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SUMMARY

Frequency multiplication using the non-linear capacitance .
formed by the depletion layer of a reverse biassed p-n junction
diode is studied with a view to obtaining a compléte and gener-
ally applicable solution to the problem. The solution is
presented for two basic circuit configurations in the form of
a series which may be evaluated for any diode and for any
order of harmonic. Reéults are included in the form of power
loss and design curves for three orders of multiplication
for various diode characteristics and for various diode and
circuit 'Q' factors. From these curves the performance of
different multipliers is compared and conclusions are drawn
as to the choice of circuit and diode for maximum efficiency
multipliers.

The effect of driving the diode into the forward
conduction region is studied both as an extension to the depletion
layer mode of operation and as a distinctly different
mechanism for frequency multiplication.

A circuit analysis allows the estimation of various
additional losses including the use of non-ideal filters and
unwanted harmonic power being diséipated in the diode and in.
the load. Methods of eliminating these losses are suggested.

Problems which occur in practical eircuits are discussed.
These include methods of biassing the diode, behaviour when
the input amplitude is not constant, matching conditions
and requirements for cascading circuits.

The basic large signal theory is verified experiumentally
and operation of various circuits is illustrated at both
low (1 Mc/s. to 10 Mc/s.) and high (300 Me/s. to 1200 Mc/s.)
frequencies.
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INTRODUCTION,

Definition,

Frequency multiplication may bhe defined as the
conversion of power from a fundamental or input frequency to
a higher unique harmonic frequency, This definition will be
assumed in the following work, It should he noted that this
does not include the generation of a hand of harmonic
frequencies which comes under tﬁe heading of harmonic generag-—
tion, Distinction should also he made between these two
mechanisms and 'mixer action' in which power may be generagted
at a higher or lower frequency not integrally related to the

input frequency,

Historical survey = Nethods and applications,

Since the early days of electronic circuits, frequency
multipliers have heen used in wvarious applications, For
example, in radioc transmitters a small amount of power is
often developed at a relatively low frequency, then multi-

plied in several stages before being amplified at the final
output frequency. This has the advantage of facilitating
frequency stability, firstly because it is often easier to
construct stable oscillators at low frenuencies and secondly
because high power at the output frequency cannot, through
poor shielding)be coupled to the oscillator thus giving rise
to inmstability, Also in mixer cirecuits it is often desir-
able to originmate the lncal oscillator power at a convenient
low frequency and then multiply to the frequency required
for mixing,

This multiplication has in the past heen carried out
with valves operating in class 'C'34. In a similar manner,
transistors may be used in frequency multiplying circuits.
Both these methods have the disadvantage of a ;ow overall
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efficiency, necessitated by the presence of d.c. power
supplies, The upper frequency at which useful power may be
developed i1s alse limited in the above devices,

Reasons leading to present work.

Jith the introduction of transistors, junction diodes
also hecame considered as useful circuit elements, At the
time the present work was started, the field of frenquency

conversion 11”479 1,514

and parametric amplification as
beginning to arouse interest due to +the usefulness of the
latter device as a low noise amplifier at high frequencies.
Parametric amplification depends on the presence of a non-
linear reactance as a coupling element between circuits
resonant at two different frequencies, the pump and the signal
frequencies, A very suitable non-linear reactance was
available in the depletion layer capacitance of a reverse
biased p—n junction diode %136 although amplifiers and
converters ﬁere also studied using ferrites as the non-linear

2lement 21’34’38.

A difficulty encountered in high frequency parametric
amplifiers is the fact that the pump (i.e. the input power)
frequency must be greater than the signal frequency~, A
method of overcoming thig difficulty was sugsested by Bloom
and ChangG, in which power is supplied at one half the
theoretical pump frequency and the non-=linearity of the
coupling element used to generate second harmonic power at
the necessary frequency. Whilst making preliminary
investigatiomsof these topics the author decided that perhaps
a more efficient method of overcoming the difficulty of
generating high frequency pump power would be to use g
separate diode with suitable circuitry to generate the
required‘harmonic. The present work is the outcome of this

idea but as has already been pointed out, the usefulness
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of the circuit 19 not limited to the field of parametric
amplification, ha% may be applied £o any of the uses of
frequency multipliers previously covered hy the-uge—af valve
or transistor circuits,

Work already carried out in the field,

The theoretical basis for the use of non-linear
reactances in frequency multiplying circuits was first put
forward in 1956 by Manley and Rowe<+
a special case of their 'power relations in non-linear

when they discussed, as

elements', the use of a non-linear reactance as a device
capable of 100% efficiency when used as a freqi®ency multiplier.
This fact is intuitively obvious, since if no losses are
present in the non-linear element, no power will he dissipat-
ed and hence the power input to the device will equal the
total power outout, It is only necessary to use adequate
lossless filters in order to realise 100% efficiency,. It is
of course obvious that the Manley Rowe relations are only
gpplicable in the ideal,and non-practical, case nf lossless
non-linear elements and lossless filters, The behaviour of
practical circuits with lossy dicdes and/or lossy circuit
elements cannot be predicted without recourse to a circuit
analysis, This was first attempted by Chéxng9
'appeared at the commencement of the work described in this
thesis, Prior to this, Higa;s had suggested using ferro
electric devices for frequency multiplicationm and several
people had in fact constructed various mu1t1p11ers?0 36
without attempting to relate the efficiencies they ohtained

whose paper

with any theory.

Purpose of project.

The aim of the research is to obtain a complete
understanding of the theory of frequency multiplication using
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the non-limear capacitance effect of p—n junction diondes,
hence to evolve a tractable theoretical approach to the
solution of the problems leading to a basis for the design
and evaluation of performance of various circuits, This
enables a comparative study of different circuits to be made,
As an extension of the depletiom layer behaviour, a study is
also made of operation of the diode as a charge storage
device,

Qutline of proiject,

The work divides into the following basic headings:

Section 1, Basic concepts and circuits, ‘
Section 2, TLarge signal depletiom layer analysis,
y Comsideratiom of charge storage effects,

N

Section

Section 4, Sources of decreased efficiency when using

4.

practical circuits,

Section 5, Generdl details of depletion layer circuits
including cascading,

Section 6, S ome general experimental results,

All the work described is believed to he origimal
except where specifically stated to he otherwise, However,
since the research was started, a number of papers have been
published in the field which overlapped the author's work,
In order to clarify the points which the author considers to-
be original, a discussion of these points follows,



DISCUSSION OF ORIGINAL WORK.

At the time this work?on frequency multiplication
was started, the only relevant theoretical papers to have
been published were by Manley and Rowe *4 in June, 1956, and
hy Chang9 in September, 1958, Chang's paper which is
essentially an extension of that o parametric amplifier35
gives an gpproximate theoreticzal solution for a doubler and
a tripler for a specific circuit, After most of the basic
work on the two circuit configurations discussed in sect.l
had been completed, Leeson and Weinreb23 published a paper
which overlapped the author's work and lead to the same
basic small signal circuit equations for a doubler as had
-zlready heen obtained by the author (refer %o sect,l), This
paper does not however consider in any detail the effect of
circuit and diode losses, nor the problem of optimizing a
specific circuit for minimum power loss, '

In geptember, 1960, after some large signal theéory for
low order multipliers had been evolved, Johnsont’ published
a paper which considers large signal behaviour, This paper
* does not)howeven give any general regults which may be readi;y
used to indicate the efficiencies obtained under specific
conditions nor does it discuss the choice of circuits, The
method described for tackling the large signal problem is
different from the author's method,

Although some thought had been given to operation of

- the diode in the forward region, it was not until after the
publication in October, 195G, of a paper by Leenov and Uhlir
that serious consideration was given to multiplication using
the charge storage effect, The work described in sect.3 uses

22

this paper as a starting point and is essentially concerned
with predicting the efficiencies obtainable when filters are
introduced into the circuit and hence with determining the

hehaviour of a depletion layer circuit when driven into the

forward conduction region,



22

dpart from the points mentioned, all the work may be
taken to he original to the best of the author's knowledge
unless explicitly stated otherwise, A summary of the most
important points of the work is given below:-

Complete approach te the large signal solution of the
diode behaviour in the depletion layer mode of operation for
the two basic ecircuit comfigurations,

Extension of the work of Leenov and Uhlirzg on the charge
storage mode of operatiom to cover the case of circuits with
filters, thus increasing the efficiency,and hence to predict
the hehaviour of a depletion layer circuit when driven into
the forward conductiom region,

Cirecuit analysis and discusgsion of the two basic circuits,
leading to expressions for power loss due to both lossy

diodes and lossy filters.
Design data and curves of power loss for various cases,

Cascading congiderations including discussion of match-
ing conditions between adjacent stages,

Comparative study of warious circuits and copmbinations
to obtain a given order of multiplication, '

General topics including a qualitative study of hysteres—
is effects and behaviour of a circuit when it is de—tuned,
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SECTION 1

BASIC CONCEPTS AND CIRCUITS,

1,1 Introduction.

The present section is intended to give a general out-
line of the theory and operation of the frequency multiplying‘
circuits under investigation, The essential properties of
the non-linear element, the p-njun¢tion,are discugsed and
methods of utilising the diode in practiecal circuits are
given, Two basic circuits for a X2 multiplier are anaiysed
on the hasis of a small signal approximation, The results
of the theory indicate the requirements for high efficiency
operation, Some experimental results are included,and from
these conclusions are drawn as to the limitations of the
small signal theory and extensions necessary to the theory
in order to predict accurately the behaviour of any multi-~
plier,

1.2 Diode characteristics,

A p~-n junction diode operating with a small amount of
reverse hias may he represented essentially by its depletion‘
layer capacitance which is a function of the applied bias,
This capacitance obeys the well known law:

C o= k(Vy + 1[/0)'7 _ .1)

where VB
barrier voltage and k is a constant which depends upon the
geometry of the diode, The value of Y depends on the

doping of the diode: for an abrupt jumction, ~/ =1/2 and

is the applied reverse hias voltage, o 1s the
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for a linearly graded junction, y =1/3, It is important
to note that the abhove capacitance is the small signal 'a,c,
capacitance'; i.,e, it is the capacitance which would appear
if the diode,together with its bias,
impedance through which g small a,c, current was flowing,
If the altemating voltage across the diode is not negligibly
small we have the following relationship:

were conmected acrosg an

C(v) = k(VB + v + Y’o)-.y | (1,2)

where v is the alternating voltage across the diode, This
may he expressed in the form:

