n e n t s t h e r e s o n a n t 
c a v i t y was c h o s e n s i n c e i t o f f e r s t h e h i g h e s t Q and h e n c e t h e 
h i g h e s t i m a g e - r e j e c t i o n r a t i o . A t t h e f r e q u e n c y o f 4.5 GHz 
i t s p h y s i c a l s i z e i s n o t p r o h i b i t i v e a n d i s c o m p a r a b l e t o t h e 
r e m a i n i n g c o m p o n e n t s o f t h e m i x e r c i r c u . i t . 

2. T w o - c a v i t y b a l a n c e d s y s t e m 
I t i s w e l l known t h a t a c o a x i a l t r a n s m i s s i o n l i n e o f j u s t 

u n d e r a q u a r t e r o f a w a v e l e n g t h l o n g , s h o r t e d a t one end a n d 
c a p a c i t i v e l y - l o a d e d a t t h e o t h e r , w i l l b e h a v e a s a r e s o n a n t 
e l e m e n t . I n t n e u s u a l a p p l i c a t i o n s , b e c a u s e o f t h e way i n 
w h i c h t h e two c o u p l i n g l o o p s a n d / o r p r o b e s a r e i n t r o d u c e d , 
s u c h a c a v i t y c a n be r e p r e s e n t e d a s a p a r a l l e l r e s o n a n t 
c i r c u i t . T h e s e r i e s - r e s o n a n c e b e h a v i o u r was a c h i e v e d by 
u t i l i s i n g t h e c a v i t y e n d - c a p a c i t a n c e a l s o a s t h e c o u p l i n g 
e l e m e n t t o t h e l o a d . 

Two, i d e n t i c a l , e n d - l o a d e d c a v i t i e s w e r e f i n a l l y c o m b i n e d 
to' f o r m a b a l a n c e d s y s t e m a s shown i n F i g . l . T h e s i g n a l i s 
f e d v i a t h e two c o u p l i n g l o o p s i n p a r a l l e l f o r m i n g a f i g u r e o f 
e i g h t on t h e d i a g r a m . T he l o c a 1 - o s c i 1 l a t o r c u r r e n t t h r o u g h 
t h e d i o d e s p r o d u c e s o p p o s i n g v o l t a g e s a c r o s s e a c h l o o p a l s o 
a c r o s s C^ & C 2 c a p a c i t o r s . A c c o r d i n g l y , u n d e r t h e i d e a l 
b a l a n c e c o n d i t i o n s , t h e r e s h o u l d n o t be any l o c a 1 - o s c i 1 1 a t o r 
b r e a k t h r o u g h i n t o t h e s i g n a l o r t h e i n t e r r a e d i a t e - f r e q u e n c y 
c i r c u i t s . T h e c a p a c : t o r C^ i s p r o v i d e d f o r f i n e a d j u s t m e n t o f 
t h e ' l o n g i t u d i n a l ' r e s o n a n c e a t t h e l o c a l - o s c i 1 1 a t o r f r e q u e n c y 
a n d t h u s t o e n s u r e a s i n u s o i d a l c u r r e n t w a v e f o r m d u r i n g t h e 
f o r w a r d - c o n d u c t i n g p e r i o d s o f t h e d i o d e s a s r e q u i r e d by t h e 
t h e o r y . 

T h e t r a n s f e r c h a r a c t e r i s t i c s o f t h e two c a v i t i e s a r e shown 
i n F i g . 2 . I n e a c h c a s e , t h e im a g e f r e q u e n c y c o m p o n e n t i s 
a t t e n u a t e d by more t h a n 14 dB. A t t h e s i g n a l f r e q u e n c y t h e 
l o s s i s a b o u t 0.6 dB p e r c a v i t y g i v i n g a t o t a l l o s s o f a b o u t 
1.2 d B i n t h e i n p u t . 

