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ABSTRACT

The theory, development and construction is described, of a
type of microwave mixer which has a very good noise performance due
to a low conversion power loss. The conditions under which this
performance is obtained are derived from a theory based on practical
di9de laws and operating conditions. The effect of input and output
terminations on the conversion power loss are then analysed, and the
open-circuit image rejection type is shown to be capable of the best
performance.

Realisation of the open-circuit image termination is dif-
ficult at microwave frequencies because of losses involved in the
passive input network. Part 1 of ‘this thesis concerns the theory
and development of a new type of T.E.M. mode cavity especially suited
to these conditions. Performance of the cavity is analysed using
lumped equivalent circuits, and the results confirmed on a 400 MHz
experimental cavity. A double-balanced system is then described,
with.a new type of frequency independent phasé inversion. This
combination is shown to suit the requirements of the type of mixer
considered, and a total of six experimental mixers at 4.5 GHz are
constructed using this type of cavity. The results obtained are
shown to be in accordance with the theories put forward, and noise
measurements are used to support the values for conversion power
loss put forward.

In the last chapter, the practical and commercial implica-
tions of a high performance mixer at microwave frequencies are
considered, especially with regard to the intermediate frequency

amplifier design.
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PREFACE

The two parts of this thesis represent the two connected projziis
undertaken at Durham in the period 1969-74.

The first project was started as a part-time M.Sc. with the
general title of "Strip transmission lines." The basis of the mixer
theory to be used later had just béen laid down, and experimental
verification was moving from mixers at a few hundred kilohertz, to a.
lumped component 1.5 Gigahertz version. The later mixer used some of
the first glass encapsulated Schottky-barrier diodes available. Although
the results obtained were good, it was obvious that any commercial
mixer working at this frequency or higher could not employ the tiny,
critically adjusted, filters and transformers. The answer secmed to
lie, at the time, in the use of printed stripline components. However,
after some practical experience of stripline at Microwave Instruments
Ltd., and discussion with other workers in this field, problems cf
loss and compatibility became obvious.

The frequency for the next experimental mixer was established
at 4.5 GHz because of interest in directvtelevision reception from the
geostationary satellites which use an atmospheric transmission "window™
in this frequency region. The use of such a mixer in space vehicles
was also considered, and so size as well as commercially repeatable
results was important. Ancilliary projects for the 4.5 GHz mixer were
concerned with diode evaluation and measurements (which led to the
parasitic theory modifications used here), and also work on local
oscillator sources. One early experimental device in the local oscil-
lator project was a 1.5 to 4.5 GHz varactor multiplier. Size dictated
the use of TEM mode components and for mechanical convenience a cap-
acitively coupled input with a loop output was used on the resonators.

Construction was a hybrid stripline-cavity arrangement, although lower



loss airspaced coaxial parts werc used later. The unusual point

about these resonators was the twin resonance, the expécted one when
the line was a quarter of a wavelength long, and the other when the
line was slightly shorter. Now, the short-circuited transmission

line exhibits an inductive reactange when slightly shorter than a
quarter wavelength, and this could have resonated with the end coupling
capacitance. If so, it was reasoncd that this pseudo-series resonance
would provide the image rejection filter required for the mixer. It
séen became apparent that there was virtually no quantitative informa-
tion on TEM mode cavity coupling in the literature, since the easy
adjustments which may be made in the coaxial arrangement, allowed the
use of empirical methods. The mixer project regquired more accuracy,
since not only was there impedance matching to be done, but also,
filtering of some accuracy.

Work on the theory of the end-loaded cavity took nearly a year,
although a few mathematical problems lingered on until later. A test
cavity at 400 MHz bore out the main points and confirmed the suit-
ability of the arrangement for the mixer front end. In 1971 an S.R.C.
award was obtained to work on-the 4.5 GHz mixer, and the design of
the balanced front end was started using end-loaded cavities. The
problem was to obtain the phase inversion required for balanced
operation. By reversing the current flow in the input coupling loop,
a phase reversal was obtained in one cavity, and the double cavity
system with a figure 8 input coupling was created. Suitable Schottky
barrier diodes were by now becoming available for the 4.5 GHz mixer.
Matching these into quads was surprisingly difficult due to the almost
invisible size of the unencapsulated devices. Once the measurements
had been made, the large parameter spreads of the early examples

made matching difficult, as did the inevitable losses due to damage



to tie very vunerable exposed junction areas. Initial results were
given at the Furopean Microwave Conference in Stockholm, and a copy
of this paper is included in the Appendix.

Encouraged by the success of this model, later versions were
produced with neater engineering and a printed substratz containing
the diodes and associated cowmponents. This gave the required three
dimensional symmetry, and will it is hoped, pave the way towards an
integrated systoem incorporating a low noise balanced I.F. amplifier
as well. Measurements on later mixers supported the input and output
calculations from the theory, which itself was modified to include
the effect of diode parasitics and imperfect image rejection. The
best results were obtained using diodes only available very recently,
and consisting of an integrated quad of silicon Schottky barrier.
diodes (mixer 6). This is most encouraging from the point of view
of the integration in the future,of not only diodes, but also the
capacitors and possibly the I.F. amplifier. The result of this
could be to extend mixer performance into a region where at present

only bulky and bandwidth restricting R.F, amplifiers can compete.



PART I - THE END-LOADED CAVITY

1. Introduction

In many microwave applications there are problems involved in
impedance matching between solid state active devices and the passive
circuits. 1In the past, thermionic counterparts of these active devices
could usually be designed with impedance values to fit a particular
circuit, but the impedance relationships of solid state devices are
determined intrinsically, and any deviation would deteriorate the per-
forﬁance. Consequently many practical circuits are operated very
inefficiently due to mismatches.

In mixer applications there is a nced for an efficient frequency
conversion, not only to obtain a match between the device and the rest
of the circuit, but also to provide filtering. Due to the non ideal
nature of components, a means of adjustment is also needed to optimise
the performance. In this respect we are ccncerned in Part 2 with a
double-balanced mixer utilising four semiconductor diodes connected in
a lattice configuration.

In this type of mixer a balanced system was required which would
provide a filter, together with impedance transformation. It was decided
because of high Q possibilities at microwaves, to use a resonant coaxial

.I.

cavity as the filter network. Initially a coaxial cavity had to be con-

3 . . R d.
structed which would act as a series resonant c1rcu1t." The result

was the end loaded resonant coaxial cavity.

t 1t is well known that a coaxial transmission line of just under a
quarter wavelength long, shorted at one end and comparatively term-
inated at the other, will behave as a resonant element. In the usual
application, because of the way in which the couplings are intro-
duced, such a coaxial cavity can be represented as a parallel
resonant circuit.

tt This was achieved by using the cavity resonance capacitance also as

the coupling element to

1 30CT 1975 )
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The theory of this cavity is presented in Chapter 3, and the
experimental results in Chapter 4. Finally the identical end loaded
cavities were combined to form al:alanced system which is a part of
the lattice mixer.

In practice the parameters of any cavity end associated
coupling networks are often chousen arbitrarily, and the information
available on the theory of the end loaded cavity is limited. In
our application a more rigorous approach was necessary, and so
equivalent circuits are proposed, based on the physical dimensions
of the cavity and couplings. The circuits can then be analysed for
optirium operational conditions in the normal way. The theoretical
derivations obtained are compared in Chapter 4 with experimental
results on low frequency cavities, hefore the 4.5 GHz cavitics used

for the mixer in Part 2 are described.

2. General Properties of Resonant Cavities

2.1 Historical Background

The history of the radio waves has been one of increasing
frequency, advanced to a large éxtent by overcrowding of the lower
end of the spectrum. It is not surprising, therefore, that the
history of the cavity resonator at microwave frequencies is a fairly
short one.

Long lines were, of course, used over a century ago in the
field of electrical communications, but without any clear conception
cf their behaviour under A.C. conditions. Scon after the commercial
development of telegraph systems in the ecarly 1840's, it became
obvious that the transmission in propagation was not fully explained
by the D.C. theory of the time. In 1855 Lord Kelvinl introduced

capacity ard loss resistance into the theory. This was with reference



to a concentric undersca cakle. Land lines of the time were, however,
a single line against carth type, and inductive efforts predominated.
Kirchoff2 made an attempt at this analysis in 1857. The big jump in
transmission line interest came in the 1880's with the introduction
of the telephone. This required a much higher bandwidth than the
telegraph and hence a better undexrstanding of the transmission line.
The immediate problems were solved by Heavyside3 in 1886, although he
only considered the forward wave. About this time, the theory of
electromagnetic radiation was formulated culminating in Maxwell's
eguations. With this information available around the turn of the
century, D.D. Thompson4 and others produced the present day theory

of transmission lines, including radiation effects and resonance
possibilities.

About this period, the early electrical experimenters were
concerned with waves of thousands of metres wavelength, but the
foundations of short wavelength theory were being laid down in the
acoustical field. The low propagation velocity of sound waves gave
wavelengths of a few centimetres for frequencies in the audible
range. The audible and often visible effects associated with these
waves were quite an advantage from the point of view of generation
and detection before electronic devices were available.

The earliest work on resonant cavities was done by the early
organ builders. The physicists continued this work around the turn
of the centurysanda whole range of easily recognised acoustic
analogues of microwave systems were producedG. Although interest
in theoretical acoustic research soon lapsed, certain types of
resonator are still of great interest today. 1In particular, an
analogue of the end loaded cavity is used in loudspeaker cabinets.

This is used to match the high acoustical impedance of the air by



means of a low Q resonance in the 30-10C Herz reyion. This was
first theoretically described, I believe, by Jurdan7 and has the
advantage, as does its microwave counterpart, of negligible higher
spurious resonances due to the poor impedance match of these to the
air. The advantage over the common Helmholtz (Bass Reflex) system
is that of an easily adjusted impedénce match, exactly as with the
microwave counterpart.

When the radio experimenters were raising frequencies in the
1920's they used a resonant transmission line system in the form of
"Lecher" lines for direct wavelength measurement. As a resonator,
however, this type of line would have been very lossy due to radiation
and non-optimum characteristic impedance. 1In 1936 two papers were
publishede'9 which first described practical waveguides, and just
two years later W.W. Hansenlo published the basic paper on micro-
wave cavity resonators. 1In recent years the design cof cavity
resonators has progressed into the optical region of the spectrum
where the wavelength involved is far too small for a practical
cavity to be made employing conventional ;heory. Any pcactical
system must use a very high order mode of resonance and there is
considerable difficulty in separating a usable mode from others close
together in frequency. In 1958 Schaulow and Townesll pointed out
that removing the sides of a resonator would eliminate many modes
by radiating them. Whether there would be any usable modes left
was in some doubt until Fox and Li12 published a computer simulation
of this type of cavity in 1961. This type of cavity made Laser and
Maser systems possible, and at present the frequencies of these

are pushing into the near ultra-violet region.



2.2 Fundawrntal Principles

The two fundamental featurcs of a microwave resonant cavity
are: -
(i) The physical size depends on the wavelength involved, and
(ii) the clectromagnetic fieclds are totally confined within con-
ducting walls, except where it is desired to radiate the energy.
In fact the second feature is an essential property ofla cavity,
since any circuit element of a size comparable with the wavelength
involved will lose energy by radiation. The understanding of the
oberation of such a cavity is complicated by the fact that the lumped
elements of the equivalent low frequency resonant circuit (inductance
and capacitance), lose their validity. It is even possibly incorrect
to use the word circuit with reference to a cavity.

There are two ways out of this complicated situation. We can
abandon attempts to describe circuits in terms of a voltage, a current
and an impedance, and restrict ourselves to the quantities occurring
in the equations of the electromagnetic field, i.e. Maxwell's
eqguations. Although it would be easy to state the problem this way,
the solution would be difficult. An alternative is to consider only
the external characteristics of the cavity; its behaviour as a
circuit element. Ve must in this case include the elements that
couple the cavity to the rest of the circuit, and then treat it as
a one or two terminal pair network. Any cavity resonator is inherently
a very complex network, it has an infinite number of natural frequencies
of oscillation, and what is more, it may be excited in more than one
mode. If we can arrange to have only one resonance in the frequency
band of interest, however, the analysis of the cavity resonator is
considerably simplified, and this method has formed the basis of

most considerations in the past.
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2.3 Theorctical Relations of a Coaxial Resonant Cavity

In tho frcquency bands up to 10 Gilz, where waveguide systems
were used, there are increasing demands for largexr handwidths and
greater miniaturisation, and so the use of TEM mode transmission
lires is becoming essential, despite the higher losses incurred
compared to waQeguide. Oof the available TEM mode resonators ccm—~
patible with this type of transmission line, the coaxial form offers
the advantages of total spreening and the lowest loss.

This type of resonator consists of a length of coaxial line
reflectively terminated at both ends. The length is therefore
governed by the electrical length at resonance, and is normally a
multiple of a quarter wavelength. The designer has the choice of
shape, cross sectional size and characteristic impedance. The shape
can be chosen for practical convenience, but the size should ke such
that no modes other than TEM can be supported. This usually invclves
cross section dimensions much less than a half wavelength. The
characteristic impedance can be chcsen to be an optimum with respect
to several different parameters. The most important of these in most
cases is minimum loss at resonance (highest Q values). It is important
to realise that this condition is not realised by optimising for the
minimum A.C, resistance of the line which occurs when the inner and
outer conductors are of the same diameter (i.e. characteristic

uq
impedance Zo=0). The atteg&ion constant of the line alone determines
the loss of the resonatorl4.