C(v) = C, [1 + V/fVB + }b‘ O)] -y (1.3)

where C_ is the small signal capacitance given by (1,1),

The other important property of the diode which must
be consgidered is the loss introduced by the finite resistance
of the material, This becomes particularly significant at
high frequencies, i,=, when the reactance of the capacitance
C,» becomes comparable to the series loss resistance, Tnis
resistance is, to a go0o0d approximation, constant and the
equivalent circuit of the diode under a given bias may be
represented as a non-linear capacitance, C(v), whose small
signal capacitance is Cg, in series with a loss resistance
Ry . In fact both C  and RS are frequency dependent to a
glight extent but since the frequency 'gain' of the multi-
pliers to be considered is small, this variation may be safely
neglected, At very low frequencies the shunt or leakage
resistance may also be significant but since the main appli-
cation of the circuits is at high frequencies, this may
generally be neglected,

For the present discussion it will be assumed that the

diode is operating solely in the depletion layer region,
The effect of driving the diode into the forward conduction
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region will bhe discussed later,
Obviougly, two main requirements in choosing a diode for
frequency multipliers are:

(a) A suitable non-linearity
(®) A low value of series loss resistance,

The precise effect of these properties is not, however,obvious
and in the following work a detailed study is made of the
hehaviour of the diode as a circuit element in frequency

multipliers,

1.3 Basic circuits.

Given a non-linear element, the first problem is to
choose a circuit in which it may be incorporated to generate
harmonics and in which a particular harmonic may be filtered
so that power may he extracted at a given frequency, Two
basic possibilities exist for utilising the non-linear
properties of the diode, The diode may he connected either
in series or in shunt with the generator and load,
(Henceforth it will be assumed that a suitable bias supply
is included: a discussion of biasing arrangements will be
found in sect.5,2). The two alternatives are shown in Fig,
1.1 for a circuit without filters, We are, however, inter-—
ested in generating a particular harmonic and for this
reason it is obviously necessary to employ filters to prevent
power from being dissipated at unwanted frequencies, Thus
we have the two possibilities as shown in Fig,1l,2, in which
the generator with its associated resistance is fed through
a filter to the diode which in turn feeds power to a filtered

load at the required harmonic frequencv: 1loss conductanees
Gy, Gpor resistances Ry, R, are shown; their exact nature
will he discussed later.
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These are the two bhasic circuits to be considered in
the following work, In order to gain an understanding of
the essential properties of the circuits, a study will first
of all be made of their behaviour as X2 multipliers, using
only a first order approximation to the non-linear charact-
eristic of the diode, In subsequent sections a more
detailed analysis of the behaviour will he given, valid for
all orders of multiplication and including high order non-
linear effects. Henceforth the circuit shown in Fig, 12, (a)
will be referred to as a node circuit since it consists
essentially of two modal points coupled together by the non-
linear capacitance; likewise the circuit of Fig,1,2,(b)
will he referred to as a mesh circuit since the diode forms
the non-linear coupling element between two meshes, Nnte
that these two circuits are not duals; if this were to he
the case the coupling element in the second circuit would
have to be a non-linear inductance with suitable character-
istics, For this reason a separate analysis is required
for each circuit.

1.4 X2 node circuit,.

1.,7,1., Analysis.

Consider the circuit shown in Fig,1,2,(a), It is
assumed that the losses at the input and output frequencies
may be represented by the conductances Gl and G2 respectively
Thus each conductance represents a combination of dinde and

circuit losses, The fTilters are assumed to bhe perfect short
circuits at frequencies other than their resonant frequencies,

Let a generated voltage v. exist at the input node where;

1
— 3 3
vy = V1 sin bvlt (1,2)
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This voltage will cause a current to flow through the diode
and due to the non-linearity, a second harmonic current, 12,
will produce a woltage, Vs s at the output node, Thus the
voltage across the diode, v, is given bhy:

v=Visin wqt + V, sin Wt + 62 (1.5)
where W, = 2w1
The current through the diode, i, is them givenm bhy:

i= C(v) g-‘{; : (1.6)

where C(v) is defined by (1.3). This follows since C(v)
is the incremental cagpacitance, i,e,

CV = g‘ﬂ 1

(v) v (1,7)
The expression for C(v) as givem by (1,3) is not suitable
for evaluating (1.6) directly, A first order gpproximation

to the non-linear law may be made,however)by letting
C(v) = C, + c'v 1.8)

The complete expansion of C(v) will of course bhe an infinite
series but the capacitance with the first order non-linearity
given hy (1,8) will generate second harmonic current and

will thus serve as an Fndication to the prohahle hehaviour

of the circuit, Note that c' is simply the slope of the
'a,c, capacitance' versus voltage characteristic at the
operating point determined by the bias, It is thus the first
term of the Taylor expansion of C(v) about the operating
point; i,e,

c! = =y C)/(Vg + ¥ ) (1.9)

Combining (1.6) and (1.8) and substituting for v from (1.5)
leads to the result:
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i=i(ewq) +i( W) +ilwy) +1i(w,) (1.10)
where:

i(wy) = w0 Vjcoscuyt - (1/2)c'w1V1V25irr oyt + 7, (1.1)

‘ 5
WC, ¥ cos &)2’E+22 + (1/2)0'(,.)1\!1 'sin2 Wit (1,12)

i(wg)

We are not interested in currents at other frequencies since,
due to the filters, power can not be dissipated at these
frequencies, The equations for current at the input and
output frequencies may be written in exponential form thus:

i) = JwiCVp = (1/2)e'w ViV, exp j¢2~ (1.13)

. . . 2
i, J @ 0.V, exp 3(2’2 + (1/2)e' w 1% (1,14)

The mode equations at the two frequencies may be written thus:

1g = wyyp +1; (1.15)

0 = Voys + i, (1.16)

where y, = Yl Le_l (1.17)
v, = Yy /6

i, = I exp § (4)) | (1.18)

Substituting in (1,15) and (1.,16) for the various quantities
gives:

Igexpj(-ﬁl) = VY expify + Jw 10,7, - (1/2)c'le1\{Zeij¢2

(1.19)
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0 = VyYoexp3(F48,) = j G, Voexpidf, + (1/2)c' ey Vi ?  (1,20)

These two equations are essentially the same as thoge
derived hy Changg.
We may rewrite (1,720) in the following way:

Vo exp id,, [Ygexpjeg+j w 200+(1/2)c'wl(vlg/vz)gxpﬁ(-oj?)] =0

i,e, 1in general: a.2)
¥ exp 36,43 op Cy+(1/2)et @ (V) 2/V,)expi (#,) = O (1.22)
which, equating real terms, gives:

Voo, + (1/2)c'wy V;% cos 0, = 0 (1.23)
where: Gay = G, + G (1,24)

2t 2 o)

G, being the load conductance and G?'the loss conductance at
& o Since ¢' is negative, it follows that for the out-~
put voltage and hence the output power to be maximum,
Fs =0 (1,25)
whence (1,23) may be rewritten:

Vobay = L @qCoVy (1.76)

where

K= (1/2) vy vl/(vB + 1,00) . (1.°7)

(This is obtained by substituting from (1.9) for ct),
(1.19) may now he evaluated to give:

if - - ; ; - t
IgeXpA( ¢1) VlYleXp361+JOJICOV1 (1/2)c 0J1V1V2 (1, 28)

If the susceptance at the input node is zero at the inmput
frequency, i,e, if the input is resonated,
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#, =0 | (1.29)
and
Ig = vlcl - 1/2)c'w 1V1V2 (1.30)
= V1G1 + /2 el W 1V1V2 (1.31)
= V6 + K &,CV, (1.32)

1.4,2 General behaviour of circuit.

. We are now in a position to discuss the general
behaviour of the circuit, Firstly let us consider the
relation between the input and the output voltazes, This
is given by (1.23) or (1,26) and it is seen that the output
voltage varies as the square of the voltagze at the input node,
We also see from the same equations that the power P?t s in
the conductance GQ at the output node is:

-tl
2
= K @0,V V, (1.34)

From (1,30) to (1.%2) we see that the input conductance,
Gin’ is made up of two pafts thus:

G. = G + G (1.35)

in 1 eq
where
= K w,C, (V?./Vl) (1.37)

or, using (1,7%), Geq may.be expressed thus:

2 2 |
Geq = K (4G )" /6,y (1.38)
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The equivalent circuit at the input frequency may now he

represented as shown in Pig,1,3,(a), where, under normal

operatiom, the total susceptance will be zero (this condi-

tion is given by (1,22) and (1,29)). Note that the input

power to the diode, Py 40 ohtained from (1,32) ias:
P, o= VI~V %G

1d 1'g " 1 ™M1
(1.39)

[ 3
"which,as must logically be the case, is the same as (1,3%4)
since no power exists at frequencies other than the funda-

mental and second harmonic.!ﬁ
Let us now consider the efficiency of the multiplier,

Defining the efficiency, N by:

1l _ Power available from generator (1.40
m ~ Power output +40)

we may write:

P.
% = 13—12,6 (1.41)
ou

where Pim is the power input to the circuit under matched
input conditions: i.,e,

P, = I;‘/(B(‘rg) (1.42)

This condition is met when:

Gg = Gl + Geq (1.43)

1 Writing (1,41) in terms of the circuit parameters gives:
?
Vl (G1 + Geq)

2
V2 G—0

1 — ]
— t— .44’
( )

where Go is the load conductance as in (1.°4), Using the
fact that the imput power to the diode, Pld’ is equal to
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the total power at the output frequency, the result obtained
by comparing (1.%34) and (1.39), we may write:

2 _ 2
vy Geq = V,56,, (1.45)
Substituting this in (1.44) gives:
G. + G G G !
1 2 o } G+ Y.
o~ = I —————————— 1. 6
n { A ["‘@eq (1,45)

This expression shows simply the attenuation at the innut
and output nodes due to the loss conductances and is
obvious, If we subgtitute for Geq we obtain the more inter-

esting expression:

Go G, G
L. 2 Il + ot 2b (1.47)
T e K w,C,)"

This shows clearly the dependence of ™ on the factor K,
defined by (1.77).