http://circu.it


3 . M i ;•: e J : i o_d_e s 
I f a. sic c o n d u c t o r d i o d e .is c o n s i d e r e d ao a t i m e - v a r y i n g 

r e s i s t a n c e : , t h e r e a r c e s s e n t i a l l y t h r ^ c c o n s t a n t s w h i c h 
c l i a r a c t e r i sc: i t s p e r f urma) 1 c e . Thcr.e a r c , rj., t h e i n c r o i n c n t a 1 
j." (.: s i u t j u u u a t t h e o J: i y i n , r t h e s p r c 11 u i i uj r o . i . L a n c e , <.i 11 d I 
t h e r e v e r s e s a t u r a t i o n c u r r e n t c o n s t a n t . F u r t h e r m o r e , t o 
a s s c s s i t s p o t o n t i a l i n a i n i c r o w a v c c i r c u i t t h e d i o d e d o p i e t i o n 
a n d p a c k a g e c a p a c i t :i n c e s 10 u s t a 1 s o b e k n own . 'J' h c r a t i o r / r ̂  , 
d e n o t e d by r,1. , i s u s e d t o d e s c r i b e t h e q u a l i t y o f t h e d i o d e 
and 11. i s i n c o r p o r a t e d i n t h e d e f i n i t i o n o f t h e l o c a l -
o s c i l l a t o r c u r r e n t d r i v e X. 

T h e i n f o r m a t i o n s u p p l i e d by m a n u f a c t u r e r s on t h e m i x e r 
d i o d e s i s \ i s u 1 1 y i n a d e q u a t e and f u r t h e r i n e a s u r e m e n t s a r e 
n e c e s s a r y t o e s t a b l i s h t h e i r p a r a m e t e r s a c c u r a t e l y . T h e s e 
m e a s u r e m e n t s , c a r r i e d o u t a t d . c . , r . f . a n d m i c r o w a v e 
f r e q u e n c i e s , a r e e s s e n t i a l n o t o n l y co f i n d o u t w h e t h e r t h e 
a s s u m e d d i o d e lav; i s s a t i s f i e d b u t a l s o t o o b t a i n a m a t c h e d 
s e t o f f o u r d i o d e s . 

T h e r e a r e two t y p e s o f s e m i c o n d u c t o r d i o d e s w h i c h a r e 
n o r m a l l y c o n s i d e r e d f o r u s e i n a m i x e r c i r c u i t . The modern 
p o i n t - c o n t a c t d i o d e w i t h i t s r e l a t i v e l y l o w c a p a c i t a n c e , a n d 
t h e h o t c a r r i e r d i o d e c h a r a c t e r i s e d by a l o w r e v e r s e - c u r r e n t 
c o n s t a n t I and g r e a t l y r e d u c e d s t o r a g e e f f e c t s . V a r i o u s 
i n d e p e n d e n t t e c h n i q u e s w e r e e m p l o y e d t o d e t e r m i n e rj., a n d I s , 
t h e k e y p a r a m e t e r s o f t h e d i o d e . T h e s e i n c l u d e d a . c . b r i d g e 
m e a s u r e m e n t s , g r a p h i c a l e x t r a p o l a t i o n m e t h o d s , a n d c o m p v t e r -
a i d e d c a l c u l a t i o n s o f a l l t h e d i o d e c o n s t a n t s f r o m t h e I / V 
f o r w a r d c h a r a c t e r i s t i c s . I n l a t t i c e m i x e r s t h e r e v e r s e 
c h a r a c t e r i s t i c i s o f no i n t e r e s t i f t h e i n c r e m e n t a l r e s i s t a n c e 
i s g r e a t e r t h a n r ^ . The r e l a t i o n r ^ - k T / q I a p r o v i d e d an 
a d d i t i o n a l c h e c k on t h e v a l i d i t y o f t h e i n d i v i d u a l measurements. 

Th e r e s u l t s o b t a i n e d on p o i n t - c o n t a c t d i o d e s h a v e p r o d u c e d 
a w i d e r a n g e o f v a l u e s f o r t h e c o n s t a n t s . M a g n i t u d e s a s l o w 
a s 7.5K f o r t h e r ^ , and a s h i g h a s 3.2nA an d 12 ohms f o r I s 

and r g , r e s p e c t i v e l y , w e r e r e c o r d e d f o r one t y p e o f d i o d e . I t 
h a d a l o w c a p a c i t a n c e a n d was r e c o m m e n d e d by t h e m a n u f a c t u r e r 
a s a p o s s i b l e m i x e r d i o d e a t X - b a n d . H o w e v e r , b e c a u s e i t s 
q u a l i t y f a c t o r was p o o r ( a b . 1 0 - 3 ) i t s u s e i n a l a t t i c e m i x e r 
e v e n a t 4.5 GHz c a n n o t p r o d u c e a s a t i s f a c t o r y l o w - l o s s 
p e r f o r m a n c e . O t h e r p o i n t - c o n t a c t d i o d e s had more a c c e p t a b l e 
p a r a m e t e r s , r b i n t h e o r d e r o f 100K, I s o f a b o u t 0.3uA and 
r s o f 1 t o 3 ohms. 