If we consider a coaxial line of inner conductor diameter = 4,

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

1
(" + 5) v e .w e . . .e (l)



and the attenuation constant

R

o = 276 . .o . . .e .. (2)

We know that for circular conductors:-

Zo

138 log]O (g?

therefore: -
a D
[v] = —_— . .e . .o .o (2)
log. . ()
10 ‘a

where K is a constant of proportionality.

Minimising equation (3) with respect to b/d, we find
an optimum value of Zo of approximately 77 ohms. As the conductor
diameter ratio drops below this minimum (g-= 3.592), the line
resistance R continues to decrease, but the current required to
transmit the same power increases at such a rate that the power
loss is greater. For a low loss resonator, therefore, it is
advisable to design for a characteristic impedance somevhere between

40 and 100 ohms.

2.4 Impedance Analysis

For mathematical simplicity in developing this analysis,
the method of equivalent lumped elements is used. In the proposed
equivalent circuit, each cavity and coupling is replaced with lumped
element impedances which are of known magnitude and frequency
dependence. To do this on a rigorous basis it is necessary to know
the field distribution of a coupled cavity at all frequencies.,
However for coupled cavities with high Q values, the coupling does
not significantly change the normal field distribution which may be
found for simple shapes by solving the boundary conditions in

Maxwell's equations.



The problem of finding the impedance function of a cavity
and associated coupling system is similar to that of an n-mesh two
terminal circuit (assumed lossless). This can be analysed using
-Foster's theorem, producing an input impedance that is purely
imaginary, with poles and zeros alternating along the frequency
axis. 'Two networks may be said to be equivalent if their poles and
zeros correspond, and impedances are the same at any single non-
resonant frequency. Two such equivalent circuits with poles at
w = 0 and w =% are shown in Fig.l. At the frequency close to one
of the poles (w = wk) we may approximate to the circuit by lumping
together all non-resonant elements into one, as shown in Fig.2.

This is allowable if the cavity resonance is the only one in the
frequency band under consideration. In the case of a coaxial
resonator used at the fundamental mode corresponding to the first
pole of the equivalent circuit, the pext resonance will be at twice
ox three times the fundamental and so may bhe ignored for the purposes
of this analysis. As an example, a short circuited TEM mode trans-
mission line resonator is analysed in Appendix 1. The error produced
by lumping together elements is illustrated in Fig.3 where an
admittance plot is given for one, five and infinity elements. Close
to the first pole it can be seen that taking only one element intro-
duces negligible erxor for the practical application of this type

of analysis.

2.5 Filter Properties

If the element values of the equivalent lumped circuit
of a cavity resonator are kncwn, it becomes possible to design the
. . 15,16,17
required filter network (normally of the band-pass pattern) .

The usual starting point is a normalised low-pass prototype from



Fig. 1

Equivalent circuits for an n-mesh 2 pole with

poles at w = 0 and o,

(a) Impedance form

L L.tn-2
< L2a Lx .
Ca Ci C1in-2

(wz—wlz/ (wz-w32) ceeae s (m2~w§H_l)
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2 (w) = jAw

(b) Admittance form

R g
T
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Y(w) = Z(w)—l



rig. 2

Fig. 1 simplificd at cne pole w = wk

Lk

Fig. 3

Curves showing exact form of admittance function

and two approximations.
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which 2 bandpass system may be evolvedlﬂ. Except for special
applications, transmission characteristics usually fall into one

of two types, maximally flat or chebyshev response. For a given
number of filter sections, the chebyshev system offers the highest
out-of-band attenuation, but has the penalty of pass band ripple.
Reducing this ripple reduces the out of hand attenuation, and in

the limit a maximally flat type of response results. This response
is defined as having the largest number of response derivatives
equal to zero at the centre frequency, and it corresponds to critical
coupling between cavities. The egquivalent circuit of a cavity
depends to a large extent on the method of coupling and this may

be divided into three types for the coaxial cavity. These are loop
(magnetic field), coupling, probe (electric field) coupling or a
combination .of both which will be called direct coupling. As an
example, the lumped component equivalent circuits for these

coupling methods are given in Fig.4 for a filter consistirng of

three cavities. The networks have équal input and output impedances,
but it is important to note that any single cavity is not normally

a reciprocal network, as it forms a so called half section of the
filter. The impedance values and coupling parameters of such a
half-section must be derived directly from the physical character-
istics of the cavity, before a filter can be constructed. This will
be done later for the end loaded coaxial cavity, for which the

half-section equivalent circuits are given in Fig.5.

2.6 Enexgy Storage

In general the electromagnetic energy in a cavity at

resonance is stored in the electric and magnetic fields. The amount
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stored in each fiecld will vary during the cycle, but their sunmation
is always equal tc the tetal cnergy content of the cavitylg. If
cavity loaded Q is reasonably high, the rate of stored to
dissipated energy is high, and the average magnetic field density
is equal to the average electric field density over a cycle. At
two instants in the cycle the enerqgy will be entirely in the field,
and at two other instants the cnergy will be entirely in the
electric field. With this knowledge we may calculate the total
energy stored by finding the peak magnetic field energy. 1In a
coaxial cavity, the magnetic field is crecated by the oscillatory
currents flowing in the centre conductor, and if these currents can
be calculated, the enerqgy stored may also be found.

If we consider a resonant coaxial line of length x the

energy stored in a segment is:-

SE = 1(néx)il

2
where L = inductance per unit length
1 = current flowing in segment.

Therefore, total energy stored in a length x is:-

2
E = }Lizjcoszﬂid
2 o T
o o
A
. 1,32 0 ;
P = 4LIo T [9 + sin 260]

where Ao = line wavelength

8 = 2%
o o
io = current at node point on line.
Z
But:i~- L = X £ where Zo is characteristic line impedance, and
o0

fO is frequency.



V4
Therefore, E = %-——- I [? + = sin 26 ]
A o 0

‘o . nm .
MNormally under resonant conditions 00 1s near 7; where n is an

integer.

Therefore we can say

{
Y .. .. .. .. .. .- .. (4)
o

whexe io is the 1ms value of Io

2.7 Q Factor
The n factor of a resonator may be defined as

w enexgy stored
o] enerxgy dissipated

The energy may be dissipated either in the losses inside the
cavity or in the external circuit impedances to which the cavity
is coupled. If there is no energy dissipated outside the cavity,
the Q factor is known as the unloaded Q and is a measure of the
energy dissipated in cavity losses. Obviously this factor cannot
be measured directly since the introduction of energy into the
cavity and the resultant measurements violate the condition of

no external energy dissipation. In most circuits the cavity has

a loaded Q value under working conditions which is usually several
times lower than the unloaded value. This is to ensure that only
a small fraction of the energy dissipated is lost in cavity losses,
and the majority is available for use in the associated circuits.

In the previous section we have calculated the energy stored in a

ni

short circuited transmission line of length 2

To calculate the
loaded Q factor we need to know the energy dissipated. We will

assume that a negligible amount is lost in the cavity for practical

convenience.



If the cavity is coupled to m external circuits of internal

resistance Rl, Rz, R3 e R.m and in each circuit r.m.s, currerts

oo im are flowing, the total power dissipated will he:-

W nZ% 12
o

o
5 5 e .o .. .. .. (5)
1l

.2 .
R, + R .... +
1l l2 2 lm Rm)

A special case of equation (5) is obtained if there is only one
circuit coupled into the cavity or if there are two which are
optimally matched to each other, and therefore dissipating the same

amount of power. i.e.:-

Tnz io2

Q = —— (-7j> .e - .o .o . . (6)
L 4 Rl 11

(or half this value for two matched circuits).

i 2

Here we have ectracted the factor <:—3> which may be regarded as
the transformer ratio of the coupling to the cavity. This factor
will later be used in coupling calculations for the end loaded
cavity, and also as an aid in visualising equivalent circuits. 1In
a lumped circuit io would be the current flcwing through the
induct?nce at resonate and il the current flowing through the load.
Thus<:;?)2 is in effect the ratio of the energy stored to the

energy dissipated in the load, and thus directly proportional to

Q value.



3.0 Theory of the End Loaded Cavity

3.1 General

Cf the many possible forms of coaxial transmission line
resonator, the most common consists of a quarter wavelength
(approximately) of line with one end short circuited and the other
end open cvircuited. In the practical case, the open circuit end
of the line has considerable short capacity due to fringing effects,
and also radiation loss from this end must be taken into account.
If the end of the cavity is screcned to prevent this radiation loss,
more shunt capacity is introduced, and the resonator now must be
less than a quarter wavelength long (inductive) to resonate with
the lumped end capaéity.

By taking the end capacity not to earth but to an external
connection, a different type of resonance response is produced.

The associated equivalent circuit at and near reasonance is given
in Fig.6. In the following chapter this resonance is taken to be
the fundamental which occurs when the line is near to one quarter
wavelength long. The next resonances are at three quarters wave-
length and five quarters waveiength and so on. The effect of these
higher resonances will be looked at in Section 3.4.

This then is the end loaded coaxial cavity, (Fig.6A) and
there are two stages to the practical analysis of its behaviour as
a circuit element. In the next section, the resonator is con-
sidered as a two terminal network, and in Section 3.3 an additional

coupling is introduced to form a four terminal network.

3.2 Basic Relations

The lumped equivalent circuit of a cavity resonator is

given in Fig.BB. This circuit meets all the requirements given
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in Section 2.4 for an equivalent circuit valid for frequencies in
the vicinity of the fundamental resonance. From this circuit we can

state the locaded Q at rcsonance:-
mo Lo 10-2
o, - e (22)
L RL Ll

From the stored energy in a cavity resonator, Equation (6), Section 2.7
gives the lcocaded Q in terms of cavity paranmeters. By equating these
two values of QL and uéing_the resonant frequency relationships, we
can find a value for(j%f)z in terms of RL and the cavity parameters.

If we substitute this value back into Equation 6 and simplify the
result by considering values of QL greater than one:-

47 tan 26
(o)

[o] :
Q =z — assuming g) > 1 .o “«a .o 7
L TR L ( )

This calculation is covered in Appendix 4.

We now add a second coupling to the cavity. By finding the current
flowing at resonance in the second load with respect to ic' we may

use the value ofEﬁYwe have just found to determine the modified Q_

value of the resultant, and also the input to output matching con-

ditions. This will now be done for three common forms of coupling.

3.3 Input Coupling

3.3.1 Loop Coupling

A coupling loop is inserted into the cavity at an electrical
length ¢ degrees at resonance from the shorted end (Fig.7A). The
i
lumped equivalent circuit (Fig.7B) is a transformer of turns ratio(i—;’->
This circuit is redrawn as a T-equivalent and condensed by using
Thevenins theorem (Fig.7D). The values of Re and Xe in this equiva-
lent circuit may be found in terms of Rs, the mutual and the primary

inductance values.
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Since the loop is entirely enclosed by the cavity it can bhe

assumed that the coupling cgefficient approaches unity. Also in the
i

practical case, the ratio<12> will be greater than unity. This
allows certain simplificatiois in the equations for Re and Ze, which
are given in Appendix 2. Since the loop will enclose a relatively
small area of the total cavity, it can be assumed to lie in an area
of constant magnetic flux density H. The mutual inductance M can

then be found since:-

A uo H
Moo=
2
Therefore Ay w_ coséd <i )
0O © o
X R ————— -—
m 2Tt 12

in MKS units where/h is the permeability of free space (= 47 x 10_7).
The equivalence of IFigs.7B and 7D means that the same power

must be dissipated in Re and Rs.

2 2 Xm2
Therefore i Re = i, R, and Appendix 2 gyives Re = ——
o 2 S5 RS

i
So finally 19- may be stated in terms of Rs, the resonant frequency

2
and the loop physical dimensions.

i R
2 = & O € ))
1

2 2Aw  cosp x 1077

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

. 2 . -2
NOIE
T Nig/ \i,
i
and the value of < Egr> from
1

resonator (Fig.8):-

i’ R. =1 R ; 1i.

e o™

)-Io
~—"

e.
i
Substituting from Equation 8 for (:.
2
Section 4.2

-73 2 :
2 74 w x10 47 tan 0 -4R_ tand® +R.%
A cos¢d ¢) o o L o L
R_ /R =
Iy S t m VA

‘ o
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A cosd

The "loop constant" .

may be put into a more practical

equation by using the value of QL from Egquation 7:-

T R_ 2
A cosd 1 s o

= — —_— .. .. - (9
X

aw x 107 o
(o]

3.3.2 Probe Coupling

The end loading of this type of cavity is, in itself, a form
of heavily overcoupled capacitive probe. The best way to treat an
additional coupling is by combining it with the first branch in
prarallel. The combined branch components can then be used in the
equations of Section 3. Fig.9 shuws how this may be done but in the
general case this combination of branches will produce an unmanageable
expression for the resultant components. If we can make one of two
simplifying assumptions, however, the currents flowing in each of
the branches can be taken to be in phase. The assumptions are that :
either QL >> 1, or that the load resistances are of a simjlar valuec.
Taking this to be the case, the expressions for R" and C" are as

follows:-

c" c+c

C 2 c! 2
[ + —_
R RL C+C') RS C+C')

For an optimum match between RL and RS:-

"o (&
RS C
Under which conditions:-

2 2
c c
n" P =
R = 2Ry <c+c') 2Rg (c+c')




2
And 47 tan 0 4tan 6
(I o) [o) Q

- —2 4

’ w{f“v '

Where
\] [; 1

o (Resonance Condition).
La
o

3.3.3 Direct Coupling

Direct coupling may be looked upon as a limiting case of
loop coupling. In the usuval form a radial tap is made on to the
centre conductor of the cavity (Fig.l0Oa). The auto-transformer
type of equivalent circuit (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 is that between the tap and the short circuited
end of the cavity, bounded by the outer wall and the inner conductor.
This area cannot be assumed to have constant f£lux density as was
taken to be the case for the loop case. Integration is therefore
required in the calculation for Xm. This calculation is done in
Appendix 3 and Fig.lOB shows the method used.