1.4.3 Requirements for high efficiency circuits.

As a result of the above analysis we are now in a
position to summarise the requirements necessary for high
efficiency operation cf a X2 node multiplier, Referring to
(1.,47) these are as follows:

(a) G, should approach G,, in value, This simply
implies that the loss comductance in (1,24) should be as
small as possible; alternatively, for a given loss

conductance, the load conductance G, and hence the total

conductance G?t , should be large,

(b) The product G,G, should be small, Obviously Gl
must be made as small as possible; however we mow have
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two conflicting conditions when the loss conductance G1
and G, are fixed since (a) implies a large value of G,y
whilst the present requirement is for a small value of

Goyge

(¢) ¢»,C. should be large, This means that the diode
,1°.sas=pm= . .

eepe6*¢aﬁeelg% %he operating point must be comparable

in magnitude to the node conductance Gin and G?t which,

for given circuit 'Q' factors, are related to the cir-

cuit resonating capacitances,
(d) The factor K must be large as possible,

Of the .above conditions, (d) is the only condition
relating directly to the diode, The other conditions affect
the circuit parameters but for a given circuit and a diode
with a given capacitance at {he-dperating point, it is
apparent ,that the efficiency is a variable quantity heing a
function of K, Referring to (1.27) it is seen that this
implies in addition to the diode having a large imput voltage,
a diode with a large value of v ., Since in general the
choice of values for y is strictly limited the main point of
~interest in the factor K is the maximum value of V., It is
obvious that V; cannot execeed (Vh + 300); in.fact the limit-
ing condition is given by

Vein = —(VB + Vko) . (1.48)

where v is defined by (1.5). Due to forward conduction
effects this limit may mot in fact be reached, It is
important to remember in discussing the value of K that the
approximation invelved in (1.,8) will cause the practical
operation to differ from that predicted from the ahove theory.
This is illustrated by the experimental results,
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1,4,4 Experimental results,

The purpose of the experiment was to see how closely
the above approximate theory holds in a practical circuit,
The circuit used was essentiaglly that of Fig,1,2, (a) with
the current generator replaced hy a voltage generator of low
internal resistance connected to the input node via a
resistance of known value, The woltages at the nodes were
measured on a wave analyser with a high impedance probe,
calibrated at both the input and output frequencies, The
input frequency was 2,6 Mc/s and the diode used was a Pacific
Semiconductor type V20, The capacitance characteristic was
plotted by measuring the capacitance for various wvalues of
applied bias under conditions of gmall input voltage across
the diode, This gave a capacitance of 24 pF at the operat-
ing bias of -4 volts and a slope at the operating poimt of
-2,24 pF/wolt, The value of }z, o Was estimated by plotting
the inverse square of the capacitance versus the hias voltasms,
including small values of forward bias, and measuring the
intercept on the veltage axis corresponding to the point of
infinite capacitance, This gave a value of 3&0 = 0,6 volts,
Substituting the above values in (1.9) zives v = 0.43,
Since the simple filters used were not ideal #idbers, the
measured nodal voltagesiyere corrected to obtain the actual
diode voltages,by taking into account the voltage drop he=-
tweem the altermate mode and the common earth point, At the
frequency used it was found that the diode loss was small
compared to the inductor loss; +the values of G, and G, were
therefore determined by the inductor 'Q' factors,

It was decided that,since the input and output voltages
were readily measurable quantities, the validity of the
theory could be checked by plotting the woltage gain, VQ/ZI‘
versus the normalized input voltage, Vl/(V.B + qf 0). The
theoretical relationship between these quantities is given
by (1,26) and (1.”7) which gives:
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VoV = (1/2) 3y (010, /Gp)Vy /(g + ¥ ) (1.49)

The value of Gf;,t
on a bridge, The value of G?t was altered by suitable
loading,

was determined by measuring the loss of L2

The results obtained are given in Fig.,l.4 for two values
of the parameter ( ,C_ /Gzt’ together with the results pre-
dicted by the preceding theory, It is seen that at low
values of inmput voltage the agreement with theory is reason-
ably good, Possible sources of error are: measuring and
correcting the voltages, estimating ¥ _, Cj and )y ,
measuring the circuit conductances, The main interest in
the results is)however)the deviation from the ahove theory
under conditions of large inmput, Referring to Fig,l.4, (a)
it is seen that before'V1 becomes equal to (VB *’HVO)’ the
voltaze gaim starts to increase more rapidly than the theory
predicts, This imcrease continues for values of normalised
invut voltage greater than unity, Note that this seemingly
impossible condition may arise due to the fact that current
flows through the finite resistance of the bias supply and
the effective bias voltage may be more than that of the
battery under forward drive conditions, The bias was
actually supplied through a potentiometer of wvalue 1K. to
the bottom end of the combination L2G2t’ a suitable capacitor
forming the necessary r.f, bypass,. It was observed that as
Vl was imcreased, the woltage gain reached a maximum value
and -then started to decrease, The maximum value of V /V1
corresponds to a maximum value of X (see (1,26) and thus to
maximum efficiency (see (1.47)). It was noticed that for
large values of Vi it was sometimes possible to obtain two
possible values for V, depending on the method of tuning the
circuit and altering the input voltage, This is illustra-
ted in Fig,1.4,(b) for which case the voltage gzain, for a
given value of input voltage, is larger than for the case
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plotted in Fig,l.4, (a) (corresponding to a larger wvalue of

W, Co/G,,.). This corresponds to a hysteresis effect and
manifested itself in practice by a sudden jump inm output
voltage as either the input voltage or the circuit tuning
"was varied over a small range, The region over which the
effect was observed is indicated in Fig,1l,4, (b) by the shaded
area,

The above measurements suffice to indicate how the
practical operation is related to the small signal theory,
However,a further set, of measurements were made to verify
the behaviour of Geq with respect to the input voltage, As
was pointed out above the practical circuit consisted of a
voltage generator connmected to the input node via a krown
resistance, The value of Geq was determimed for a given
value of input wvoltage by replacing the diode by an equiva-
lent (linear) capacitance and connecting a variable conduct-
ance across L,C; and adjusting it until (keeping the genera-
tor voltage constant) the voltase at the input node returned
to its original value; the value of G, is then equal to the
value of inserted conductance, The values of Geq determined
in this way agreed with the theoreticzl relationship given by
(1.38) for small input voltages and departed from the theory
in the same manner as V2/Vl in the above examples, as one
would expect, Fote that in estimating Geq it was found
necessary to make Cl comparable to Co ;s otherwise it was
found that G1 'swamped' Ge , corresponding to low efficiency
operation, This is due to the fact that since the 'Q!
factor of an inductor is approximately constant over a wide
range of values of inductance, the shunt conductance varies
as the resonating capacitance for a given resonant frequency.
The mimimum value of C1 is, however, limited by the fact that

Llc1 must ?resent & low impedance path at the second harmonic

frequency,
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1.4.5 " Conclusgions.

From the above results it is apparent that the behaviour
of the circuit under large sigmal conditions is not accurat-
ely explaingble on a basis of the small signal theory glready
presented, S ince this large sigmal region corresponds to
optimum efficiency operationm it is necessary to extend the
theory in order to predict efficiencies using various diodes
and circuits, It is also desirable to be able to predict
how the circuit behaves when the dfode is driven into the
region of heavy forward conduction, Apart from the opera-
tion directly related to the diode it is obviously necessary
to perform a circuit analysis in order to determine the
choice of parameters for maximum efficiency and to allow
for the fact that the simple filters as used above are not
ideal,

1.5 X2 mesh circuit.

1.5.1 Analysis.

Consider the circuit shown im Fig,1,2,(b), It is
agsumed that the losses at the input and output frequencies
may be represented by the resistances Ry and R, respectively,
As in the case of the node circuit these losses mayv in fact
he g combination of diode and cireuit losses, It is further
assumed, as in the mode circuit, that the filters are ideal
and only allow currents at their resonant frequencies to

flow,
Let a current iI”generated by v_ flow in the input mesh
[>]

where:
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1 1 sin let + al ' (1,50)

i. =1

This current will cause a second harmonic current ip to

flow through the diode, Thus the total current through the
diode, i, is given by:

i =1, sin w;t + 61 + I, sin Wyt + 6, (1,51)

The relationship hetween the -current, i, and the voltage
across the diode may be found by rewriting (1,6) in such g
way that upon integrating we obtain the charge on the diode,

ﬁdt = ]C(v)dv (1.52)

The definition for C(v) given by (1.3) may be used,
Substituting for i and C(v) in (1.52) and integrating gives:

-(Il/c,l)cosult:ﬁl - (12/602)005&-’2 132 + £(Cy , V)

<

‘ C
R A 74 S il (2.53)

where V., = V_ + ’b (1.54)

b B (s}

The integration constants may be found as follows:
when I1 and I, are =mero,the voltage, v, must also he zero;
hence:

£(C, » V) = VG /0 - v ) (1.55)

fa) 9
the second integration constant may be determined hy using
the fact that since there is no direct current flowing
through the diode, the direct voltage across the diode must
always be equal to Vb. It is now required to expand the
right hand side of (1.53). However it is seen that for the
special case of y =1/2, a complete solutiom is possible
without using a series expansion, Squaring each side and
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equating 'd,c,' terms (due to terms of the form 0052 w %)
gives:

£(1,/0,1,/6,)= =2C Vy+ Jac 2 2-1/2) [ (I Awp )2+ (1 9/02)2_]

(1.56)
It is seen that for small values of Il and 12 this factor
tends to zero; it will therefore be neglected in the follow-—
ing preliminary analysis, Substituting (1.5%) inte (1,53)
and taking the case of y = 1/2 enables us to solve for v,
This zives (by squaring both sides):

v:.-v((.)l) +v((.)2) +v((,.)3) +v((.)4) (L.57)

Since the filters are assumed to present open circuits to
all unwanted currents, we need not consider the third and
fourth harmonic voltages, The relevant voltages are as

follows: v ( Ol) -

fIl/( w1 C, icos wltml + [1112/(400 2@ 1 Wy, 3cos ult+d?—¢fl
(1.58)
v ( @)2) =

[—I o/ (35, )}cos Wt g, 4{1 /8)14 2/ (wq %c, v, ;-\lco s2 O t+20

. itk
These equations may be compared %o the results for the node
circuit given by (1,11) and (1.12)

Following a procedure similar to that for the node
circuit gives the following results:

g =0

;252 -7 /?

for optimum conditions, (1.60)
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2
Vg = IlRl + Ill?/(4002“h_“’2vb) (1.62)
where
R?’t = R2 * Ro . (1,63)

The similarity between the two circuits may again be seen
by comparing the ahove ecquations to those for the node
circuit,

1,5,7 General bhehgviour of circuit,
L ]

As would be expected,the mesh circuit behaves in a
similar manner to the node circuit, For this.reason only
a brief summary of the operation will he given here,

Firstly let us consider the power relafionships. The total
power at the output frequency, Pot is obtained from (1.,61):

2 2. 2
P,y = (1/8)I,°1,/( w,%c V) ‘ (1.64)

The total power inmput tc the diode is obtained from the
second part of (1.52) and gives:

- 2 2 -
Pig= A/HL71,/(wq @ ,C,7) (1.55)

It is at once gpparent that these two expressions are the
same as must logically be the case (as in the node circuit),
Note that we may define a resistance Req where
2 -
Roq = I,/(4C "oy W,LV) (1.56)
which corresponds to Geq in the node circuit and enarles us
to write the total imput resistance of the circuit at()l as
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+ R, (1.67)

Fote that the voltage, Véq ’
(1,66) and (1,61),thus:

- Bllen] (o] oo
32 ] |w1%% w 2% ot )

This voltage is of interest since it is (im the case where
losses are negligible) the voltage imput to the multiplier,
Substituting (1.68) into (1.66) gives an alternative expre-
ssion for R thus:

across qu is obhtained from

eq’

| 5s/3 ¢ v /3 1/3
1
Req ) [5] [ ‘7—5—3] [ é()R?'t-) (1.69)

Note that this is the same as the result given by Leeson
and Weinreb

The efficiency may he expressed in the form:

1 R2 + RO R1 + Re_g (1.70)
— R R -
n 0 eq

or in the more useful form:

R 64R R, ( )2
SR [1 R (1.71)
! o {11/(“’ 1% b)}

Note that I,/( e 4C,Vy) is approximately the normalized
voltage across the diode at the input frequency; the
approximaté?n is ne011g$ﬁle in the case where R, eq is small
compared 3= 1/( @ 1Co)-

It is apparent from the above analysis that the X2 mesh
multiplier behaves inm a very similar manner to the X2 node
multiplier. There is however one important difference
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between the two circuits when considering higher order
multiplication, It may be seen by referring to (1,53) that
if the terms in w, are replaced by higher harmonic terms
the circuit will cease to function, comsidering as bhefore
the case of <y = 1/2, This implies that if the circuit is
tuned tec, for example, the third harmomic instead of the
second, no output will be obtained, Note that the addit~
ional higher frequency terms im (1.57) are due to mixing
action and only exist when current flows at the second
harmonic frequency, The behaviour when <y # 1/2 will be
treated in subsequent sections,

1.5.3 Reguirements for high efficiency circuits,

Since the requirements for high efficiency Operation.
have already been mentioned for the node circuit it is not
necessary to emumerate them in detail for the present case,
Referring to sect,1,4,3 the duals of conditions (a) and (b)
obviously apply, with the conductances being replaced by
the resistances of the mesh circuit, Referring to (1.71)
it is apparent that the factor @ 1Co must now be small,
i,e, of a magnitude comparable %o Rin and R, . Also from
(1,71) we get the obvious condition that I, must be as large
as possible, Since this is limited by the voltage across
the diode we have essentially the same conditions as for <the
node circuit, Note that to determine the limiting value of
I,, it is necessary to comsider the total woltage across the
diode, which will be a function of the second harmonic
circuit and hence dependent on the load,
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1.5,4, Experimental results.

A circuit was set up with the purpose of checking the
behaviour of g X2 mesh circuit, The arrangement used was
essentiglly that of Fig,1,2,(b), the voltazes acrvss the
diode being measured as before on a calibrated wave anmalyser,
The diode used was a Pacific Semiconductor type V56 ,with a
bias of =2 volis,which gave an operating poimt capacitance
of 75 pf, The cagpacitances in the imput and output meshes
were approximately 30 pf and 15 pf respectively and the
input frequency was 3 Mc/s, The value of y was estimated
by plotting the capacitance versus wltage characteristic
on a log/log scale, using an estimated value of = 0,6
volts; the value for ©y +thus obtained was 0,45.

0

The relationship between the voltages at the input and
. % . .
output frequencies across the diode are givenm approximately
by re-arrangeing (1.61), This gives:

Voa/Vig = (/8)(V14/7)/( w CoRop) (2.72)

where the approximation has been made that the voltage at
the input frequency across the diode, Vld’ is given by:

Vig = I1/(wCp) (1.73)

and the voltage at the output frequency across the diode,
V?d, is given by:

Vo = Io/(w5C,) (1.74)

It is of course obvious that the above two equations are
approximations to (1.58) and (1.59) but it may be readily
checked that im the cases considered, the error involved is
small, (From (1.,68) it is seen that Veq/vb is consgiderably

less than unity).
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The results obtained are shown in Fig,1.5, The
discrepancy between the theoretical and the measured curves
under conditions of low imput may be due largely to the fact
that the value of <y is considerably less than 1/2, Again
it should be noted that the diode was biased through a resis-
- tance of 20K (connected to the 'top' of the diocde in Fig,
1.7, (b)) and for values of Vld/V greater than unity, current
was flowing, thus imecreasing the agctugl bias across the
diode, As in the case of the node circuit, hysteresis
effects were sometimes ohserved under conditions where the
input voltage was large,

1.,5.5 Conclusions,

It may be concluded from the ghove results that the
small signal theory is valid under most conditions but
further investigatiom is required of operatiom under forward
conduction conditions, Fote that the theory for the mesh
circuit for -y = 1/2 may be made accurate under large
s ignal conditions by including (1,56) im the solution, T%
would appear that this addition will only have a second order
effect on the result, The solution when -~y # 1/2 requires
a series solution to (1,53) which will also enable the
solution for higher order multipliers to be obhtained.

1.6 General conclusions,

A theory has heen presented for the operation of X2
mode and mesh type multipliers, The limitations of this
theory have heen ohserved, partly as a result of experimental
work, It is apparent that the method for solving the nede
circuit may be equally well applied to higher order multi-
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pliers ,simply by determining the appropriate co-efficient
(refer to (1.8)) to generate the required harmonic current.
It would be expected that any error involved in the small
signal approximation may become more significant in the case
of higher order multipliers, This was in fact observed to
be so, since a X10 node'multiplier was constructed and gave
an output séeveral times that predicted by the small signal
approach (using the 9th., Tayvlor co-efficient), before the
diode was driven into the region where current started to
flow,

On the basis of the ahove theoretical and practical
results it is apparent that three main points require to he
studied in order to predict the behaviour of any multiplier
and to design a multiplier with maximum efficiency,

(a) It is necessary to evolve a 'large signal' analysis
with which the exact behaviour of a node or mesh circuit
may be predicted in the depletion layer region.

(b) It is necessary to know what happens when the diode
is driven into the conduction region,

(c) A circuit analysis is required so that the circuit
parameters for maximum efficiency conditions may be
determined,

These requirements form the bhasis of the following
gections,



(a) Diode shunting generator énd load

(b) Diode in series with generator and load

Fig.1l.1 Basic methods of utilizing diode as a
harmonic generator. ’
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(a) X2 node circuit

(b) X2 mesh circuit

Fig.1l.2 Basic frequency multiplying circuits.



(b) Mesh input equivalent circuit

Fig.1.3 Equivalent circuits at the input frequency.

48

I A
Rt sl anp)
SN T RN



03
Qe2 }\ . . -
V2 a
A
Ol b— . e e ]
—-—=— small signal
theory
7 &~ measured points
”
0% T 0
. 2
v/ (Vy + )
(a) mlCO/Gzt = 0«58
3
.I /‘ |
i 4 '
i / |
| / ’ '
| / |
2 ¥ t4
T2
Vi
1 e .
—- - small signal
theory
@ neasured points
oK 4 .

Vl/(vB +{Yo) 10
(b) wlco/G?_t = 23.0

Fig.l.4 X2 node multiplier, voltage gain versus
normalized ingput voltage.

49



50

03 :
-3 SN
Vog
V14 /
/7
.l . e — _—T_—‘_ - e e - '_.., JUR
‘omn o e SmMall signal
theory,
r measured points
% 5 i T
. 13’ v 20
-1 .
() (w200R2t) = 21
'2 |
1 ! /
| /
8 |
V2(1
V. ,
1d
‘ /
04 - / S S
*== === small signal
theory
measured points

|
0 5 - -5 520
V14

-1
(b) (w2CoR2‘t) = 10+0

Fig.l.5 X2 mesh multiplier, voltage gain versus
normalized input voltage.



51

’ SECTION 2

———

. LARGE SIGNAL, DEPLLTION LAYER ANALYSIS.

2.1 Introduction.

In the preceding secticn multipliers have been
considered on the basis of a first order approximatiom to
the non-linear depletion layer characteristics, The
limitations of this method have been pointed out and it is
the purpose of this section to derive a general and accurate
large signal analysis, This is used to predict the optimum
power loss for X2, X3 and X10 multipliers for various dindes,
uging the two basic circuits previously mentioned, This
enahles some useful conclusions to be drawn regarding the
usefulness of various arrangements to obtain a given order

of multiplication,

Pe? Basic analysis,

2,21 Node circuit.

For the purpose of the analysis the circuit shown in
Fig,?,1 will he used, It is assumed that only a voltage
Vl at frequency fl exists across Yl and only a voltacge Vn at
the output freauency fn exists across Yn. This assumption
implies that a short circuit path exists for currents at all
other freguencies, It is further assumed that the series
loss resistance of the diode may he considered as lumped as
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an equivalent conductance at the input and output frequencies,
The implication of these assumptions is discussed later and
where necessary additional theory is derived for cases where
the assumptionsbecome invalidated, It should he noted, ’
however, that no additions or modifications to the actual
non-linear analysis will be required, any additional theory

being concerned solely with linear circuit analysis.

et the voltage across the junction he
= ‘ -] . . .
v Vl slnwlt + Vn sin wnt + Zn (2.1)

where & = nW.,
n 1

The current through the junction, i, is given by:

i = C(v)%% , (2.2)
where C(v) = Co(l + V/V.b )_Y (2.3)

and can he expanded about the operating point in a Taylor

series,

Note that V, = Vp + y&o (2.4)

where V; is the applied bias and ybo is the barrier voltage.
Let us now use normalized quantities and denote them hy the
subgcript 'd', i.e., we write:.