The m e a s u r e m e n t s o b t a i n e d on h o t c a r r i e r d i o d e s h a v e 
p r o d u c e d b e t t e r r e s u l t s . The c o n s t a n t s o f t h e S i d e v i c e s . 
HP297G, DC1502 a n d HP2815 g a v e q u a l i t y f a c t o r s o f 4.7 10 , 
0.03 10~6 a n d 0.3 1 0 " ^ , r e s p e c t i v e l y . T h e t o t a l c a p a c i t a n c e 
i n some c a s e s was j u s t a b o v e 1 p f . 

An e x c e p t i o n a l s e t o f c o n s t a n t s was o b t a i n e d f o r t h e 
u n c n c a p s u l a t e d GaAs h o t c a r r i e r j u n c t i o n 1 4 8 C A Y / A , m a n u f a c t u r e d 
by M u l l a r d s , r e s u l t i n g i n a q u a l i t y f a c t o r o f a b o u t 4 1 0 ~ H 
and t h e t o t a l c a p a c i t a n c e o f a b o u t 0.1 p f . G r a p h i c a l -
e x t r a p o l a t i o n m e t h o d s h a d t o be e m p l o y e d t o d e d u c e r ^ a n d I s 

o f 1.3 1 0 1 1 ohms and 2 1 0 " 1 3 amps, r e s p e c t i v e l y . 



4 . 'J'h i: i' J' 1." o c L o f_ 1 1 t c _ clo ]jjl i! 1: .i o n c a ] > ricJ V a n c e_ o n t h o c . p . ] . a nd I-1.'. 
I t i s a p p a r e n t t h a t a s h i g h e r op •-.•rat i ona.l f r o q u o n c i as a r e 

u t i. 1 i c e d d i o d c c a p a o - i t a n c c s c a n n o t be i g n o r o d , a n d 11 I o .i r 
e f f e c t m u s t be i n c l u d e d i n t h e a n a l y u i s . T h i s 'was a c h i e v e d by 
r ep 1 a c i n y t h e t i i n c - v a r y .i.ny r e s i s t a n c e s w i t h 111c t i m e - v a r y i n g 
i m p e d a n c e s . S i n c e t h e ex L e r n a 1 - t o - j u n c t i on c a pa c i t a n c t: i s 
d e t e r m i n e d by t h e t y p e o f e n c a p s u l a t i o n u s e d a n d c i r c u i t 
s t r a y s , i t was d e c i d e d i n i t i a l l y t o c o n s i d e r o n l y t h e d e p l e t i o n 
c a p a c i t a n c e a t t h e o r i g i n . C o n s e q u e n t l y , t h e K-̂  , & Kg 
p a r a m e t e r s became n o t o n l y f u n c t i o n s o f t h e l o c a l - o s c i l l a t o r 
d r i v e and t h e q u a l i t y f a c t o r o f t h e d i o d e s , b u t a l s o o f t h e 
d e p l e t i o n , c a p a c i t a n c e s . l i c c a u s c o f rr o o d i m a g e - r e j e c t i o n 
r a t i o s o b t a i n e d w i t h t h e d o u b l e - c a v i t y s y s t e m ( F i g . 2 ) , a n d f o r 
m a t h e m a t i c a l s i m p l i c i t y , t h e t e r m i n a t i o n a t t h e i m a g e 
f r e q u e n c y was a s s u m e d t o be i n f i n i t e . 