Once the value of YXm is obtained, the method of calculations
follows exactly as for the loob case. The only difference is that the
coupling constant can be defined simply as sin ¢ , and other simplifica-

tions are possible. Appendix 3 also gives these, and the result is:-
R ‘
s

Sin ¢ = e
4Zo QL

Under optimum match conditions.

3.4 Spurious Responses

The fundamental resonant frequency of the cavity will be given

by:-

1
(o) B 27T C tan 6
o
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from the transmission line equations. The addition of the second
coupling will introduce a small error ( 6f0) in fo due to perturha-

tions of the normal cavity field distribution:-

5¢ x>
(o] m
- ¢ 2
o X (RT - X
Lo S

i.e, upwards in frequency.
This cffeclt is small except for low values of QL' where the deviation
is of less importance anyway. In most practical cases stray reactance
wiil have a greater effect.

The second resonance of the cavity will occur when the length

3
ig approximately —2 | The energy stored (eqn.4) will be three times

4

as great as for the fundamental, but the QL will be about one third
of the fundamental value, due to the modified value of wo C. In the
case of the loop and direct couplings, this will cause a mismatch
between input and cutput, the extent of which is generally increased
by the coupling parameters which also vary with frequency. It is,
in fact, theoretically possible to physically arrange these couplings
so that no coupling will occur for a selected higher resonance. This
could be arranged, for instance, by positioning a loop coupling at a
current antinode of the higher resonance.

This type of cavity, then, offers a certain 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 in many practical cases.

4.0 Practical End Loaded Cavity

4.1 Basic Design and Construction

The cavity drawn in Fig.ll was built to test the practical

accuracy of the end loaded system. The characteristic impedance (Zo)
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wvas 86.5 ohkms, chosen for low loss and dimensional convenience.

The length of the inner conductor was 17 cm ygiving 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 dial on the plunger adjusting screw.
While RL and RS values were limited to 50 ohms by the ancilliary
coaxial equipment available, the value of eo (the electrical cavity
length at resonance) could be varied by changing the freguency used.
The coupling was inserted intc the cavity through a longitudinal slot.
This slot was placed where it lay parallel to the circulation currents
flowing along the inside walls of the cavity. In this position it
caused no appreciable energy leakage from the cavity, whilst the

coupling could be easily moved alcng the length of the slot.

4.2 Measuring Techniques

Apart from physical dimensions the chief measurcments to be
made are those of frequency and attenuation. The circuit Q may be
found by the half-power-points method, and the optimum match con-
ditions determined by finding the point of minimum insertion loss
of the filter arrangement. This minimum value of insertion loss,
in conjunction with the loaded Q, gives the unloaded Q of the cavity,

which is a measure of the internal cavity loss:-

Q!
Min Insertion loss = 20 log10 1l - EE {in 4B)

c
The attenuation is derived from power measurements made in a 50 ohm
system using a thermistor type of power meter.

By measuring the centre conductor length in the cavity with

the plunger fully withdrawn, a value can be obtained from the resonance
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relationship for the residual value of the end capacity C:-

1
w 7Z tan 6
o o o

C =

where mo is the resonant angular frequency. The accuracy of this
resonant frequency was checked using a cavity frequency meter on the
harmonics produced by the source, enabling a larxge degree of accuracy
to be obtained. |

With a value for the residual and capacity, the capacitor can
be fully calibrated (Fig.12) using a low frequency bridge method.
Tﬁe value of 60, the electrical length of resonance, can then be found
from the value of C at resonance and the frequency. This method of
finding 60 eliminates errors that could occur in estimating the actual
physical length of the innexr conductor when part of it is forming the
end capacitor. Since 60 occurs in the QL equation as tan2 00 errors
in this near to 90o are quite important. A plot of moc against 00

is given in Fig.13 for several values of Zo.

4.3 Experimental Results

4.3.1 Loop Coupling

Initially the cavity loaded Q was measured in terms of 90 at
resonance. The input coupling was very light, consisting of a loop
which was small enough for its loading effect on the cavity to be
ignored (except at very high Q values). The QL value was then measured
by the half power points method, for values of woC corresponding to
values of 60 from 74 to 84 degrees, giving QL values from 20 to 300.
Since the input coupling was very light, the theoretical values of

equation (7) should be closely followed. Fig.l4 is a theoretical
ZO
Ry, '

plot of QL against 60 for several values of and rig.1l5 gives
this plot for the experimental cavity and results for seven experi-

mental loops are given in Fig.l16.
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4,3.2 Probe Coupling

The experimental cavity uscd was not designed for probe
coupling, since it proveddifficult to use two variable end capacitics
without stray reactances and undesirable coupling being introduced
directly hbetween input and output., However, results already obtained
(Fig.15) correspond to those that would be produced for a combined

input, output branch as described in Section 3.3.2.

4,3.3 Direct coupling

In the experimental model the coupling consisted of a radial
link to the inner conductor, positioned at an electrical distance ¢
degrees from the short circuited end of the cavity. 7This angle is
the only value needed to define the coupling parameter, and a graph
is plotted in Fig.l7 of QL against ¢ for the fixed values of Zo'

Rs and RL used. Experimental points are compared to the theoretical
curve for values of from 2.5o to 120, the lower values being
associated with increasing measuremeﬁt uncertainty due to the finite

size of the coupling link.

5.0 Evolution of the Balanced Double Cavity System

5.1 Balanced System

Two identical end loaded cavities can be used in a balanced
system if the currents flowing in the centre conductors are in anti-
phase. This infers identical input couplings fed in antiphase. The
usual way of introducing this condition at the input ports is to use
a difference in line length to the two inputs of A/2 electrical
length at the resonant frequency of the system. The phase shift

introduced is therefore frequency dependent, so that inphase components



60
40
20

T

Ficure 17
OL Against ¢ (Dircet Coupled Case)

For RL= Re = 850n .Zm = 86-5n

®  Experimental points
= Theoretical curve

i ]
2 3 4 5 6 7 8 9 [0 Ul 12

¢ ELECTRICAL®



introduced from the cavities will only cancel if the frequency
happens to be an odd multiple of the input frequency.

This is not good enough for application to devices such as
‘balanced mixers, where a frequency independent method of cancella-
tion is often required.

Study of Fig.7 indicates a péssible solution to the problem
of creating a frequency independent phasc reversal at the input of
an end loaded cavity. If the coupling loop has its sense of rotation

reversed, the phase of i, is reversed, producing the correct phase

2
reversal of io which is required. The final arrangement of this
system is shown in Fig.18, The two identical cavities lie side by
side and the input coupling consists of a symmetrical figure of

eight loop, the actual input being at the centre of the "8" created.
-Theoretically, the dividing wall between the cavities is not needed,
as examination of the current flow will indicate. In practice, of
course, slight differences in manufacture give varying stray reactance
values which cause unbalance. A useful adjustment to correct this
unbalance is provided by the variable tuning capacitance. As an
example, the response of a pair of cavities is superimposed in Fig.19.
Here the passband at 4.48 GHz is little affected by nistuning to

provide a null rejection at 4.55 GHz,

5.2 Application to a 4.5 GHz Mixer

The type of mixer under consideration required three main

functions of the input passive circuit. They are:-

(1) Unbalanced to balanced transformation of the signal input,
also balanced at the local oscillator frequency.

(2) Impcdance matching between signal source and the input
impedance of the mixer.

(3) Image rejection.
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In Fig.20 a lumped component solution is shown, but with conven-
tional techniques, the losses inherent in this type of circuit
increase greatly above 1 GHz, due partly to radiation from the com-
ponents which approach the size cf.the operational wavelengths. A
conventional microwave solution using stripline or coaxial techniques
would consict of:- i

(1) 2 Rat-race; (2) Two filters; (3) Two matching sections.
Although the loss of each component would be guite low, the combined
loss would be high. More important would be the difficulty of adjust-
ment of such parameters as impedance matching and the balance of the
system. These adjustments are necessary because of diode production
spreads, which are not as extreme with Schottky-barrier dicdes as

with point-contact, but nevertheless trimming adjustments are essential
for peak performance. The balance of the Rat-race component depends
on phase cancellation at the input port, this in turn is decided by
physical lengths which are difficult to adjust and are frequency
dependent, as mentioned in the previous section. Another problem

with this type of input cirkcuit is size. Whereas a lumped component
version should be smaller than a tenth of a wavelength, the distributed
transmission system has to be several wavelengths long in total. Even
using high dielectric constant substrates to reduce the effective
guide wavelength, the result may be too large for some applications,
especially at low fregquencies.

The end loaded cavity is a composite structure which combines
several functions and easy adjustments. The semi-distributed circuit
is best analysed from lumped equivalent circuits rather than Maxwell's
theorems and boundary conditions as would be used for waveguide
cavities. BAppendix 2 obtains the reactance response of an end loaded

cavity, valid for frequencies in the region of the primary resonance
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vhich is used. The reactance response, as shown in Fig.21, is
suited to the image rejection mixer. The image rejection is con-
trolled by the loaded Q value, whilst input matching to the diode
guad depends on the coupling values used. Three dimensional mixer
symmetry can ke arranged as shown diagramatically in Figs. 22 and 23,
and in prototype form, Figs. 24 - 28. The cavity is designed to

be assembled with joints along current flow lines wherever possible,
thus performance should be unaffected by tightness of screws etc.
For similar reasons the coupling loop is assembled as one piece, and
there is no current flow between it and the cavity block. The usual
machining precautions and silver plating are applied in order to

reduce the losses; full details are given in Ref.20.

5.3 Results

Figs. 22 and 23 show dimensional drawings of the cavity block
and the diode/I.F. substrate. Instead of this diode substrate, a
dummy test substrate (Fig.29) can be fitted in order to simulate a
100 ohm balanced load. Using a typical test circuit shown in Fig.30,
cavity performance may be carried out. The results given in Fig.1l9
were obtained using this test arrangement and gross unbalanced or
assembly faults easily detected before mixer assembly. As a guide
to cavity performance, losses of 0.4 dB per cavity are normally
obtained at 4.5 GHz with an image rejection of 10 4B, 140 MHz away
from resonance. The loss formulae given in Section 4.2 hold for the
cavity just as for a lumped resonant circuit. The loss obtained
with this formula, should have a small excess added, to account for
the attenuation caused by the connections. It was decided to obtain

an estimate of the total cavity loss in preparation for possibly
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obtaining an optimum value of QL, knowing the effect on mixer con-
version power loss of such factors as image rejection and total
cavity.loss. Using the circuit given in Fig.30, the electrical
cavity length (and hence QL) may bhe varied by changing the input
frequency and returning to resonance by adjusting Co. The value of
QL may be measured by the half-powe¥—points method, in which the
cavity transmission falls by 3 dB at a frequency 6f from the resonant

value f such that:-

£
Q= 25f

The imagé rejection can be calculated from this, as can the
unloaded @ value Qo' knowing the cavity loss which is measured by
optimally matching tﬁe output power meters to the cavity outputs.
The loss of the stub tuners is subtracted from the result. The
results are¢ given graphically in Fig.31l; a plot of total cavity
loss against image rejection for the conditions given. A theoretical
plot of cavity loss with an unloaded Q value of 950 is also shown.
This is almost parallel to and about 0.2 dB under the measured total
loss curve, a practical unloaded Q of around 950 from the gradient,
with indicating connections losses of around 0.2 dB. Incidentally,
this unloaded Q value is about ten times higher than that which

could be obtained using lumped tuned circuits at this frequency.

6.0 Conclusions and Discussion

In this section we have looked at a fairly simple ccaxial
cavity, from the point of view of its use as a practical device.
The analysis is therefore biased towards obtaining fairly accurate
mechanical data which can be easily used to construct such a cavity.

At the frequencies at which this type of cavity is most useful
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(i.e. 1 to 10 GHz), the construction involves a list of skilled
processes, involving turning, boring, plating and general fabrica-
tion of metalwork. Today, in this country at least, such processes
prove time consuming and expensive in industry, and printed tech-
niques based on stripline transmission lines would be preferred.

It is worth considering, therefore, why stripline was not
used for this project. After all, the principles of stripline have
been laid down since the early 1950's, and any analysis done here
would be simplified somewhat due to the two dimensional nature of
the stripline technique. The disadvantages lie mostly with the
technologylwhich is, of course, rapidly changing in this field.
However certain disadvantages are basic to the two dimensional
system and cannot be easily overcome. Briefly, the difficulties lie
in two categories. Firstly there is an incompatibility with fitting
active devices, which for years has limited the range of stripline
to signal distribution systems. Partly this is duc to the active
component packaging, which is essentially three dimensional even
if planar devices are involved; partly ground plane connection
difficulties are involved with many types of stripline. The main
trouble seems to be the difficulty of trimming or adjusting the
passive circuit to match the spread of active device parameters.