Now expand C(v) thus:
C(V) = Co(l + C

1Vd+02Vd"+..... +Civd1 +-oo) (2-6)

where C, = (-1 )i [(y+1i - 1)AL1 UI._"_.l__l} (2.7)
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(2.7) is plotted in Fig.2,3 versus i for 7y = 0,5 and

7 = 0033-

Consider the ‘1owest order term leading to current in st

n (.Jlt:
! n=l dv
1an = Co®p-1¥a = Tt (2,8)
ales

whichlsubstituting for v from (2,1) gives

= . A ~
uncovdn cos wnt ) I3n sin wnt +nnt/?2 (2.9)

1dn

n
where Iy = @C |o, 4| Vg" n-lAn-l‘k}é ~ (2.10)
and mAi is the coefficient of cos iB in the expansion of cosme,
i.e. coa™e =ZmAi cos i8 ‘ (2.11)
At wn we may wri;e the node equation at the output node thus:

0=vy, +i, ‘ (2.12)

Letting y, = ¥ {en and writing (2.12) in exponential form

gives:

0 = vnYn exp j (ﬁn + Sn) + jw C V, exp jﬂn

+ I, exp jn T /2 (2.13)
Hence G, + (I, /V ) cosnw /2 -~ P, =0 | (2.14)

where Gnt is the total conductance at the putput frequency/ -

i.,e, the sum of the load conductance and the diode conductance,

Alse i
end B, + 0 C, + (In/Vn)s:m nx /2 - P, =0 (2.15)

where Bn is the susceptance of the filter at the output
frequency,; i.e. for maximum output power in Gn, the phase is

determined from (2.14):
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B, =nT/2-TC (2.16)

under which condition In is the current at the desired
harmonic frequency flowing in G ,. We may now write (2.1)
thus:

v=V sinw,t -V sin n(wlt ~+frt/2) (2,17)

We are now in a position %o evaluate the general series for in
obtained hy selecting the terms contributing to power in Gnt
at n"a)lt from the series: '

m dv
= C, 2:20 Ve % (2.18)

The required terms are obtained by expanding
{v, sin @t -V, sinn(w %+ 7T/2)] " (2.19)

and comhining appropriatéﬁterms with %% to yield real compon-
ents of current at n qut. This leads to the result:

In = K OJlCDVl . _ (2,20)
0 _
‘where K = Z { B(m) + D(m)} A ' (2.21)
m=n-1
B(n) = 3 | Zﬁ\n:%' | ey [ Var" | (7.22)

D(m)

i
3
—
<‘.,<:
Sl t~]
—_—r
N
—A—
F
S
'..J
 ma—1
W

[cm] Ve (2.23)
(2.24)

where l ZC& I I -0

Tp; is defined by (2.11)
The derivation of the above result is given in
Apvendix 2,1.1.
Wote that (2.71) is of course incomplete since the full series

will contain powers of (Vn/Vl) which increase indefinitely.
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However, since this quantity is considerably less than umity
for valueg of Vdi‘approaching unity (corresponding to
operation in the region of optimum efficiency) only the terms
shown need he considered in a practical case, This argument
is justified by the results ohtained : it may he seen from the
theoretical curves that in fact it is often sufficient to '
consider only the term B(m,n),

So far only terms leading to power at the output
frequency have been congidered. A similar approach following
from.f2.18) and (2.19) leads to an expression for the reactive
currengflowing at the input and output frequencies, This
reactive current may be considered as modlfylnv the capacitance
of the dlode at the operating point to a new value C ol at
W 1 and C at w e These values may he expressed by the
following two series: :

«Q
-

'
D

N Z'cm,vdlm{]mAg,Z * %] 'lélng,?\ (2,25)

o.;l%\ " { 1A H Ay} e

where 2,2 as a subscript is taken 1o mean iAQ,

il

Qf
O
o

|

-and - is taken to mean 'no-coefficient’',

2,022 Mesgh circuit.

The following analysis refers to the basic circuit shown
in Fig, 2,2, Note that a completely separate analysis is
required since the circuit is not a dual of that analysed in
section 2,.2,1. The initial assumptions are similar : 4t is
assumed that only a current I, at the input frequency £y
passes through 7, and only a current at the output frequency
T Hasses through 2y This implies that no other currents
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are flowing through the diode, The implications of these
assumptions are discussed later but it is again pointed out
that any additions or modifications renuired will be concerned
solely with a linear circuit analysis.

Let the current through the junction be:

i= Il sin.a)lt + Im‘sim o aJlt + En (2,27)

The charge is expressed as a furmckion of time thus:

q(t) = fi dt
= /c(v) av | (2,78)
where C(v) is defined by (2.3)
Let q(t) = q + Q, (2,29)
0 Il In
= = = - w .t 0,
where q w1 cos W 11: -(:)—,;cos w T+ B, (»,30)
c.V )
. _ob . 1= 5
Then Q+OO“1—-'Y (l+Vd) (2,31)
0.1-7) |1I-
or thus: vd = . +X ocovb :' 7’ (l + qudl+-no+LiQdi’Ltoo)
(2,%32)
where letting Y' =1/(1-v ) (2,33)
Li is defined thus:
L (°.34)

v
Ly =Ty = 1A]
and q4 = e/ Q, (2.35)

Other quantities are as previously defined,
0, is found by equating the 'd,c.' terms of (2,32) using (2.30)
and leads to the result:

0, = covb/{ 1-v )0 +4 )1-7} (2,36)
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vhere 8 =
~ l
m m. m - m m- m- 2 lm~2
le ,,Lm,h Qo] Ta, + [ , A2n,}
m=2
summed over all even values of m. (2.37)

From (2,32) and (2.30) we may write the lowest order term
leading to a voltage vn at a)n \

v

dn
_ _q 3\ n
(In/nleo) cos @ t + 0 + (-1) (1:1/wlo0 )“Ln A.cos & %
(2,38)
The mesh equation at W n is
0 = inzn vy, (2.39)
or, rewriting in exponential form :
0 = (InZn/Vb) exp j(ﬂn + Gn) - j(In/aJnOO) exp jﬁn
+ (I, /w o " nAnLn exp 3(7T/2 + nT). (2.40)
hence Iannt + (Il/aJ_lQo‘)nAnLn cog IT/2 + nyw - Qh =0 (2.41)

where Rnt is the total resistance in the output mesh, and

. - . : F n . —7—————_%—- -

3 Idnxn 3 In/wnoo + J(Il/leoflT‘n %mn'ﬂ 24n7C n =
where X  1is the reactance of the filter in the (2.42)
output mesh,.

Hence from (2.41), taking into account the fact that

n
L, = (-1) |Ln| for 0< v £ 1/2 (7.43)
we obtain the condition for maximum output:

g, = =TC/? (2,44)
Hence (°.77) may he re-written:
sin w,t -~ I cos n Wt (2,45)

1211
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Consider now the general series for v given by (2.32).
As in the case of the node circuit. this can he evaluated using
the Binomial series to find the terms of
m
{&1 cos W, + (In/n) sin a)nt}
leading to current in Rn at GJn. This vields the result:

vV, = ¥ I;/(&¥;0,) (0.46)

where Vn = Ian and is the voltage contributing to power
at o n-

and K =
o0 I 2 )
1-Y m-19m n mim=1){m=-
“(%:‘é‘)“% mZ_—ﬁ‘.,Lm I(Il/wlo'o) { An+J nIy (8 ), 2Agnj
C(2.47)
The above result is derived in Appendix 2,1,°2,
The complete series will contain higher powers of In/nIlibut

since this quantity is less than unity, (2,47) gives a very
sood approximation to the full series. In fact (as in the
node ecircuit) it will cften bhe sufficient to consider only

the first term in the above expression, This will he secen
clearly later when the series is evaluated,

The effective capacitance changes at the input and output
frequencies are as follows :

c c v 1. Jol |
il ] e BN [N IR LV
Gon Qo RN m, m ol 72 ?.n}.l
~ m=1
Co1 % /l“lQo l ml :
1 2 ' ,
' m-1 m m=2, " _,; m=2 _[; m=2
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L]

2¢2.3 Discussion of the series involved in the preceding

anal ysis.

?¢?%.3.,1  General considerations.

Having evolved expressions for the currents and voltacges
generated by the non-linearity, it is necessary to consider
the series expansions involved, fach result is given in a
form containing the co-efficients ’”;ﬁ as defined by (2,11).
These coefficients are given in Tahle 1 for a useful range

‘of values up to i = 10 and m =101, It is seen that for a
given m, the co-efficients decrease for i increasing (omitting
the case where i = 0) and for a given i, the co-efficients
eventunlly decrease for m increasing. Since the series for
'K' in both the node and mesh circuits contains a multiplying
factor of the form x" where x is constant for a given summation
(see (?.71) and (2.47) from whence it is seen that for the nede
circuit x = Vg4, and for the mesh circuit x = Il/tu 10y ) and
less than unity, it is apparent that if sufficient terms are
taken the series may be summed to any degree of accuracy and
the remainder evaluated, This convergence is ohvious in the
case of (2,72?2) and the first term of (2,47), (i,e., the mAn
term) hut requires some further examination for the other
terms. Note that in any practical evaluation the convergence
will become apparent as successive terms are calculated and
is quite rapid in the case of low order multipliers (e,g.

X2 and X3), a dozen terms being normally ample for the
remainder to he negligible, Note that in any particular
summation only odd or even values of i are involved. For
this reason the given table has been divided into two sections,

Let us now consider the mathematical expressions for
the co=-efficients> These may be written thus:

x The author is grateful to Mr, P, Apavdin {(of Imperial
College) for drawing attention to the fact that the co-
efficients of the com U6 series are related to Pascal's
triangle,
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mAi = ol mcm+i ’ for m odd (2.50)
2
m “-m m
A; = oA-m Coy »+ 1#0
2 for m even (2.51)
-n  m, -

The point at which the coefficients start to decrease is
found by comparing two adjacent terms thus:

m+2

. 2
i -m -2
p =1 + 5 5 (2.52)
Ai m +4m + 4 - 1

which, for i < m, gives the condition:
m> 1% - 2 _ ' (2.53)

for the co—efficients to start to decrease,. Thus by
evaluating the series for cos € =20 we can £ind the maximum
value which "A; attains., In practice it is found to be
sufficient to consider onmly the terms as far as m = n2 for a
particular multiplier, The particular cases which occur will
now be considered,

2.2.3.2. Node circuit.

The condition for convergence of (2.22) can be ghown to
he & good approximation:

A=Y, 2 > E‘-]z - [1 - )2} (2.54)
“m  * m+n n : dl -
which gives for v =1/2 and V4p = 1, this being the 'worst'

case;
m > n2/3 , (accurately true for m » n) (2.55)

Thus when (2,55) holds, the first part of (2.71) may be
evaluated to any desired degree of accuracy since the ratio

of successive terms is less than umity and the remainder after
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summing to m/? terms is:

53 < R/ (1-x2) (2,56 )

where R is the value of the last term, and x = le.

It can be shown that the condition for (2,2%) to start
to decrease ig: ‘

L -2y/m)> x2 , (accurately true for m > n) (2.57)
which gives for ¥y =1/2 :
1/m < 1 - %2 . (2.58)

It may appear at first sight that this will bhe tedious
to compute,but since it involves (Vn/Vl)2 and since this
quantity is small for x having values near unity, (which, from
(2,58) indicates large values of m) a very rough approximation
will usually suffice, This is made clear by referrinsg to
the curves for 'K' (Figs.2.6 to. Fig.2.11l. .) from which itis
seen that the effect of including (2.23) is slight as Vg,
tends to umity.