T h e c a l c u l a t e d t o t a l l o s s f o r t h e l a t t i c e m i x e r u s i n g S i 
and GaAs d i o d e s a t v a r i o u s l o c a l - o s c i l l a t o r p o w e r s i s shown i n 
F i g . 3 ; T h e l o s s due t o t h e d e p l e t i o n c a p a c i t a n c e i s g i v e n by 
t h e r e a d i n g a b o v e t h e r e f e r e n c e l e v e l , i . e . C = 0. 

I t i s s e e n i n F i g . 4 t h a t t h e c a p a c i t a n c e h a s a c o n s i d e r a b 1 e 
e f f e c t on t h e m a g n i t u d e o f t h e i n p u t i m p e d a n c e a t t h e s i g n a l 
f r e q u e n c y . S i m i l a r e f f e c t i s p r e d i c t e d f o r t h e o u t p u t 
i m p e d a n c e a t t h e i n t e r m e d i a t e f r e q u e n c y . 

5. R e s u l t s and c o m p a r i s o n w i t h t h e t h e o r y 
T h e r e s u l t s o b t a i n e d on t h e two m i x e r s a r e e n c o u r a g i n g n o t 

o n l y b e c a u s e o f t h e i r l o w - l o s s p e r f o r m a n c e b u t a l s o b e c a u s e a 
c l o s e a g r e e m e n t w i t h t h e t h e o r e t i c a l p r e d i c t i o n s was a c h i e v e d . 
M o s t o f t h e e x c e s s l o s s c a n be a c c o u n t e d f o r , w i t h i n t h e 
e x p e r i m e n t a l e r r o r , i n e a c h m i x e r c i r c u i t . 

A l t h o u g h t h e image f r e q u e n c y r e j e c t i o n was good ( F i g . 2 ) we 
f o u n d t h a t t h e t o t a l l o s s o f t h e c a v i t i e s a t t h e s i g n a l 
f r e q u e n c y was s t i l l t o o h i g h a t a b o u t 1.2 dB. T h e l o s s e s 
i n c u r r e d i n t h e m a t c h i n g n e t w o r k s a m o u n t e d t o a b o u t 0.9 dB. 
The r e m a i n i n g l o s s o f 1 dB i s a t t r i b u t e d t o t h e d i o d e 
c a p a c i t a n c e s a n d d i o d e i n d u c t a n c e . The e f f e c t o f t h e p a c k e r ; ^ 
and s t r a y c a p a c i t a n c e s on t h e c . p . l . i s b e i n g a n a l y s e d b u t t h e 
r e s u l t s a r e n o t y e t a v a i l a b l e f o r c o m p a r i s o n . 

On c o m p a r i n g t h e two m i x e r c i r c u i t s i n F i g . 5 i t i s n o t e d 
t h a t t o o b t a i n t h e same c . p . l . h i g h e r l o c a l - o s c i l l a t o r p o w e r 
i s r e q u i r e d f o r t h e S i d e v i c e s . The r e a s o n f o r t h i s , 
v e r i f i a b l e by t h e a n a l y s i s , i s t h a t t h e q u a l i t y f a c t o r f o r t h e 
S i d i o d e s i s much w o r s e t h a n t h a t f o r t h e GaAs d i o d e s . 

A c o m p l e t e e l i m i n a t i o n o f d i o d e r e a c t a n c e s o r t h e i r 
n e u t r a l i s a t i o n by c i r c u i t t e c h n i q u e s i s d i f f i c u l t , i f n o t 
i m p o s s i b l e , a t h i g h e r f r e q u e n c i e s . M i c r o w a v e i n t e g r a t e d 
c i r c u i t s may be a s o l u t i o n t o t h e p r o b l e m i n w h i c h j u n c t i o n s 
c a n be p l a c e d d i r e c t l y on s u i t a b l e s u b s t r a t e s . I n o u r m i x e r s 
i m p r o v e m e n t s i n t h e d e s i g n o f c a v i t i e s a n d m a t c h i n g n e t w o r k s 
s h o u l d p r o d u c e a f u r t h e r r e d u c t i o n o f a t l e a s t 1.5 dB i n t h e 
t o t a l l o s s . T h i s means t h a t f o r a l a t t i c e m i x e r u s i n g GaAs 
h o t c a r r i e r d i o d e s a m e a s u r e d c . p . l . o f a b o u t 1.5 dB s h o u l d 
be p o s s i b l e . 
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