Secondly, in stripline, resonator construction is restricted
to distributed transmission line systems by excessive losses of
lumped components, especially inductors produced in the medium.
Also, the unreliable ground plane (earth) connections restrict the
use of resonators with high current flow to earth. For the type of
mixer under consideration, the limits imposed produce a stripline

system of the following characteristics:~
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(1) It may be larger than the cavity system despite the use of
high dielectric constant substrate.

(2) It cannot be mechanically balanced (i.e. symmetrical) in
three dimensions (signal, local oscillator and I.F.).

(3) Signal bandwidth and.balancing range are narrower, due
to phase changes in the large (in wavelengths) passive

circuit.

The result is to produce a particular "breed" of single balanced
mixer suited to stripline use. As we shall see in the next
section (and Appendix 5), this does not have the low theoretical

loss that is associated with the double balanced system.
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PART II -~ 4.5 GHz LATTICE MIXERS

7.0 Introduction

Receiving systems at microwave frequencies normally employs a
low noise radio freguency amplifier stage, followed by a mixer and an
intermediate frecuency amplifier. Friis2l showed that the noise figure
of the mixer/I.F, amplifier combination is proportional Fo the conversion
power loss of the mixer. Using a low loss mixer and an I.F., amplifier,
therefore, it may be possible to obtain as good a noise performance as
that obtained using an additional R.F. amplifier. Apart from the
physical advantage of having no R.F. amplifier, electrical specifications
on such items as cross modulation and handwidth may be more easily met
using a mixer as the first stage in the receiving system.

At present, diode mixers offer the best noise performance at
microwave frequencies, sc to produce a practical mixer, a theoretical
analysis using a close approximation to practical diode parameters is
needed. The problem here is to produce a diode model, which has a suf-
ficiently accurate solution, without being sc complex that the mathematics
are unmanageable. Several people have produced adequate analyses,
mainly for restricted conditions, under which very low losses are
possible. The problem lies in realising these low diode losses in a
practical circuit, not so much because practical diode losses are higher
than theory would indicate, but because imbedding network losses are so
high. The passive network in which the diode(s) operate has many
functions, including matching, filtering and supplying the correct 1oc§l
oscillator drive. Under some theoretically desirable operating con-
ditions, the loss invelved in providing the functions outlined above
would outweigh the gain in diode performance obtained. The conditions
for low diode loss obtained in the analysis used, must therefore be

realisable with low loss at microwave frequencies.



This part is therefore concerned with the practical realisation
of a mixer at 4.5 Gilz using the rangc of dicdes commercially available
at the time of writing. The first chapters are a simplified theoretical
survey, justifying the use of the image rejection lattice arranged with

.32 Ca o a .
current drive . The passive circuit is then considered and final
results are presented with a chapter on measurements. Finally, an
attempt is made to see the effect of mixer improvements on low noise

receiving systems in general, and the influence on either components in

the system is studied.

8. Mixer Circuits

8.1 Historical

The first methods of radio wave detection used a physical side
effect of reception, such as sparking across an air gap in a resonant
circuit, This works well with a very high field strength, which is
proportional to the size of receiving and transmitting aerials, the
transmitter power, and the frequency. The low frequency communication
networks, therefore, required a signal "detector" of much greater
sensitivity, and various solid-state rectifiers were used until about
1925, when the thermionic value was introduced. The chief disadvantage
of the solid-state rectifiers was their unreliable nature, as a result
of a lack of understanding of the conduction processes involved.

The non-linear resistance characteristic of both solid state
and thermionic detectors, was essentially a square law at low signal
levels. The detecting effect was to square mathematically the current,
or voltage, flowing in the device. If this current was a carrier wave
with information carrying sidebands, the result contained a small
coefficient of the required information, amongst other components. It

was soon noticed that interfering signals close to the one being received



ware not impressed upon, but modulated by the received signal. This
mixing process was used for rendering carrier wave morsc signals audibly,
by means of producing an audio beat note or heterodyne. The interfering
signal was replaced by a "local" oscillator in the receiver, which could
be a self-oscillating detector or amplifier. The heterodyne signal
could be selectively amplified to improve the signal to noise rdtio,

.
and the supersonic heterodyne or "superhet" system was born.

The advantage of the superhet system was to do the majority of
the amplification at a fixed frequency and hence simplify tuning and
keep a fixed bandwidth throughout the tuning range. A second detector
was used at the end of the intermediate frequency amplifier for its
original purpose, while the first detector was now a true mixer.

In the middle 1930's, the demands on the mixer were for high
efficiency with the minimum of valves, in addition to isolation of signal
and local oscillator circuits. A family of multigrid valves was developed
to amplify the signal and "gate" it at the frequency of the local
oscillator. This was efficient, but needed at least five grids (including
the screen grids used for isolation), and these introduced a good deal of
shot noise. At low frequencies, the atmospheric noise received was higher
than this internal noise, but at high frequencies the noise, and the
transit time of electrons across a valve, was a limiting factor to its use.

Interest in high frequencies for Radar use in the early 1940's,
brought a new effort into production of solid-state mixers and detectors.
These wexe constructed normally of silicon with a tungsten or molybdenum
wire “cats-whisker" contact. The junction capacitance of this point
contact was low, and the high frequency performance good, but thére was
a large element of “black magic" in producticn23. Semiconductor tech-
nology and understanding developed to a great extent when transistor

production demanded it in the 1950's. The use of photo-lithography and




-~ 31 -

materials such as Gallium Arsenide, has enabled the Schottky barrier
diode to bhe produced with a good high frequency performance, and con-
sistent reliable characteristics. The latter is important because the
use of matched pairs or quads of diodes in balanced and double-balanced
mixers, has many advantagesz4.

At the same time as these diédes have been developed, other use-
ful non-linear phenomena have been exploited and useful devices produeed.
These can be sub-divided into: variable capacitance types, negative
resistance types and three terminal devices (transistors and F.E.T's.).
All of these are usable in mixer circuits, with varying advantages of
gain and convenience in circuit design. However, at present, the
Schottky barrier diode still seems to offer the best performance com-

binations, especially at frequencies in excess of 1 GHz.

8.2 Basic Principles

A frequency converter normally consists of a frequency source
called the "local oscillator" or "pump", and a network containing one or
more non-linear devices. There must also be means to couple the input
and output signals, as well as the local oscillator. The complete net-
work is often called a "mixer" necause the input signal (which will be
called simply the signal) is mixed with the local oscillator in a non-
linear device to produce product frequencies.

One (or sometimes more) of these products is the required output
signal. In a receiving system the output frequency is known as the inter-
mediate frequency or I.F., because of its place in the receiving chain.
between the ratio frequency and the desired modulation frequency. The
I.F. usually lies between 106 - lO9 Hertz. The bandwidth must be suf-
ficient to carry all the information transferred from the signal, yet a

low enough frequency is required for low-noise, high-gain amplification.
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The non-linear device used can be predominantly non-linear reactance
or resistance. Normally the two cases arc called parametric frequency
convertcrs and mixers, respectively. The parametric converter25 of a
negative resistance mixer26 can provide conversion gain, which is
attractive at first sight. However, apart from the stability and band-
width problems in this type of converter when frequency trcanslation is
in a downward direction27, the devices at present available give a noise
figure which is much worse than the perfect device theory would indicate.

Although the mechanism of mixing has been sfated as being non-
linearity in some characteristic of a device, strictly it is the time
variation of this characteristic (which is normally periodic) in con-
junction with the local oscillator, which does the conversion. This
introduces a new family of possible devices, which although not strictly
non-linear {(or not used in a non-linear mode of operation) can be time
varying. Relays and associated devices are good examples, as are
transistors and F.E.T's., some of which can be used at microwave
frequencies.

The most important disadvantage of transistors and F.E.T's. at present
is the excess noise they introduce into the mixing process, although for
circuit convenience they are often used successfully up to 1 GHz.

The positive resistive diode mixer will always exhibit a conversion
loss, low though this may be. The advantages in the microwave region of
such a mixer are:-

(1) Wide bandwidth and no stability problems.

(2) Good, repeatable performance due to accurate modelling of Schottky-
barrier diode characteristics; even at microwave frequencies.

(3) The theoretical treatment of a purely resistive case, although
incomplete, is better at predicting practical results than in the

reactive case.




The last two points are important to this xeport because of
the need to define what constitutes a gocd mixer, and to establish the

fundamental limits of its performance using practical devices.

8.3 Diode Arrangements

Practical mixers may use one, two or four diodes. Two ox
more diodes allow the circuit to be "balanced". In the case of two
diode mixers, the balancing is done with respect to the local oscillator
frequency. Local oscillator leakage from both the signal and output
ports is then prevented, and any noise present in the local oscillator
(whichh may be considerable compared to the signal power) should ideally
cancel out at the output terminals. This occurs only under perfect
conditions, and any practical circuit must use matched diodes, and
possibly incorporate balance trimming adjustments as well.

The four diode mixer may be of the series, shunt, or ring
(lattice) type. The lattice type is widely used since it is double-
balanced, with respect to both signal and oscillator. Historically,
lattice mixers have been ignored at microwave frequencies for two
reasons. Firstly, the early point contact diodes were hard to select
into properly matched pairs, let alone matched quads, and the match
could easily have been influence under working conditions by the
variation of diode parameters which was prone to occur, apparently
at random oxr as a function of enviromment, age, or input power23.

The second reason is that the theoretical improvement in
noise fiqgure afforded by auch an arrangement would have brought little
overall imprcvement due to noise contributions elsewhere in the
system. Fox these two reasons, then, the recent availability of
single package matched quads of Schottky barrier diodes, cannot be

underestimated in terms of its influence on future mixer design.



8.4 Terminations

Correct terminaiion of mixer ports is extremely important.
Tnhe output products do not just consist of the desired intermediate
fregquency component. The actual frequency and magnitude distributicn
is determined by the diode non-linearity law and the arrangement used.
If the system is considered as one iﬁ which all the signal power is
converted without loss into all the output components present (ho gain
is possible in the resistive case), the power converted into the
desired output component depends on correctly terminating all the
other unwanted components. If this can be done for all the unwanted
components, (and this is not always possible in some configurations),
all the output. power is channelled into the intermediate frequency
component, and a theoretical conversion loss of zero is obtained.

This is obviously impossible in practice due to termination losses and
the infinite number of output components. However, unwanted products
of magnitude approaching that of the desired output must be dealt with
in order to obtain resonable results. The second termination condition
that must be observed is, of course, that the signal and output ports
must be conjugately terminated in order to obtain maximum power
transfer.

It may be noted that the termination for the local oscillator
port has not been mentioned. This is because, provided that the
correct drive waveform and power is supplied, the local oscillator
plays no part in the process directly, merely providing the periodic
variations of diode resistance. In practice, however, especially with
mixer configurations which demand high drive levels, there is rarely
local oscillatoxr power to spare at microwave frequencies, and efficient

coupling is necessary.




8.5 Classification and Performance

The combinaticn of diode arrangements in a mixer, and the
poseible terminations to unwanted components seems endless. In fact
four basic families (Fig.32) can be extracted, depending on the input
and output port terminations of unwanted frequency componentsze. Fig.33
shows the seven diode arrangements possible using one, two, or four
diodes, either in shunt or series with the signal path. Combining the
diode arrangements with the terminations gives a group of 28 mixers.

The decision on which of these 28 circuits to use, rests on
the theoretical performance possible and the ease of realising the con-
ditions imposed by the theory at microwave frequencies. In general,
the higher the degree of balance of a mixer, the lower the number of
unwanted components produced, and therefore the easier the filtering
pProcesses become, and the higher the efficiency of the system. Against
this, the extra complexity involved must be placed, but for the present
application the double-balanced mixer would seem to be the optimum. The
two diode balanced mixers (8 in number) and the four diode balanced
mixers (8 in number) have much in common, the extra diodes allowing the
normal input and output balun transformers to be eliminated. The four
double balanced mixers all use the "ring" configuration of diodes, so
called because they are connected in a series ring of four of the same
polarity. Of course, the double-balanced arrangement is only one
possible higher arrangement, which can be considered as two balanced
mixers connected in parallel with the inputs out of phase (Fig.34).
Anothexr higher arrangement would consist of three balanced mixers, con-
nected with the inputs 120o out of phase29. This would use six diodes
and cancel a lot of unwanted frequency components. There is, however,
the problems of producing an accurate wideband 120o phase shift. The
* output components produced by several types of mixer are discussed in

Appendix 5.
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9. Summary of the Theory of Lattice Mixers

9.1 General Theory

Appendix 5 gives a mathematical treatment of the operation
of a lattice mixer. The assumption made is that each diode acts as
a perfect switch, the resultant switéhing function is a squarewave
which can be considered as an odd order Fourier series. A more accurate
approach would have been to treat the diode as a time varying linear

resistance, with a law such as:-

E Y cesmw t,
m P

where mp is the pump or local oscillator frequency. Small signal
analysis laws can then be used on the circuit.

In the case of point contact and hot carrier diodes, the
variable barrier resistance is largely explained using Schottky's model

of a p-n junction, from which is deduced the theoretical law:-

v = X ogma+sS .. .. L. L
a I

s

A totally different law is required for diodes which operate with
different current flow mechanisms, such as backward diodes and therm-
ionic devices. Even this law does not hold too well in practice, and
several modifications have been proposed with reference to specific
devices, or specific parts of the characteristic curve. For the forward
characteristics, a reasonable agreement in both slope and magnitude may
be obtained by adding a term Irs to the right hand side of the expression.
This series resistance ros known as the spreading resistance can be
measured in practice by a pulse technigue. Although the value obtained
is not necessarily constant over the whole characteristic, it causes

the greatest effect in the high forward current region where it is

measurxed fairly accurately by this technique.