2.2.3.3. Mesh circuit.

When In <L nI1 s successive terms of (2.47) can be shown

to converge when:

m > (n2 - 2)/3 ' (2,59)
In fact, since Il/leo ig always considerably less than unity
{(unlike the node case) it is only necessary to sum the first

" few terms in most cases,
The second part of (2,47) may be shown to converge when
- . . . R o} - i
(m +n)/m? < 1= (1/w,6,) (2,60)
Again-since Il/u)lgo is less than unity the series converges
very rapidly.

It will be found that the summation involved in (?2.37)
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is quite simple and the second term can always he neglected in
practice, A curve for & is given in Fig,?,19,

2.2.4. Limiting conditions of signal across the junction.

e e e a . Py

2,2.4,1 HNode circuit

We have ohtained expressiens for the output harmonic
voltage or current in terms of the input to the diode and
containing in some cases implicitly the voltage or current
gain of the stage,. In order to determine the complete
solution it is necessary to fix another set of conditiecns:
this is done by considering the limitation imposed hy the fact
that the maximum voltage across the junction is restricted to
a value equal to or less than the voltage Vb defined by (2,4),
Thus using (2,17) we may write the limiting condition thus:

Vmin = - Vb (9-061)
i - - 4 - 3 * (2062)
ice. Vo= [Vl sin wlt vV, sin n( W, - Tr/g):}min
This gives: v cos W .t
- S SN (2.63)
VI"ncosn(a)l + TU/2) ot
L ]
and (V;/V,) " = - [81n Wyt - = cos Wyt.tan n( Wit +'ﬂk?/gz)

This solution (ohtained by evaluating (2.53) and (2,64) for
epecific values of w ;%) is plotted in the form vn/vl versug
Vl/vh in Fig,”. 4 for a Xz,_ X3 and 10 multiplier, Also
chown is +the solutiocn obtained hy solving

Vy Vo= Y (2.65)

which is the 1limiting case for high order multipliers, In
®iz,”,5 is shown the result obtained when the peak voltage is
limited to C,95 Vb, corresponding to the case where the forward
conduction characteristic is such that only this fraction of
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the characteristic can be effectively used before conduction
losses hecome severe, This effect will be discussed in more
detail in section. 4,7, These two sets of curves may now

be used to solve (2,721), The results obtained are plotted
in Figs.?.6 to Fig,2,11 for vy = 0,5 and 0,33, for X2, X3
and X10 mwlitipliers, Note that the values of 'K' obtained
when the peak voltage is limited to 0,95 V, are mot signifi-
cantly different from those plotted. The maim effect of
this limitation will become gpparent when the power loss is
considered inm sect,?,%4

2,2.4,2. Mesh circuit,

The mesh circuit ie, of course, also restricted by the
voltage across the junction, However, since the diode is
being used as a current operated device the limiting condi-
tions are mot directly related to the parameters used in the
preceding analysis and in order to find the voltage across
the junction it is necessary to extend the theory,

Let the voltage across the junction be

V=V1't sinwl't+ Vl-vnt sin wn?+¢,n (2.66)
Consider the woltage at the input frequency:
vy = -Il/( W,C,q) cos wqt + IlReq sim o gt (2.67)

In this equation Coi is the 'effective' capacitance at the
input frequency as defined by (2,49) and Req is the
teffective' resistance, being a function of the input and
output currents and related thus:

? 2
1 Req - n °* Rnt (2.68)

|
—

I

since all the input power is converted to power at the output
frequency. Using this equation and (2,46) enables us to solve
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2 (C.1] 7 |

Fl] e
"'%] (2.70)
ol *

The voltage at the output frequency is

V= - {In/ w ot ] cos W t - T/2 +V  cos Wt (50

which gives:

v [ I, } 1 ] 2 :

= |=—z—| K 1 + 2.72
nt w10 [ wWn%on"nt ( )
and  tan Y = - W C,! Ry Lo (2.73)

Thus although an explicit solution for the liniting conditions
is not possible, we are now in a position %o solve, by a
relatively simple trial and error process, the condition

Vein = "V (.74)

where v is found from (2.66), (2.69), (2,70), (2,72) and (2,73)
This solution is plotted in Figs., 2,21 to Fig,2.23 for a

X2 circuit, Y = 0.5 and 0,33 and for a X3 circuit 7y = 0,33,
with & C R, as a dependent variable,
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2.3 Evaluation of power loss

2.35.1 Node circuit

Having found a relation between the inmput and output
voltages of the multiplier we are now in a position to find
the efficiency of a stage for a given diode. Define the
effiqiﬁiencxfby

1 _ Power available from generator

n ~ Power delivered to load (2.75)
Pin
= 5 under matched conditions
out

where Pin ig the power input to the circuit at w4

P is the useful power output at n W

out 1

Since we are interested in compgg;hg the maximum efficiency
obtainable with a given diode the filters will he assumed loss-—
less. The circuit may be represented in nodal form as in

" Fig, 2.1, (C), where the series loss resistance of the diode
has been replaced by an equivalent shunt conductance. It is
assumed for the purpose of this analysis that the 'Q' factor

of the diode is sufficiently high for the equivalent shunt
conductance, G, to be "iven by

G=(w0)2.Rs (2.76)

where C is the capacitance of the diode and Rq its series
resistance, Geq ig defined as the conductance seen at the in-
put frequency due to the power generated at the harmomic frequ-

ency i.e,

v.?2 .6 = V2,3

1 °* “eq n nt (2.77)

where G , is the total conductance at the output frequency i,e,

Gag = G, + Gap (2.78)
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where Go is the load conductance and G, 1is the equivalent

dn
shunt conductance of the diocde at W n? i,e.

)2

Gan = ( ©Con)” .« Ry
= [(ojncod) / an] . [één / Co] (2.79)
where Q4. is the diode 'n' factor at W e defihed by
Ogn = 1/ wncoR; (2.80)
By, = V2 (Gyy + Coq) (2.81)
Pout = Vo G (2.82)

Using (2.77) to (2,82) and (2,20) gives the power loss:

2 2
G c.t C c
1 1 to 0 1 Wn¥o on
an Wn”o ol dn to on

(2.83)
Note the presence of Copn and Coi (defined by (2,25) and (2.26))
These functions are plotted on Fig,212, It is apparent that
the pressnce of these factors has a degrading effect on the
efficiency. (2.75) may he evaluated using the curves of
Fig.”.4, to Fig,2,1°2, The results thus obtained are given
for various cases in Figs, 2,14 to Fig.?.1l8.

2,32 Megh circuit

The efficiency for the mesh circuit may be evaluated in
a similar manner, the basic circuit being given in Fig.2,2 (C).
The resulting expressiom for power loss is:
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i
CR /
1 @ %50t 1 1
Lo <1 4+530nt, /4y _ 2L —-—-———-—} (2.84)
Vi n2K2Qn // Qn QJnCoRnt

where R , is the total resistance at the output frequency,
including the diode resistance,

This power loss has heen calculated using the values of
'K*' and wnCORnt plotted in Figs,?2,21 to Fig,?,23 and curves
are given in Figs, 2,94 to Fig,?,%6 for a X2 and X3 multiplier.

2.4 Digcussion of the theoretical results

2.4.1, Assumptions and limitations in the theory

The precegding analysis assumes that the following
conditions hold:

(a) The filters present short circuit paths (in the node
circuit) or open circuit paths (in the mesh circuit)
at all frequencies other than their resonant frequencies,

(b) ©No losses asre introduced by the filters.

(c) The diode 'Q' factor is sufficiently high for the series
loss resistance to be replaced by an equivalent shunt
conductance at both input and output frequencies in the
node circuit.

() The diode capacitance law is given accurately by
subhstituting the appropriate value of 'y in the
relevant expansion,

(e) The effect of stray reactances is negligible,

(f) The effect of forward conduction may be allowed for by
limiting the peak value of voltage to a certain fraction
of Vb'

The condition specified in (a) may not always hold in
a simple circuit of the type shown in Fig.2.1(a), It is,
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however,possible to obtain the condition by the usge of
additional filters as shown in Fig.2.1,(b), The effect of
not including these filters is considered in detail in
section 4.3,

Filter losses may be accounted for by a separate analysis
using the 'K' curves ohtained ahove, This is treated in
section 4,2,

For the purpose of estimating losses there is virtually
no error involved in replacing the series resistance by an
equivalent shunt conductance as in (2,79), for diode 'O
factors greater than 10, The effect of the voltage drop
across the series resistance does not seriously affect the
performance, since the analysis is based on the voltage across
the junction and any drop in voltage may be compensated by
increasing the input voltage by a small amount{see sect.4.5).

In practice it is found that the capacitance law is as
predicted by the theoretical expressions used ahove (2.7)

even for values of bias approaching the barrier voltaze, As
a rough guide the diode may be driven to within 0,1 volt of

the barrier voltage hefore conductance effects hecome
appreciable with silicon diodes,” This means that for a bias
of 2,0 volts a value of V' = 0,95 V is a reasonable value
to take for the limiting conditicns of peak voltage.® The
limit of operation in the reverse direction is caused either
by avalanching or by stray shunt capacitance; +the former
generally predominates at low frequencies, the latter at high
frequencies, Neither of these effects presents a serious
limitation im practice since it is usually convenient to
operate at small values of reverse bias, Further considera-
tion is given to stray reactances in section 4.8,

It is thus apparent that the preceyding analysis gives a
basis for,the degign and comparison of various circuits, When

% See sect.4.7 for further treatment of this point.
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any of the ahove assumptions become invalidated, errors
likely to be introduced may be geparately accounted for,

2.4.7. Comparison of various circuits using the power
loss curves,

2,4,2,1, Node circuit.

A study of the power loss curves for optimized circuits
given in Fig,?,18 and Fig,?,26 enables some useful conclusions
to he made about the relative merits of various types of mul-
tipliers, Let us consider the Power Loss versus Qg Curves
given in Fig.?2,18 for a node circuit, An ideal diode is de-
fined to be one in which the forward conduction characteris-—
tic is such that the diode may be driven to the point where
the depletion layer capacitance is theoretically infinite
before conduction effects dominate the behaviour, In fact,
for low order multipliers, the error involved inm assuming
this property ig very small: it may be seen from the relevant
curves that the increase in loss in a X3 circuit is about 1dB
and in a X2 circuit about 0,3dB when the peak apolied voltage
is limited to O.QSVb instead of 1.0Vb,for a an of 10, and
for an optimizmed circuit, By referring to the 'K' versus
Vl/vb curves given in Fig,?.,6 to Fig,?2,11 where K is defined
by (2.70) it is apparent that as the order of multiplication
is increased K becomes increasingly dependent upon Vi/Vb.

This is predicted immediately by the first order agpproxima-
tion for K which gives K o (V /v, )",
pect the power loss to become increasingly dependent upon Vg
where we define Vg as the maximum 'useful' voltage swing,i,.e,
the maximugp voltage that may be superimposed on the bias
voltage before conduction effects dominate, This effect is
cizarly shown hy comparing the curves for a X10 multiplier

Thus we would ex-—

vith *hose for a X2 and X3 multiplizr =iven in Fig,”?,lR8, The
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respective differences in losses for X2, X3 and X10 circuits
are, for a diode Qn of 10, 0,3 4B, 1,0 @B and 11,0 4B, for

Vg = 0,95 Vh’

Consider now the problem of generating a high harmonic
given a particular diode, Let us take as an illustration a
diode with an =10, Consider first of all the case of an
ideal diode, with v =1/2,

Three X2 stages cascaded together give an overall loss of
6.0 4R,

Two X3 stages cascaded fOQether give an overall loss of
#.5 dF,

One X10 stage gives a loss of 16,0 4R,

In estimating the above losses it must be remembered that
the diode 'n' factor is inversely proportional to frecuency
and hence the dn for sutcessive stases decreases in proport-
ion to the order of multiplication of the staze, This has
heen taken into account in the above examples,

The above three examples have been chos=wn to give
anproximately the same order of multiplication (X8, X9, and
0), It is thus apparent that for maximum efficiency the
hest method is to use X2 circuits cascaded to give the required
output frequency. (For an accurate comparison, note that the
above losses should he corrected to allow for the differences
in overall frequency 'gain': +the error involved is, however,
small, the corrected values of loss being:- 6,7 dB, 8,0 dB
and 15 dB, talking X10 as a basis for comparison),

If the case of a dinde with non id~al conduction charact-
«7ista jg consideredc it s &t once apvarert from the curves
for ' = >.>‘:Vh that t ¢ sinerior ner® rmanre nf the low order
m:ltip  ~rs 1: eonrarced sir:e t e X? loss2s are increased by
only a factor of 1,79 comparel %5 a factor of 1,7 for the X10

losses.
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The case of v o= 0.5 has bheen considered since this
gives the most efficient multiplication, By referring to
Fig,?.3 the effect of using a diode with ‘y = 0,333 can be‘
seen, It is apparent that the higher order co-efficients
in the Taylor expansion are reduced hy a larger factor than the
lowver order op—-efficients. Thus the efficiency of higher
order multipliers will he reduced by a greater amount than for
lower order multipliérs. (The values of '<' may he found from
Fiz, 2,6 to Fig,?,11, Thus the ahove conclusions concerning
the relative merits of the three ordermsof multiplier still
hold, the differences being in fact more pronounced,

2.4,72,2, Megh Circuit.

Consider now the results for the mesh type multiplier
given in Fig,? 26, Using this circuit with vy = 0.5 it is
only possible to multiply by two sigpce all terms in the

expansion for v (?.32) above the first are zero, It is

a
seen that the powgr loss i1s the same as that for a X2 node
ecircuit for %4n 2, 10, and aprroximately the same for

O, < 103 (note that the analysis is cnly aporoximately valid
for low values of '2' factor : this is discussed in sect.4.5,)
it mayv thus be concluded that the two circuits give essentially .
the same power loss for various diode 'O' factors, Also shown
in Mg,”,7%6 is the curve for Y o= 0,333 which, as expected |

gives a slightly poorer efficiency.

Since no harmonics higher than the second are generated
using this circuit with +y =0.5, one would not expect very
great efficiencies for 7Y = 0,333, due to the fact that the
Taylor co-efficients decreass rapidly in value after the first,
(see (2.34)). This is confirmed by the curve for a X3
milti Tier {(Fig,”,26), which snows, for a 'Q' of 19, a loss
Piv. tiwes that of a X2 multiplier, It may therafore bhe
concluied that this circuit is not of any practical value for
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miltiplication other than by two.

2.4,2.3, General Remarks.

Figs.?,14 to Fig,2,17 and Figs,2,24 to Fig,2,75 give

design curves for the node and mesh circuits respectively,
It is apparent that to cbhtain the optimum efficiency a partic-
ular value of the parameter Gnt/cu nCo foT a node circuit and
“’nCoRnt for the mesh circuit, must be chosen, In practice
these parameters may bhe determined by other requirements

(e.2. availability of suitable diodes); in this case it is
possible to determine from the curves how far off optimum the
circuit is operating, Note that for high 'Q' diodes the
optimum is bread with respect to the above parameters;
conversely for low 'Q' diodes the value of the parameters must
be more accurately set to obtain the optimUm conditions, The
value of Gnt/<u nCo ©OT c;)nCORnt having been determined it
remains to know what drive mustbhe applied to the circuit in
order to operate under optimum conditions, This may be found
by referring toc Fig,?2.13 for the node circuvit and Fig, 2,21
to Fig.?,”23 for the mesh circuit,. Of interest also is the
voltage'or current gain of the node or mesh cirecuits, particu-
larly when cascading circuits together, These quantities
may be found from Fig,?.4 and Fig,”?.5 for the node circuit
and calculated from Fig.”,”1 to Fig,?,23 for the mesh circuit,

2.4,3, Active behaviour of specific_circuits,

The precegding .theory may also he used to predict the
behaviour ef a circuit under practical operating conditions,
Of particular interest is the effect of varying the drive,
This may be estimated by referring to the appropriate 'K!
curves for the c¢ircuit in question, The value of 'K' for a
given drive below the optimum value will lie somewhere hetween
the optimum 'K' curve and that plotted for vV, <« v (node
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circuit) or I, « nI; (mesh circuit)., Since these two
curves are quite close to each other it is possible to
estimate simply the variation in 'K' (which, for a particular
circuit is proportional to the voltasge or current gaing) with
variation in imput voltage (or current),

Note alse the variation of input conductance or resistance
obtainable from the 'H{' curves using (2.77) or (2,687), This

of course determines the matching condition at the input.

Fig,?2,12 and Fig.?,20 are also of interest since they
show the change in diode capacitance as the input is varied.’
In a practical circuit this of course means that as the input
ig varied the capacitances forming the resonant circuits must
he altered to obtain maximum output, Note that in the
analysis for the node circuit these capacitances occur in the
expression for power loss given by (2,75), but in the mesh
circuit analysis the power loss equation is independent of
capacitance changes due to reactance terms introduced by the
non~linearity. This comes from the fact that in the mesh
circuit the series loss resistance of the diode is constant
and directly related to the '"' factor defined by (2,80)
whereas in the node circuit the equivalent shunt conductance
is a function of the actual dinde capacitance as given by
(2.79).
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2.5, Experimental results.,

2.5.1, Introduction,

Experiments were carried out in order to verify the
prece 3ing large signal theory, Ko measurements on power
loss are jncluded at this stage since a complete analysis of
the losses introduced in a practical circuit has not yet
been presented: this is dealt with in section 4, Since
enly a verification ol the non-linear operation of the circuit
was required, the circuits were not optimized. This enabled
values of parameters to he chosen which facilitated direct
measurement of the quantities concerned in the large signal

analysis,

2.5.7, Node Circuit,

The circuit Zer the node type multiplier is given in
Fig,2,27, The output circuit i« designed so that the output
voltage is small compared tg the 1nput voltage over the
greater part of the range of VJ, . This enahles the non-
linear operation to be verified up to values of Vl/vb
approaching unity, The results obtained in this way should
lie between the two large sisnal curves of Figs.?.5 40 Tig.
2,11, tending towards the lower one at low values of V /V
and the upper one as V,/V, tends to unity. The anut circuit
is designed so that its resonating capacitance is large
compared'%;'the diode capacitance so that only a small fraction
of the voltage at the second harmonic frequency appears across
the input tank,

The diode capacitance characteristics were measured under
small signai conditions and a value for 8 estimated, This
was found to bhe 0,39 and the results of the experiment are
shown together with the theoretical curves of Fig.?,7, Fig,2,9
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and Fig.”.,11. In comparing the results with the theoretical
curves it must, therefore, he remembered that the measured
points should lie slightly ahove the (b) curves, i.e, in
hetween the theoretical curves for ¥y = 0,5 and Y = 0,333
tendinz towards the latter, In fact the measured results fall
slizhtly short of the expected values: possibhle sources of
error are :

(a) Measurement of '¢' factor of output circuit,

(r) Measurement of circuit capacitances.

(c) Voltage measurements,

(@) Measurement of ¥ .

Any one of these could give rise to an error in 'K'
corresponding to a constant (approximately constant in the
case of (d)) multiplying factor over the range of Vl/Vb.

The important point to notice is that the larse signal law is
accurately verified, Note that the experiments were restric-—-
ted to verifying the precegding theory and no attempt is made
to measure the performance under conditions where the diode

is driven into forward conduction. The readings are tagen

up to values of Vl/VH which cause a small (0,1 mA.) current

to flow through the hias resistance,

The capacitance variation shown in Fig.”.1?2 was checked
in the X10 circuit. Since the change is small it is diffi-
cult (and not very useful) to obtain accurate measurements,
The results show however that the theoretical trend is
realised in practice and it is seen that the order of magnitude
of the change agrees with the theory.

?.5:3, Mesh Circuit.