The pumping waveform applied to the dicde is of considerable
importance, although at microwave frequencies it is fairly difficult in
practice, to enploy waveforms other than sinusoidal because of the
bandwidth required. The approach here is to use sinusoidal current
drive and express the mixer relationships in terms of the current,
drive level and diode characteristics. (Fig41l). i

If we take equation (1) (including the Irs term) and consider

I as the half wave rectified waveform of the sinusoidal current drive,

we can differentiate with respect to I and obtain the diode resistance

expressions:-
r (t) = r +r L (2)
+ s b 1+ X(t) - X(t) s(¢) 7 7
r(t) = r +«x L (3)
- s b 1 - X(t) + X(t) S(t) R
whexe:-
4
s(t) = o jcos wpt - 1/3 cos 3wpt + 1/5 cos Suwpt ...
ip . ;
X(t) = X cosuwpt X = 21 Normalised current drive level.
s

The lattice arrangement of time varying resistances thus formed
is illustrated in Fig.35. By short circuiting the output terminals, we
can obtain general expressions for the output currents (iL) and input
voltage (Vs) which contain all possible frequency products generated.

within the lattice. These expressions may be given in the form:-
gueq

v =ir ‘) A co + v A t .. .
¥ n s n wpt L ; n COS wp (4)

and

v S¥eq
i =i A cos n + - ! 5 . .
1 s , wpt rb E An cos n wpt (5)

rb is the diode slope resistance at the origin.
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Introducing frequency selective terminations to the lattice
we finally cbhtain two eguations which contain only input and ocutput
guantities:-

(Signal voltage) vq = . (6)

(I.F. Current) i

i
.
~

1
<
~

. (7)

2
The K parameters 2 are in general complex and are functions of
r
the image termination, diode quality factor ré(=;§0 and local oscil-
: b
lator drive level.

The conversions power loss under matched conditions is simply:-
Re(v i ¥)
9

- .o - - . . - (8
Re(v_lL_l )

Real parts are required because (6) and (7) use phasor quantities.

9.2 Solution of the Resistive Cases

9.2.1 Introduction

For correct operation the output of the lattice requires a
voltage restriction to the desired intermediate frequency component.
The input howevexr is open to variations. The largest, and therefore
most important parasitic voltage appearing at the input terminals is
the "image" (2wp - wg). Figs. 36 and 37 illustrate the input and output
components graphically, from which it can be seen that the image magni-
tude is comparable to that of the signal, so roughly * 3dB difference
in conversion power loss, can be produced by termination of this com-
ponent alone. Terminations may be divided into, open-circuit, short-
circuit and the value of the signal source impedance. The first two
cases are often called narrow band conditions and produce the best

results. The last condition is often known as the broad band case,



- h ] ’ . : ' ‘
_- | : i .
o ) -~ ,
: b .
r
La
Vol s
1
o », hl " .
~ -t T -
P
o . -
~ Tecuene s
. \ -
(Uu.- (-LJL-W, \' 3 TTW.‘)
- . - ‘
- “ T . . ;. . N
.'.'JL 56 PR - 1 i fli_-_‘, T: ,
Cf +hn fc e mis o E s ) N
A8 g S (] . N~ f Ar 2! R LY BT
4 : m " -

A
(3

)
Surventy 4

(W -,

»
~
-
-+
D
L]

Fis 57 (\n)‘:A\-_‘.'

Cf the



e _‘ (3 -

and a conversion power loss of 3dB is the theoretical lower limit,
whilsl OdB is ithe theoretical limit of both narrow band cases. At
first sight both open and short-circuit cases would appear to give
similar results, since in neither case is any image power dissipated
in the termination. However, in the short circuit case, image
currents flow in the lattice itself through the termination, and
losses will therefore be higher than those of the open-circuit version.

Figs. 38, 39 and 40 show typical calculated results for the
three cascs, the conversion power loss (cpl) being plotted in db

r

against X for various values of the diode quality factor r' = £

b

Knowing the local oscillator drive current required, and considering
the effective lattice circuit as seen by the local oscillator (Fig.4l),
the local oscillator power (Po) required can be calculated. If the

terminations are purely resistive, equations 6 and 7 are real and:-

5 X. K

l + Xk 1l 2
cpl = =——=- where k = ———%—
(min) 1 - K° k3 + K-J.Kz

The optimum input and output impedances of the lattice can then be

expressed as:-—

e

2

~

B
2P

and

R (opt) p RL (opt)

For purely resistive terminations and operation the K parameters are
real and positive, but may be different for each type of mixer due to

the different image terminations.

9.2.2 Narrow-band Open-circuit Mixers

Fig.38 shows a cpl approaching zero for high drive levels and
perfect diodes. Unfortunately, undexr these conditions the optimum

terminations approach zero as well.
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Normal conditions of use still allow a very good performance
. 7 . . .

to be obtained. At a drive level of 10 for instance, a mixer using
diodes with IS = 10 mA ré =10 , needs 20 mW of local oscillatorx

power, and a cpl of less than 0.1 dB should be obtained with an

infinite image termination.

9.2.3 Narrow-band Short Circuit Mixers

The extra loss produced by the image current flowing through
the diode lattice is apparent from Fig.39. In addition, except for
perfect diodes, there will be a minimum value of cpl as the drive
incrcases. For infinite drive levels, the value of the cpl approaches
7.65 dB for all practical diodes and, as would be expected, zero for

perfect diodes.

9.2.4 Broad Band Mixers

In a practical mixer, especially if the ratio of signal to I1.T.
frequency is high, the image termination may ke almost identical to
that of the signal since it is so close in frequency. However,
ideally all the higher oxdex pfoducts should be rejected, although
these will normally be at such a low power as tolhave no significant
effect on the cpl. Fig.40 illustrates this case, minimum conversion
power losses of 3 to 3.5 dB can be obtained using practical dicdes,
provided the optimum drive level is used. At infinite drive levels,
ideal diodes would give a cpl of 3.0 dB as expected, and for all

practical devices the cpl levels off at 4.771 dB.

9.3 Practical Performance

The narrow-band open circuit mixer would seem to be the best

arrangement to use in a practical circuit, but the image frequency



- 4] -

termination cannot then be considered ideal. 1In general it can be

+ jX and with most filter nctworks it will be

expressed as R_ —2

2

mainly reactive with R__ similar to the signal source impedance.

2

The K factors used in the last section for calculation of cpl
and optimum input/output impedances( will therefore, now be complex.
Apart from an increase in minimum cpl, this will give rise to complex
input and ocutput impedances, which will have to be conjugately matched.
Luckily it turns out that a degradation in cpl of only 1 dB will be
produced if the image rejection is at least 10 dB22, a value which is
fairly easily obtainable. Also the output impedance, which is very
high in the ideal case, is reduced to a level which can bhe matched
with less loss to the-I.F. amplifier input. This is important

practically, because the signal is at its lowest level in the receiving

system at this point, and therefore most wvunerable to noise.

9.4 The Effect of Diode Parasitics

Up to now the diodes have been considered as pure time varying
resistances for ease of theoretical treatment. To this extent the
effect of parasitics in the laétice itself is totally different to
the effect of non-ideal terminations, since the basic lattice equations
are now no longer valid. In any practical case, however, even at
high frequencies, the parasitic reactances (Fig.42) are small com-
pared to the time-varying resistance of the diodes, and indeed are
chiefly due to the packaging and assembly of the quad of diodes.

Returning to Section 9.1, equations (2) and (3), for the time
varying resistance of the diodes, we can insert a complex term to
cater for the parasitics. The values can then be used in the original
analysis, introducing the simplifications which result from a

restriction to realistic value of parasitic reactances. P.W. Wright
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has done these calculations , and an example of the effects produced
in a practical case is illustrated below for a mixer with wg = 4490 MH=z
and wp = 4560 MHz.

A. Parallel Capacity

For rs = 15 ohms and Lp = 1.5 nH, the conversion power loss
increases by 1.4 dB for each 0.1 pf of capacity. This does not appear
to vary much with drive conditions, although assumptions used appear to
break down at very low (and largely unrealistic) levels. Both deple-
tion capacity (Cj) and package capacity (Cp) are lumped into one time-
invariant value for this calculation. This assumes that the time-
variable part of Cj is small compared to the whole combination, and
that rs << Rj, both of which are normally true to a good degree of
accuracy. In Fig.43 experimental values obtained by Gregory are given.
These confirm the values given if one assumes the effect of the diode
capacitance is three times more at 4.5 GHz as it is at 1.5 GHz.

B. Series Inductance

For r, = 15 ohm and a fixed value of (Cp +.Cj) of 0.13 pf, the
conversion power loss increases by about 1.2 dB for each 1 nH of
inductance.

The effects of resistance inductance and capacity are not
directly cumulative. Calculations for a mixer using diodes:-

r, = 15 ohms L =2 nH C = 0.13 pf gave a loss of 2.2 dB. The effect
of the parasitics on input and output impedances is also of some
importance. The fixed ratio of :%- between input and output impedances
m )
which comes out of the lattice calculations, is preserved, but the
actual magnitudes are much reduced by parasitics. Again, this can turn
out to be of advantage practically, because the impedances are reduced

to a value which can be easily matched into, without the usual loss

involved in matching very high impedances to transmission line levels.
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10. Microwave Mizers

10.1 Introduction

Because of the huge information bandwidth it can carry, the
microwave frequency range is very important in communications. Another
point is the small size of high gain directional aerials at these
frequencies, whilst the low intrinsic atmospheric noise and extra-
terrestrial range enable very low noise recéivers to be used to
advantage. In such a system the mixer is an important item, more so
if it has no R.F. amplifier in front of it in the receiving chain.
Indeecd, a mixer can theoretically out-perform an R.F. amplifier for
many purposes.

Point contact diodes were used extensively for early microwave
mixers. Since these were often used in Radar sets, where the diode
was often subject to pulses of R.F. energy as well as vibration, the
poinkt contact diode was considered unreliable in maintaining its
electrical parameters for any period of time. The use of mixers with
matched pairs or quads of diodes was therefore ignored. With the
advent of microwave—communications links, balanced arrangements were
used in order to reduce the noise contribution of the klystron local
oscillator then in use. These mixers used waveguide techniques,
which are still employed for the frequency range above 10 GHz. At
low frequencies, however, the reduction in size (but not losses)
offered by microstrip and stripline systems is attractive, whilst
lumped component mixers are used up to 1 GHz. Schottky barrier
diodes are nearly universally used in mixers today, although backward
diodes are coming into use for low level detector where their con-

siderable non-linearity at the origin gives a high efficiency.
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10.2 Practical Circuits

10.2.1 Signal and Local Oscillator Coupling Methods

There are a nummber of ways of coupling the signal and local
oscillator into a diode lattice. The circuit employed here is best
illustrated by the lumped component version in Fig.44. The signal
(wq) is coupled in via an unbalanced to balanced matching transformer.
The two series tuned cirxcuits between this transformer and the diode
lattice, present a pass band for the signal and a mainly reactive
termination to the image and higher components. In practice neither
the input transformer nor the series tuned circuits can be lossless.
Ignoring for the moment the transformer losses, the higher the loaded
Q value of the series tuned circuits, the greater the rejection of
the image, but also the greater the signal loss in the pass band.
This pass band loss L, directly affects the cpl since it represents
a signal attenuation and it can be related to the tuned circuit Q by

the well known formula:-

L
L(@) = 20 log (2 Q) N ()
o
where QL is the working Q and Q0 the unloaded Q of the tuned circuit.
. . . wa
The image rejection depends on QL and (2up - 20q) ' so for

the lowest cpl, the intermediate frequency (wp - wq) should be as high
as possible, to allow a low value of QL and a high value of image
rejection to be obtained at the same time. It must however be
practicable to amplify the intermediate frequency with as low as noise
figure as possible, in order to obtain a good system performance21.

The result is, therefore, a three way compromise which must be
solved for each individual application, especially with due regard to

bandwidth considerations.
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In the case of the locai oscillator circuit, however, power loss
is less important than balancing of the drive current. ¥Fig.44 illustrates
the sinusoidal current drive circuit, which mey be arranged at low
frequencies using a series tuned circuit involving the whole lattice
arrangement, or at microwave frequencies with tuning stubs. At high
microwave frequencies, there may bc some concern with minimising L.O.
losses, in order to obtain high drive levels using the lbw power sources

available.

10.2.2 The Diode Quad

The diode quad is wired in a ring configuration. The parameters
of the actual diodes used are generally governed by commercial avail-
ability, and a halance has to be generally struck between those with high
parasitic capacity and low o and the opposite combination. Packaging
is most important at microwave frequencies from the point of view of
parasitics, and matching of diode characteristics is also of concern
for best results. From the constructional point of view, the most
important point is that the ring of diodes and associated capacitors
should be considerably smaller than the wavelength at the frequencies
used. TFor balanced conditions to prevail, the ring must be electrically
symmetrical with respect to the signal I.F. and local oscillator circuits.
At microwave frequencies this implies mechanical symmetry as well, due
to the effect of stray reactances. The three degrees of symmetry

required mean that a three dimensicnal layout is needed,

10.2.3 Intermediate Frequency Extraction

It may seem that because the intermediate frequency is usually the
lowest frequency involved in a mixex, it therefore ought to be easiest
to handle. However, the I.F. output of a mixer is at the lowest signal
level of the entire receiving systenm, and losses here are probably more

serious than at the signal input, due to the possibility of the I.F.




amplifier noise figure increasing when ilts input is mismatched. At
prasent, in the experimental models built, the I.F. section consists of
a wideband 70 MHz balanced ko unbalanced transformer, to convert from
the high lattice output impedance down to the standard 50 ohm measuring
system. Choke lines are provided from the lattice to the transformer to
reduce local oscillator leakage from the I.F. port. A conventional

70 MHz low noise amplifier is used for test purposes using bipolar
transistors. It is hoped to develop a balanced I.F. amplifier arrange-
ment, able to be directly connected to the diode lattice, in order to
take advantage of the lower loss and noise figure possible with this
arrangement. Elimination of the I.F. transformer would also pave the

way to an integrated system of increased bandwidth.

11.0 4.5 GHz Practical Mixers

11.1 Mixer Measurements at Microwave Frequencies

11.1.1 Introduction

The usefulness of a microwave receiver is limited by its ability
to discriminate between weak signals and noise. Associated with the
signal, no matter what its source, is a noise power N:-

N = kTB .. .. .o . e e (10)
where K = Boltzmann's constant

T

Absolute temperature

B Bandwidth.

The noise figure F of a receiver (sometimes called the noise
factor), expresses its relative ability to amplify without introducing
additional noise. It may be given as the ratio between the signal to

noise ratio at the input, to that at the output:-

F =

OZISmIZIM
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S . . . . .
whexrc N is the input signal to noise ratio

S
o . . .
N iz the output signal to noise ratio.

(o}

The effcctive parts of the receiver can be split into two sections
as shown in Fig.45. The I.F. amplifier section is specified by the gain
and noise figure. In the case of the mixer section, it would appear at
first as if only the conversion power loss L would affect the noise
performance. This would be so if the diodes introduced only the noise
of their passive barrier resistances. Unfortunately, the current flowing

in the diodes creates additional sources of noise of three main types:-

1. Noise in the series "spreading" resistance.
2. Shot noise at the barrier.
3. 1/f or "flicker" noise at low frequencies (generally considered

to be a surface effect).
The usual way of introducing this additional noise is to define an output

noise ratio of the mixer:

t = = .. .. .. .o - .. (12)
where Tl is the effective absolute noise temperature of the mixer.
Normally, using intermediate frequencies in the MHz region, and Schottky
barrier diodes made from gallium arsenide, this ratio is very low
( » 1.1 is quoted).

Returning to formula (11), the input noise of the mixer is simply
the thermal noise as given by formula (10). The signal power output of
the mixer is:-—

S
S < 1
and the output noise power is:-
No = k Tl B.

Substituting into formula (11), the noise figure of the mixer becomes

simply:-
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The overall receciver noise figure is ascertained by considering the
. 31 Lo
mixer and I.F. amplifier as two networks in cascade (and assuming the

noise bandwidth of the mixer cxceed that of the I.F. amplifier):-

IF
0 = P 4 ————
r(overall) m G
1
Now F = Lt and Gn = =
m L
v = - ‘. .. .. .o .e - (13)
P L(t 1 + FIF)

which is the Friis fomaula as mentioned in Chapter 1.

It is therefore evident that the noise figure of a receiver is
determined to a large extent by the conversion power loss of the mixer.
The noise temperature ratio t is generally governed by intrinsic device
characteristics, although it can be reduced by lowering the current drive
flowing in the diodes. This usually increases L and defeats the object
of the exercise. RApart from this compromise, the I.F. ocutput impedance
of the mixer may enter into the formula to a small extent, which could
influence the I.F. noise figure adversely in some cases. The only other
point concerning the I.F. amplifier is that the gain (GIF) does not
affect the receiver noise figure, although the amplifier noise figure
(FIF) is itself normally a value obtained from cascaded stages, and is
therefore as complex a subject in its own right, as the receiver noise
figure.

T'o sum up, we need measurement of mixer conversion loss and noise
figure to know how well it would perform in a receiver system. These
measurements are considered in Section 11.1.2 and 11.1.3. Also it is
useful to know how the mixer is performing as regards theoretical pre-.
dictions. This is covered in Section 11.1.4, so far as these conditions
can be measured accurately at microwave frequencies. Finally in
Section 11.1.5, optimisation techniques are discussed in order to dis-
cover how to best operate a mixer in a given application. This ic

becoming of some importance, as more demands are made for receiver
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systems with special reguircments, such as bandwidth or cross-modulation
performance. In these cases, optimisation for minimum noise figure

as considered here, may not be the best approach.

11.1.2 Diode Measuremcnts

In a mixer, the diodes perform in a complex situation. This
situation should follow directly frém the theory which assumes a given
diode model. In the present case the semiconductor diode is considered
to be predominantly a time-varying resistance, and there are three con-
stants which characterise its performance. There are; rb the incremental
resistance at the origin, rS the spreading resistance, and Is the
reverse saturation current constant. Furthermore, to assess the diodes
potential at microwave frequencies, parasitic capacity and lead inductance
should be known, as mentioned in Section 92.4. The ratio rs/rb denoted
by ré ; 1s used to describe the quality of the diode and Is is incoxrporated
in the definition of the local oscillator drive X.

The information supplied by manufacturers of diodes tell little
about the diode, because the conditions under which the measurements are
made are so restricted and inconsistent between manufacturers. Indeed,
in some cases, it is the mounting rather than the diode which is being
measured. One trouble with the values specified is that they cannot be
measured directly. The resistance rb cannot be, because any measuring
D.C. would shift the operating point of the device from the origin.
Similarly for A.C. measurement systems because of the non-linearity of
the measured region. To make a direct estimate of rs requires a high
forward current that could destroy the device or heat the junction,
thus changing the conditions of measurement. IS, on the other hand,
is usually masked by surface leakage currents (it can be as low as
lO"14 amps), and quite impossible to measure. If x. is known, however,

b

T
the relationship r = li— can be used.
b qls



The best estimate of rh is rossibly that obtained by A.C.
bridge methods, obtaining a balance whilst successively reducing the
bridge excitation voltage. Another method used at Durham is to plot
the characteristic V-I curve for the diode, and use a computer to
obtain an extrapolation to the origin. A typical value obtained for
a GaAs diode is 1.3 % 1011 ohms, whilst point contact diodes have shown
values as low as 7.5 x lO3 ohms, both diodes incidentally, were sold
for X band (10 GHz) use,

The rS can be measured using a pulse technique32, where A.C.
or D.C. resistance measurements are used whilst the device is pulsed
into the high forward conduction region. Heating effects are reduced
directly with the duty cycle of the pulse, but has still to be taken
not to damage the device. A computer extrapolation is also useful to
obtain a second value of r.

Parasitic capacity and inductance is difficult to measure
because they depend to such a degree on the mounting geometry used.
An estimate can be made numerically knowing the device geometry, and
results compared with Smith chart impedance measurements and A.C.

bridge values, if these can be obtained.

11.1.3 The Pover Meter and its Application

The conversion power loss of a mixer is defined as the ratio
of power supplied at the signal frequency to the power output at the
intermediate frequency, under matched conditions in both cases. The
signal level at which a mixer is fed from an aerial system lies between

1014

to lO—3 watts, which is a vast range of which only the top few
orders can be used for measurements to any degree of accuracy. Although

it may appear to be possible to measure signal level, attenuate it a

known amount, and then amplify the I.F. output, poor gain stability of




the amplificr will vastly reduce the accuracy. Considerable negative
feedback can give a suitable gain stability in an amplifier, but this
technique is not normally employed in low noise amplificrs at
frequencies above 1 MHz. The trouble here lies with the magnitude

of the loss we wish to mezasure. An accuracy of 0.2 dB demands 0.1 dB
accuracy in both attenuator and amplifier gain.

Since we must measure pover levels at two different frequencies,
it would seem desirable to'use the same method at both frequencies, in
ordcr to eliminate differential errors between the microwave power
measuring system and the low frequency system. Luckily, power is one
of the few fundamental quantities that can be measured directly and
conveniently at microwave frequencies. Most of the instruments used
are based on power responsive (usually thermal) elements, which can be
used at the Intermediate frequency as well as at the signal frequencies.

Normal commercial instruments use one of two thermal effects.
Either Calorimetric or Bolometric. Calorimetric types measure the
temperature rise of some substance heated by the R.F. energy. Often
the temperature ;ise is measured electrically with a thermocouple.

The Bolometric instruments measure the change in electrical character-
istics of a wire or thermistor which is heated itself by the R.F. energy,
low frequency resistance variations usually being used. A bridge circuit
can be employed in both cases, with dummy unheated elements used to
balance out ambient temperature effects. Both types of power meter
are of approximately equal merit when it comes to measurement of power
at the I.F. and signal frequencies in the present application. The one
used was the Hewlett ~ Packard 431C Thermistor type. This was used at
a full scale sensitivity of 0.03 milliwatts, and the circuit block

| diagram used for conversion power loss measurements is given in Fig.46.

The ancilliary items used are to minimise erxor, the main sources of
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which are mentioned below.

1. Mismatch Error

Due to a non-conjugate match between power meter and source.
In Fig.46 the matching networks minimise this exror at the cxpense
of additional loss. This loss was of the oxder of 0.2 dB and can be
: . 33 e
measured for a 1:1 match in a transmission line system™ , and this
value can be added to the total transmission loss of the measuring
system.

2. R.F. Losses and D.C. to Microwave Substitution Error

R.F. losses account for the power loss hetween the power metexr
connector and the thermistor lead.

Substitution error is caused by the difference in heating
effect at low and high frequencies on the thermistor lead. This
occurs due to the different spacial distribution of current and resis-
tance in the leads at high frequencies. These two effects are combined
into a frequency calibration factor for the power meter (it is a matter
of around 3% at 4.5 GHz).

3. Instrument Error

An error in either meter calibration or zexro drift, which is
caused by thermal unbalance in the thermistor bridge circuit. In Fig.46
the same meter is used for both signal and I.F. measurements, and the
zero drift can be checked between each measurement. With these pre-
cautions, the total error should not exceed 0.2 dB using the arrangement

given.

11.1.4 Noise Measurements

Noise figure is a term applied to any general four terminal
network, which is defined as the ratio of the actual noise power output

of the network to the output that would exist if the network were



noiseless; i.e. the noise originated only from the source connected

Other ways of describing receiver noise performance, such as
tangential sensitivity, and minimum discernible signal, are mostly
subjective rather than objective. This is especially true of receiver
systems working at frequencies above.30 MHz, where the atmospheric
noise fed to the system by the aerial is likely to be below that
created by the receiver itself. Similarly the signal to noise ratio
of a receiver is a worthless term since it is dependent on bandwidth
as well as noise perxformance.

The basic technique for obtaining noise figure is Lo measure
the output power of the network for two input power conditions. Input
power changes can be produced in two ways. The first method involves
a change in the operating conditions of the source, such as varying
the current or voltage supplied. The second method uses a precision
attenuator to reduce source power supplied. In this case, however,
the calibraticn may not be accurate enough and the attenuator itself
is a noise producing network so its temperature of operation must be
known accurately, a quantity which is by no means easy to discover.

There are three commercial types of noise source suitable for
use at 4.5 GHz. The primary standard is the Johnson noise produced
by a resistor at a known temperature. It may also be claimed that the
thermionic noise diode is also a primary standard, since the noise
power of a temperature limited electron stream can be computed. How-
ever frequency limitation such as transit time rule this type of
source out at 4.5 GHz. The third noise source and the one used in
this application is the gas discharge tube. 1In 1949 Mumford34
published the results of his work which showed that the positive column

of a gas discharge could be used as a simple and precise noise source.



lle made the hypothesis that a tube giving a monochromatic light
source, ygives out noise in the microwave bands that is equal to that
which would be produced by a black body with a'maximum radiation

peak at the frequency of the monochromatic light cutput. Although
this was later disputed gualitatively, the noise output is clearly
well in excess of that given by the.hot load method, where the maximum
temperature limit is often only 500°K. The gas normally used is argon
or neon, and the pressure is closely controlled to produce a positive
column discharge throughout the tube. The tube is mounted in a
transmission line which couples to the plasma of the discharge. This
source can then be calibrated against the hot load as a standard, the
change of noise output with life being only about 0.05 4B for 2000
hours use.

The actual instrument used was the Magnetic AB type 113 with
an argon tube. The system block diagram of this instrument is given
in Fig.47. The comparison of noise output of the mixer is made
automatically by switching the noiselsource and measuring system at
500 Hz. The result is displayed on a meter directly in terms of
noise figure. The main error from instrumentation inaccuracies, is
that caused by the variation of source impedance presented to the
mixer with the discharge tube on and off. This erxror can be minimised
by good design and is only of the order of 0.1 dB in the present case.

If we are to assume that instrument errors will always cause
an uncertainty in such a measurement, the greatest accuracy will occur
when the noise source can provide an excess noise ratio approximately
the same as the noise figure of the system being tested. Since the
argon discharge tube produces an excess noise of about 15 dB (above
that produced by the load resistor at 290°K), the range is somewhat

high for the low noise mixer considered here. In fact the hot load




>y

\}

i

AT e
EER N A
- . -4
Tt -

"~y

=

Swiv 4_'-}|i1'.;

500 1y

-

—— m——— —— ——— m— A e m—— —— ———

Sireuits

'V’

—— a— e —— —

L LR

™te
fLE







{

would provide a beltter source except for two severe setbacks.
Firstly the resistance of the load must not vary significantly over
a very wide range of temperature. Secondly the load resistor, which
may be quite large, has to be kept at an even known equilibrium
temperature, despite the output coupling which is connected to the
outside world. Automatic temperature switching in a similar method to
the gas tube is impossible, so instrument drift has to be accounted
for while cooling or heating the load, and waiting for equiiibrium to
be ‘obtained. For these reasons, the accuracy cquoted of 1 dB, using
the discharge tube and 113 instrument, does seem reasonable, although
work is perhaps needed here if lower noise figures were to be

measured.

11.1.5 Mixer Operating Conditions

In the present context, the operating conditions involve the
voltagés and currents flowing in the lattice of diodes and the
imbedding circuit. Measuring these quantities allows a comparison
with theoretical predicpions, and it can also give some insight into
possible circuit improvements.

At low frequencies the measurement problems arefew. High
impedance probes cause little perturbation at the operating conditions,
and both magnitude and waveform measurements can be made using an
oscilloscope. At higher frequencies probe impedances can cause an
appreciable effect on the circuit, and at microwave frequencies, even
if a suitable high impedance probe were available, it would be necessary
to analyse the information gathered closely. This is because of the
finite size of the measuring system in comparison with the wavelength

used.




Power and impcdance are the two fundamental quantities which
can be measured at microwave frequencies. 'tThe application of power
measurements have already been considered,and it is impedance measure-
ments that have to be used to determine the mixer operating conditions.
To see how these measurements can be made, consider a source of
internal resistance Ro feeding into a load of magnitude 2. Z can be
found in two ways, using power measurements as a basis. Firstly the
power transmitted to Z and the power reflected from it can be found
by.using a directional coupler. This will give a value for IZ] from
power transmission equations, which can be obtained by means of finding
the VSWR in the transmission line (of characteristic impedance Pn)
coupling the source to the load. A slotted line is normally required
for this measuremeht, and if the electrical length from slotted line
to the load is known, the phase as well as the magnitude of Z may be
obtained. If the mixer under test were the unknown load, the value
of Z found would be the input impedance of the cavities. To discover
the input impedance of the diodes the cavity transformation ratio is
required. 'This can be found knowing the length of the cavities and
the frequency, combined.with the coupling dimensions. More practically,
the test block as mentioned in Chapter 5 may be used with the known
100 ohm load. As may be noted the transformation ratio depends on
frequency, and may be varied this way as an alternative to the
three-stub tuner in Fig.46., Both methods have been used and give
similar results. Although the ftuner may be eliminated by using the
variable frequency method, calibration errors and drift of the signal
generator still produce overall uncertainties.

The output impedance of the lattice is measured at the I.F.
frequency (70 MHz). The balanced output transformer is of known

transformer ratio and is connected via a matching unit and a low pass
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filter to the power meter. The matching unit is of the Pi type >

using lumped components, and the general circuit is shown in Fig.48.
The component values werc chosen for a loaded Q value of about 10 in
the prototype in order to obtain the lowest loss of 0.2 dB or less.
There are several ways of analysing the circuit operaticn, one way
is to describe the component values by means of three equations.

for a working angular frequency w:-—

R ' R

- l S I.l
—_— = 1+ /) — . .e . (14)
wC.L QL RS
R
1 1 L
_ = — - . (15)
wC2 wCl R
R L ¢ (16
L s
where the components are identified in Fig.48.
It can be seen that egn. (15) can be written:-
2
R C
L _ [ _1 )
R C .o .. .- .- .. .. (17
s 2

which is independent of frequency and the Q.
The values of Cl and C2 which can be calibrated, give the ratio
between RL and Rs directly.

This network can also be used to tune out reactive parts of
the impedance. 1In the present case these should be tuned out by

the input and output transformers when correctly adjusted.

11.2 Experimental Results

11.2.1 Input and Output Impedances

Measurements are available from six separate mixers. Details

of these are tabulated in Figs. 49-53 and they will be referred to
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by the number given to thom in these tables.

Theoretical input impedances are given in Figs.54-56 in the
form of normalised input impedance against drive level graphs for
the three cases of a purely resistive lattice mixer. Introducing
parasitic diode capacitance causes a reduction in the now complex

|
input impedance (Fig.57). It is interesting to relate this graph
to the local oscillator level directly as in Fig.58. Here the
experimental points are for mixer 2.

Purely experimental input and output impedances are ploﬁtcd
for mixers 3-6 in Figs. 59 and 60, using the methods outlined in
Section 11.1.5. The values quoted above lO3 ohms need treating
with care, because of the measurement difficulties (they are measured
in a 50 ohm system), and because the image rejection of the mixer
suffers for these high values of input impedance. Two other points
are worth mentioning from these results. Firstly, the ratio between
iﬁput and output impedances for any of these mixers at any drive
level appears to be a constant. Lattice mixer theory36 supports
this value of ﬁ% , and as indicated in Section 9.4, this should be
almost invariant with parasitics or drive level changes. Given the
wide variation of diode parasitics and effective drive levels covered
by Figs. 59 and 60, this value seems to hold within measurement
uncertainty.

The second point is illustrated by the difference in slope

between the Gallium Arsenide mixers (3 and 4) and the Silicon diode

mixers (5 and 6). This would indicate a better quality factor ré
X

(= ;§) for these diodes. Although the rq value is higher for the
b S

GaAs diodes, the calculated rb value is so0 much higher than that for

the Si diodes, one would expect an even better quality factor. 1In
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practice, the leakage resistance of the GaAs diodes is much higher
. . 11 Cas s ;
in proportion to rb (10" ohms) than it is in the case of the Si

7
diodes where r, is only 10 ohms or so. A significant reason for

this is found in studying the junction technology. In the case of

silicon, passivation using SiO, is obviously more successful than

2
that deposited on the alien surface of GaAs. The better technology

of silicon device production also allows better accuracy of junction
characteristics, which are critical from the point of view of

matching a quad of diodes. This is illustrated in Fig.61, a micro-
scope photograph of a GaAs diode used in mixer 1, the junction area

is 1 Jum across. The effective value of r, is therefore much less

than that calculated from é%%— where Is is obtained from dicode forward

characteristic measurements. Measuring r, directly is very difficult,

b
due to the measuring voltage or current changing the operating point
of the diode away from the origin, where by definition no current

can flow. The best method relies on extrapolation from both forward

and reverse characteristics, but due to the rapid change of resistance

around the origin this too is inaccurate.

11.2.2 Conversion Power Loss

The theoretical CPL for purely resistive action mixers was
shown in Figs. 38, 39 and 40. Taking these values as a basis, we
must add a contribution due tu the parasitic capacity of the diode.
Fig.62 gives these contributions for various capacitance values and
two sets of diode parameters which are typical of the types used
in practice. The actual experimental values of CPL are given in
Figs. 63 and 64 for the Gallium Arsenide and Silicon diode mixers
respectively. The conversion power loss is plotted for all six

mixers against delivered local oscillator power. This is for
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practical convenience, and there is no indication of how much of this
pover is used as current flowing around the diode lattice. Variation
of local oscillator power loss would cause a shift in the X axis for
each mixer, although those with a similar mechanical arrangement of
the local oscillator feed (mixers 3-6), should exhibit little varia-
tion. The anomalous result of mixcr 2 may be due to this cause,
although the diode characteristics showed an inbalance which could
also have contributed. ?hese experimental results must then be treated
with care. Theorctically the curves are sections of Fig.38, for even
though the local oscillator power delivered may be the same between
mixers, the X range is different due to the different diode charactexr-
istics (X = %5). To the theoretical conversion power loss, which is
probably around 0.5 dB, the contribution due to diode stray inductance
must be added, as also must contributions due to R.F. and I.F. and
connector losses in the mixer itself. Finally the imperfect image
rejection must be taken into account. The lowest CPL is within 0.5

dB of these estimates in each case.

11.2.3 Noise Figure

The results from the previous section show a reducing conversion
power loss with local oscillator drive. It may be considered that an
increased drive should have been employed to reduce the CPL further.
Partially this was not done because the local oscillator powers
available in practical systems rarely exceed 10 mW, and partially
because the increased current flow around the lattice causes an
increase in noise figure of the mixer. This occurs directly as.an
increased shot noise contribution (Fig.65), and indirectly as a result
of junction heating, which can lead to breakdown of the diodes.

The noise figure of mixer 6 was measured as a function of the

local oscillator drive, and is given in Fig.66 which includes a
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contribution from the I.F. amplifier. The I.F. amplifier noise
figure was then measured separately and the noise temperature ratio
t of the mixer calculated from:-

= CPL (F__ + t -1
(Fop )

JL'TOTAL

The noise temperature ratio (Fig.67) is quite close to that given for
the silicon diode in Fig.65, the increase at high local oscillator
levels being apparent. This agreement between noise figure and con-
version power loss has the important quality of supporting the con-
version power loss value. This is important because with some mixers
using diodes of variable capacity, parametric gain has been observed,
which reduces the conversion power loss without necessarily reducing

the noise figure.

12.0 Conclusions and Discussion

12.1 Results

The previous chapters have demonstrated the practical possibil-
ities of producing a microwave mixer of very low and predictable loss.
The value of such a mixer as the first stage in a receiver system is
illustrated by the noise figure measurements. The overall performance
of such an arrangement at microwave frequencies from 5 to 20 GHz using
present diodes, would appear to be superior to all present low noise
receiver systems, with the exception of those using parametric
amplifiers. Even in these cases, bandwidth and complexity requirements
may well favour the mixer. It may be asked why this work on a mixer
has not been done before. Partially this could be because there was
little need for it. At low frequencies atmospheric noise from the
aerial makes the use of very low noise mixers pointless, whilst low
noise R.F'. amplifiers are easy to build anyway. At high frequencies
there are three drawbacks with the type of mixer under study. Firstly

the passive circuit was hard to design to obtain all the functions



Figure ©/ Noise temperature ratio of mixer 6
against local oscillutor power.
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required. Secondly fairly high local oscillator powers are needed,
and work is still required to produce scurces of good spectral purity
and stability in the range above 1 Glz. Thirdly, as mentioned
before, only recently have matched diode quads suitable for this
frequency range been available. This has probably come about more

as a side effect of the use of microstrip techniques for large band-
widths and miniaturisation, than as a direct effort to produce low

loss mixer components.

12.2 Future Possibilities

It seems certain that for some time to come the low loss mixex
will allow the lowest noise figure and largest receiver bandwidth
to e obtained, at ény rate at the higher microwave frequencies and
at reasonable cost. Present day commercial amplifiers which are
uncooled and unpumped, are producing noise figures of 4 dB up to
1 GHz. 1In the case of transistor amplifiers which show most promise,
this frequency limit could be raised to 5 GHz within a few years,
but even using field effect types, low noise amplification does not
appear to be feasible much above this limit. The mixer considered
in this report aliows a receiQer noise figure of 4 dB or so because
the low noise amplification is done at the relatively easy frequency
of the I.F. (70 MHz). It could be pointed out that all the mixers
used cheap commerical diodes, whereas microwave transistor amplifiers
need expensive selected devices to obtain good results.

On the question of commercial possibilities, it would appear
desirable to use an entirely integrated or thick film mixer for cheap
production. Unfortunately, as mentioned, the present integrated
resonators are very poor in comparison with the coaxial air-dielectric

cavities used. The extra loss that would be produced would nearly




H
Ch
'\J-‘

s

all occur in the critical R.F. signal path and would ccrtainly
increase the overall noise fiqure hy at least 1 dR. Ti seems then,
that a waveguide or coaxial input circuit is desirable, while diodes
and associated components could be integrated easily with improved
performance, due to the reduction in size and hence reduced reactive
parasitics. This improvement is obvious in the case §f mixers 5 and
6 where the recently available packaged quads of diodes have been
employed. The improvement is due almost entirely to the packaging,
the diodes being nearly identical to those used in mixer 2. Because
of the inefficient and bandwidth reducinyg coupling system between the
present mixexrs and I.F. amplifier, it would seem advantageous to
incorporate at least the first stage of the amplifier inside the
mixer. Advantage could then be taken of the high lattice output
impedance at the I.F. frequency in order to make a direct low noise
match into field effect or bipolar transistors. A balanced stage at
the amplifier input would then eliminate the transformers entirely,
whigh would suit present integration techniques even more.

The loss of the mixer is predictable because the theoretical
study uses practical diode characteristics, rather than those based
on a theoretical model of the diode. Because the diode law can be
expressed in terms of current, it was an obvious choice, for mathe-
matical simplicity, to analyse the lattice mixer action in terms of
current rather than voltage. The resultant theoretical results are
very close to the practical measurements, especially if contribution;
due to reactive diode parasitics are taken into account. In this
connection, it would be interesting to consider the use of a diode
law or characterisation based on the frequency domain rather than on
current and voltages. Such a project could produce a theoretical

study of great practical accuracy at any frequency, without



parasitic contributions being needed. Sincc this would be based
on practical measurements, application of the kheory could well

be simplified in comparison with present methods.
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Appendix 1

Impedance analysis of a lossless short circuited transmission

1iqg

For a TLM mode line of characteristic impedance YO and
length &, the input admittaence is given by:-

Y = ~jy_ cCot 2%
O C

The admittance has poleé at w = nuy where n = 0, 1, 2, 3...,;

and Wy = 5{:

Therefore o = -3 Cot &

w L
Yo .1 . 2 _ Wy
Y I I 2 w2
o} ki n —(;—)
®1 n=1 1
The first term represents an inductance (Lo = E%—) and the

o

remaining terms of the series represent the admittance

of series—-tuned circuits

P S
Y — - Lo %K“ﬂ %AL,
’ Cl CZ
o | I T

The effect of taking one, five and all the elements into

account is plotted in Fig. 3.




PELIR /]

rig. 1

Equivalent circuits for an n-mesh 2 pole with

O and =,

poles at w

(a) Impedance form

L1 L l.2n-2
T e (LAl (I8
e I | — - - R
ol i —
Ca Cy Cin-2
2 2
(mz—mlz/(wz-w3?) ...... (w nCPSY J)
Z(w) = Jhw -5~y 3 T

2 2 2
w (w —w, ) {w —wy

(b) Admittance form

R e
T 1

Y(w) = Z(w)ml



Pieg. 2

Fig. 1 simplified at one polc w - wk
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Arper tix 2

Simrliticotions din 12 calenlations for leoon counlines

A i o

In Fig. 1d .-

an Rs
R = S > _
e , 2
R 4).2
X (2X,-X_)
and X = Y (1 - s E.m )
e m 2

io
RS X (I~) X
1
i e p——— ————
(Assuming 79 > 1 and m= /¢ x I )
i, o

Therefore RS >> X

s and (i) becomes:-
sz
Re - R
s
also Xe = Xm to a first approximation

(i)
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Apvendiz 2

A Loop Counlcd smé-loaded Cavity
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Fig. 1a Loop area A inserted in cavity
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A ST I SR P Lo Tian T > Cons 17 2 oo
g lincs of mearstic fiw cncloned
Xn = Yo curronl inauced
w_ A |1011
= e - in mks units
i
1
From Fig. 2 ;-
i a ¢ L
' cosb
[N TR — f —25% a-ae
4w o 2
L . b
) i, A, sin éln(a)
- 2
4w
Thercfore
Vo Yo A sin ¢1ln =
X = 5
m 47
Now: -
2n1C
w_ A = —
o "o o
¥ E?a
where ¢ = speed of light, €. = relative permcability

of cavity filling.

For a concentric circular

coaxial line:-

Z Ye
1nl§ = gp 2T
ve p
o Yo
Therefore Xm = Z sin2¢
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APPENDIX 4

The loaded Q value of an End-loaded Cavily

Zom ’/io‘2
Q. = — | — (Transmission line) (1)
L 41{ 1l
A1
w L 1 2
O o o L . .
0 = - (Equivalent circuit) .. . .- ‘e (2)
"L R_ i
L 1
7 M
Thercfore L = 2 . - . - - .o (3)
(0] 4w
o
. VLO
I = -
1 R - 3
L w C
o
VL
and I = I, - .O
o 1 -3
w C
oo
R+ §[—= + 0w C R % 4 —>
L wc oo L w02C2
= V
v RL2 * ; 2
w C
o
separating Real and Imaginary ports (because IIOI =/' R2 + 12)
2 |1 2 1
. 2w )
|z |2 i 2 B +l_‘” c 9% (PL *e 2c2ﬂ2
Therefore o = 2 = Q ° —-% R2+
II |2 i1 R 2 + 1 2 w 2C2
1 L w 2.2 o
o
¢ 2 22 C02
= 1+—24+w “c R+ . .. (4)
o o L 2
C
C
2 2 2 e)
= w + + — . . . . 4
o CO RL (1 C)Z (4)
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APPENDIX 4 (Continued)

1 1
W — = + i = ———
Now C 5 7 tan ® and C Co 5
o o (o)

from transmission line and equivalent gircuit resonance conditions

respectively.

’ , 2

CO - C + C0 16tan 0o
n - -~ — = —_— = ———— 5
lhe}efOLe 1+ C C 5 ‘e .. (5
]
R w C << 1 for @ valves > 1
L o o

9 16tan2 60
Therefore (RL wo Co)‘ can be neglected in comparison with - 5 —-
m

for practical values of QL'

Therefore substituting (5) into (1)

47 .
nRo tan2 60
L

Q, =




APPENDIX 5

Output Components of Balanced and Doublc-Ralanced Mixers

Balanced: - !
. . . 1 —
Switching function S(t) 0 l !
= 2w wﬁﬂ’
Fourier Series:- S(t) = % + %-(costup - 1/3 cos 3wp + 1/5 cos 5uwp
............ etc.)
Signal:- A coswg
Output = A coswqg S(t)
= ﬁ_EQ%ﬁLﬂ + 3?-(coscup coswqg - 1/3 cos 3wp coswg + etc)
(1) (2) (3)
A 2A
= E-coso)q + 'S (cos (wp ~wqg) + cos (wp +wg) )
2A
- 37 (cos Bwp -wqg) + cos {(3wp +wqg) ) etc.
Output terms:- i Signal

2 I.F. (difference freguency)

3 Sum frequency



Double Balanced:-

Switching function S(t) :- 0
-1 l

2T wp

4
Fourier series:- S(t) = ;‘(costup - 1/3 cos 3wp + 1/5 cos Swp
......... etc.)
Signal:- A coswg
Output = A coswg S(t)
4A -
= 'y (coswp coswq - 1/3 (cos 3wp coswqg) + etc. )
(2) (3)
47
= ) (cos (wp —wqg) + cos (wp +wq)
4A
- o {(cos (3wp ~w¢) + cos (Bwp +wqg) ) + etc.

Note increased coefficients of term (2) (I.F. output) in case of
double-balanced configuration, and lack of unwanted signal (term (1))

at output.
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4.5 Gz NARROW-BAND OPEN-CIRCUILYT LATTICE MIXERS

J.P. Wright J.R., Emmctt B.L.J. Kulesza
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1. Introdnction

The previous paper presented a summary of the general
theory of a lattice mixer and specifically dealt with the
solutions of special cases in which the circuit was assumed
to be purcly resistive. The conclusion was that a narrow-band
open—-circuit mixer offers the lowest c.p.l. even at quitc low
image-rejection ratios. The aim of this projyect was to
construct such a mixer at 4.5 Gllz und investigate its
performance.

The basic circuit of the lattice mixer shown in Fig.l of
the preceding paper was used as the starting point. The main
difficulty was to find a microwave equivalent for the balanced
arrangement of the two series rcsonances in the mixer input.
From among the available microwave compoicnts the resonant
cavity was chosen since it offers the highest Q and hence the
highest image-rejection ratio. At the freguency of 4.5 GHz
its physical size is not prohibitive and is comparable to the
remaining components of the mixer circuit.

2. Two-cavity balanced system

It is well known that a coaxial transmission line of just
under a quarter of a wavelength long, shorted at one end and
capacitively-loaded at the other, will bechave as a resonant
element. In tne usual applications, because of the way in
which the two coupling loops and/or probes are introduced,
such a cavity can be reprcsented as a parallel resonant
circuit. The series—-resonance behaviour was achieved by
utilising¢ the cavity end-capacitance also as the coupling
element to the 1load.

Two, identical, end-loaded cavities were finally combined
to form a balaaced system as shown in Fig.l., The signal is
fed via the two coupling loops in parallel forming a figure of
eight on the diagram. The local-oscillator current through
the diodes produces opposing voltages across each loop also
across C; & C, capacitors. Accoxrdingly, under the ideal
balance ccnditions, %there should not be any local-oscillator
breakthrough into the signal or the intermediate-frequency
circuits. The capacitor C,; is provided for fine adjustment of
the 'longitudinal' resonance at the local-oscillator frequency
and thus to ensure a sinusoidal current waveform during the
forward-conducting periods of the diodes as required by the
theory.

"he transfer characteristics of the two cavities are shown
in Fig.2. In each case, the image frequency component is
attenuated by more than 14 4B. At the signal frequency the
loss is about 0.6 4B per cavity giving a total loss of about
1.2 dB in the input.
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3. Mixexr diodes

If a scumiconductor diode is considerxed as a time-varying
resistance, there are esscentially threc constants which
characteri=sce its performance. These are, Iy the incrcmental
rosistance al the orpigin, Y the spreading resistance, and IS
the reverwe <caturation current constant. JFuarthermore, to
assess its potential in a microwave circuit the diode depletion
and package capacitances nust also be known. ‘'he ratio rs/rb,
denoted by r!, is uscd to describe the quality of the diode
and I_ is inéorporated in the definition of the local-
oscillatoyr current drive X. :

The information supplicd by manufacturers on the mixer
diodces is usuelly inadegquate and furbther measurements are
necessaxry to estaklish their parametexs accurately. These
measurements, carried out at d.c., r.f. and microwave
frequencics, are cssential not only co find out whether the
assumed dinde law is satisficd burt also to obtain a matched
set of four diodes.

There are two types of semiconductor diocdes which are
normally considered for use in a mixer circuit. The modern
point-contact diode with its relatively low capacitance, and
the hot carrier diode characterised by a low reverse-current
constant I and greatly reduced storage effects. Various
independent techniques were cmployed to determine ry, and Ig,
the key parameters of the diode. Threse included a.c. bridge
measurements, graphical extrapolation methods, and computer-
aided calculations of all the diode constants from the I/V
forward characteristics. In lattice mixers the reverse
characteristic is of no interest if the incremental resistance
is greatex than ry,. The relation ryp = kT/gqI, provided an
additional check on the validity of the individual measurements

The resulls obtained on point-contact diodec have produced
a wide range of values for the constants. Magnitudes as low
as 7.5K for the ry, and as high as 3.2uA and 12 ohms for Ig
and oo resprectively, were recorded for one type of diode. It
had a low capacitance and was recommended by the manufacturer
as a possiblec mixexr diode at X-band. However, because its
quality factor was poor (ab. 10-3) its use in a lattice mixer
even at 4.5 GHz cannot produce a satisfaclory low-loss
performance. Other point-contact diodes had more accecptable
parameters, rp in the order of 100K, I of about 0.3pA and
g of 1 to 3 ohms.

The measurements obtained on hot carrier diodes have
produced better results. The constants of the Si devices
HP297G, DC1l502 and HP281l5 gave gquality factors of 4.7 10  ,
0.83 1076 ana 0.3 10-6, respectively. The total capacitance
in some cases was just above 1 pf.

An exceptional set of constants was obtained for the
uncncapsulated GalAs hot carrier junction 148ChAY/A,manufact ured
by Mullards, resulting in a quality factor of about 4 10-11
and the total capvacitance of about 0.1 p:Z. Graphical-
extrapolation methods had to bhe employed to deduce ry and Ig
of 1.3 101l ohms and 2 19'13 amps, respectively.



4. The eoffecct of the depleltien capacitance on _the c¢.p.1. and %!

1t is anparent that as highexr oparational frcquoﬂgfbs arc
utilised diode capacitances cannol be ignored, and their
cffect must be included in the analysis. This was achicved by
replacing the time~varying resistances with tne time-varying
impedancos. Since the exbternal-to-junction capacitancoe is
determined by the type of encapsulation uvsed and circuit
strays, it was dccided initially to consider only the depletion
capacitance at the origin. Conseqguently, the Ky, K, & Kq
paramcters became not only functions of the local-oscillator
drive and the quality faclor of the diodes, but alsc of the
depletion capacitances. Becausce of vood image-—-rejection
ratios obtained with the double-cavity system (Fig.2), and for
mathematical simplicity, the termination at the image :
frequency was assumed to be infinite.

The calculated total loss for the lattice mixer using Si
and GalAs d.odes al various local-oscillator powers 1is shown in
Fig.3: 7The loss duc to the depletion capacitance is given by
the reading above the reference level, i.e. C = O.

It is seen in Fig.4 that the capacitance has a consgiderable
effect on the magnitude of the input impedanca at the signal
frequency. Similar effect is predicted for the output
impedancec at the intermediate freqguency.

5. Results and comparison with the theory

The rxesults obtained on the two mixers arxc encouragiag not
only because of their low-loss performance hut also because a
close agrcement with the theoretical predictions was achieved.
Most of the excess loss can be accounted for, within the
experimental error, in each mixer circuit.

Although the image frequency rejection was good (Fig.2) we
found that the total loss of the cavities at the signal
frequency was still too high at about 1.2 d4dB. The losses
incurred in the matching networks amounted to about 0.9 4B.
The remaining loss of 1 dB is attributed to the diode
capacitances and diode inductance. The effect of the packace
and stray capacitances on the c.p.l. is being analysed but the
results are not yet available for comparison.

On comparing the two mixer circuits in Fig.5 it is noted
that to obtain the same c.p.l. higher local-oscillator power
is required for the Si devices. The reason for this,
verifiable by the analysis, is that the quaiity factor for the
Si diodes is much worse than that for the GaAs diodes.

A complete elimination of diode reactances or their
neutralisation by circuit techniques is difficult, if not
impossible, at higher frequencies. Microwave integrated
circuits may be a solution to the problem in which junctions
can be placed directly on suitable substrates. In our mixers
improvements in the design of cavities and matching networks
should produce a furxther rcduction of at least 1.5 4B in the
total loss. This means that for a lattice mixer using GalAs
hot carricr diodes a measured c.p.l. of about 1.5 dB should
be possible. '
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