The arrancement used for the mesh type multinlier.iSf
shown in Fig,”,”8. Again, the output circuit 1s designed

so that the output current is small compared to the ifput
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current through the diode so that measurements may he made up
to values of Il/ @ 1C .V, approaching unity, Also, C; and

Cn are made much less than C  so that the two meshes act as
effective filters to their respective currents. This
necessitated making C, large and for this reason the diode

was operated at zero bias. The measured value of -y was
0.33 and the measured points are shown on Fig.2.22 and Fig.
2,93, In the case of the X10 circuit the output was too
small to be measured for Il/ W4C.V, less than unity,
Approaching this value with hias current of 1.0 p A. gave a
value of 'K' less than 5 x 10_6. Theory gives a value of
1.0 x 1()'_6 at Il/ wqC. v, =1.0, As the input was increased
caitsing larce current to flow the measured output rose sharply,
This is due to a mechanism other than that under investigation
and will be dealt with in seoction 3%, Similar, though less
pronounced, effects were observed in the X3 circuit under
forward current conditions, It has alreadyv heen concluded
that these two circuits are not of much practical importance
and the measurements confirm the theoretical predictions,

The X2 results are seen to agree closely witn theory: the

main sources of error are:
(a) estimation of Wb 5"
) estimatior !
(r) timation of Il/'achofh.

both of these quantities being particularly susceptinhle to
error due to the difficulty in por7orming measurerents in

the region of zero hias,

PJh Conclusions,

In +hia aecticn an accurate larce signal thecry has teen
evolved for ithe depletion layer operation of two hasic

circuitd, the node and the mesh types,and the theory has been
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verified experimentally. Curves have been produced which
show the minimum power loss obtainable with various diodes
together with the circuit conditions to obtain this minimum
loss, A comparison is now possible between various circuits
and comhinatione of circuite, assuming the realizeability

of the optimum efficiency. Indications have been given as
to possihle additional losses: these will be treated in

detail in section 4,



n¢ i+| © 2 4 6 8 10
0 |1.000
2 5000 5000
4 3750 5000 1250
6 3125 4690 1875 312
8 2738 4370 2185 625 78
10 | 2460 4100 2341 880 195 19
12 | 2260 3870 2420 1072 322 59
14 | 2095 3665 2441 1221 444 111
16 1960 3495 2441 1331 555 171
18 | 1859 3338 2425 1417 653 233
20 1763 3203 2400 1477 139 295
22 | 1684 3085 2370 1523 812 356
46 | 1170 2242 1974 1595 1180 801
| 100 | 791 1553 1465 1325 1151 966
m§ 1e] 1 3 5 7 9 11
1 |1.000
3 7500 2500
5 |.6250 3125 625
T 5470 3280 1094 156
9 4920 3280 1406 352 39
11 | 4510 3220 1610 536 107 10
13 | 4190 3140 1742 697 190 32
15 | 3921 2055 1831 831 278 64
17 | 3700 2965 1889 944 363 104
19 | 3520 2880 1920 1034 443 147
21 | 3368 2801 1939 1108 517 194
23 | 3226 2727 1947 1168 584 241
47 | 2291 2108 1784 1387 991 650
101 | 1570 1510 1798 1240 1062 872
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cos™ = ZAicos ie
i
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Table I Series used in large signal analysis
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(b) Practical realization of above circuit

(e) Circuit used in estimating power loss due to diode

Fig.z.1 Node circuits used in the analysis
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Fige2.2 Mesh circuits used in the analysis
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conditions using a diode where Vb' = o95Vb
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Fig.2.6 'K' curves for a X2 node multiplier, ¥ = 1/2.
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Fig.2.7 'K' curves for a X2 node multiplier, ¥ = 1/3.
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Fig.2.9 'K' curves for a X3 node multiplier, ¥ = 1/3.
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Fig.2.10 'K' curves for a X10 node multiplier, ¥ = 1/2.
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Fig.2.11 'K' curves for a X10 node multiplier, ¥ = 1/3.
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Fig.2.12 Variation of diode ‘'capacitance' with
input voltage for a node multiplier.
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Fig.2.14 Power loss curves for a X2 node multiplier, Y = 1/2.
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Fig.2.15 Power loss curves for a X3 node multiplier, v = 1/2,
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Fig.2.16 Power loss curves for a X10 node multiplier, v = 1/2.
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Fig.2.18 Minimum power loss versus diode 'Q‘' factor for
various node multipliers.
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Fig.2.21 'K' and (mZCOth)'l curves for a X2 wesh multiplier
where v = 1/2,
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where ¥ = 1/3.
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Fige2.23 'K' and (“’3CoR3t)-1 curves for a X3 mesh
multiplier, ¥ = 1/3.
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Fig.2.25 Power loss curves for a X3 mesh multiplier, ¥ = 1/3,



24

20

16

12

Power
loss

dB

104

10

100

Fige2.26 Minimum power loss versus diode 'Q' factor for
various mesh multipliers.



105

22K
VIVM Bias
-
| 'OOljﬂF 220K
15K | | DET
GEN e pm—t
C1 L1 Cn Ln Gn
Diocde: G.E.C. SVC3
C, (at 4.4V bias) = 6e+2pf.
RS 1 6'0 Ohm.
Y = 0439
Circuit constants:
£, = 575Me/s., Cy4 = 110pf.
X2 C2t = 295pf., ta = 43, Gzt/w2co = 111,
X3 Cqp = 130pf., Qg = 26, G3t/m300 = 073,

Fig.2.27 Experimental node circuit.
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GEN Ln
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Diode: 8X G.E.C. SVC3 in parallel operating at zero
volts applied bias.

CO = llspf.,
RS = 0«55 ohn
Yy = 0+33.

Circuit constants:

X2 eircuits f, = 50Mc/s., Clt = 10pf.,

C2t = 10pf., ta = 13¢5,

X3 circuit: fy = 50Mc/s .y Gy = 10pf.,
03t = 5'3pfo, Q3t = 42’

X10 circuit: f; = 18Mc/s., clt = 10pf.,

Crot = 13pfes Qyop = 91-

Fig.2.28 Experimental mesh circuit.



107

Appendix 2.1 Derivation of the series for 'K!'.

Appendix 72.1.1, Node circuit.

We wish to obtain the terms of (2,18) leading to current
in phase with the Idn component of (2,9), Congider the mth
term of the general series and substitute for v from (2,17).

113
- 3 = o) - L
lt Vn81n n(w1t+ 2)] [1Vlcoswit “ﬁvn°°s(“ht+“ ;]

i=CoCm[VlsiﬂOJ 5

The terms leading to current at QJnt are given by terms in P
of frequency, 0, 20,1, (n—l)wlt, (n+l)w,t and it is only
the last two that contribute to current in phase with 1

dn
(this can he checked by inspection): Thus the required terms
are:
(A) o -— -— -'-1 - 3 -.T.S
= (w, ¢ V Ye ’dn 0108 né-(n 1)2 + A jcos nd (n+l)? }

m

(ortained by using the fact that sinme = ? Alooq i(e - -)
i=0

Putting ¢ = \cm! (-1)", (see (2.7)), gives:

COVl) [e ‘ Ve M1y Imzﬁxnkl cos n8 ~ (n+l)TC/2

W)
]

(&chovl) fcml lem ‘mZCngl\ sin n (B¢ W /2)

which is in phase with the I4n Component of (2.9).

Thus B(m) in (2,21) is obtained:

B(m) = ) mlﬁer icm\ lem

which is the result given in (2,22).

The method for determining D(m) is similar but instesad of
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m-1

m=2

taking terms of vm, terms of v and v must be combined

. dv
Wlth a':Eo

Appendix 2,1.2, Mesh circuit,

In this case we wish to obtain the terms'of (2.32)
leading to voltage in phase with that defined by (2,41 ) and
(P, 46), This is obtained simply from the mth term of (2.32)
thus:

=

1
1- -
vy S il ) ’ !

m
m
— L l coswqt+{(I_/nI. )sin nw ;}
covb (*’1%] [ m { 1 n 1 1

. L m
givesy for the term containing Il

{oa-y 2= {1 | .
v, = Vbl ocovb } Y[‘*’lon {Lml mAn

whence:

1 m-1
1 A= !Lm! _____l____" m,

m GA-S)Y 1 LO-’ulQo n

This is the result given in (2.47).

The second part is ohtained in a similar manner,
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Appendix 2,72, Convergence of series involved in the
large signal analysis.

Appendix 2,2,1, Node circuit,

(?.”2) may be written thus:

] A .Lng . 0, (le)
dl n+ "2 (menal) . | (minad )/o . L(m-n+l)/9

The ratio of successive terms is thus:

- ° 1 2 -2 -2
r= [1 *%:5}[1+m”1’%1r} (Vgy)

mn+2

Since the Tavlor co-efficients are as given hy (2.,7) it
follows that:

c:m = [1 -\//( Y+m+1)] [l + (2-"()/(7 +m).)
~ 1+2(1—\/)/m, for “>>l.

Hence r hecomes:

2 _n=2 I { 2=y -2
{l * m+?][1 * m+n+l][l m+1][l -y+m+}][l *omr y] (le)
which simplifies to
\ 1-v 2 _ (@) 2
T = [l+? = i ( }[(ler

form »n )1l

Thus v is greater than unity when,

.
[21'3/ v =2 -(f‘-)] >[(vdl-i? -1

m m+n m

which is the result used in (2,54).
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Similarly (2.23) may be written thus:

m 2
D) nofml o m.ep . (Vg ) . (V. /V))
m - e - b e s B et A i

2m-—2 . Hm-n"12(,.2 . “m+n-‘3 /2 . (mn=1) . 4

and the ratio of successive terms becomes:

I R R PP ROy

which gsimplifies to

r = [1 = (%)7 -2 'Tyn""] (le)—2 ’ for m >> n>1

Hence, for r 7 1 we obtain the result:

iy 2
. 1 ; @
..l -2 y/mJ; > (le) neglecting (E)

This is the result used in (2.57).

»

Appendix 2,2,2, ~ Mesh Circuit.

Congider the ratio of successive terms of (2,47) where
/
In <\ nIl.

-0
Lm 11 ’\i ( m+‘)?-m2 h]
m+? W10, L m~+3m+2 J

Lm is defined by (2.34) and hence
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Blvo

‘ -2
r = [1 + = 4 m+g—u2} [ ! }
m2 w lQa

which converges when m > (n”=2)/3 irrespective of the value
of I,/w,Q,. This condition gives (2.59).

The ratio of successive terms for the second factor of
(2,47) dia: “

2 m-n2 Il 2
r= |1-2 1 + y form>D>n)> 1.

W31

=2
= []‘__mm?‘ J[ ! ]
mﬁ. leO

It follows that for r » 1,

(m + n”)n? <1 - (1;/ ©,q,)

which is the condition stated in (2,50).
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SECTIGN 3

CONSIDERATION OF CHARGE STORAGE EFFECTS.

3.1 Introduction,

In the previous two sections a hehaviour has heen
ohserved under conditions of forward conduction which does
not apoear to fit the depletion layer analysis, even taking
into account large signal effects, It is the purpose of
this section to examine the operation of the diode under
conditions where the agpplied signal voltage @xceeds the bias
voltage and hence to draw conclusions about the behaviour of
a circuit oPerating under these conditions as:frequency
multiplier, Of particular interest is the behaviour of a
circuit designed for depletion layer operation but actually
operating in the forward conduction mode, The following
theory will he concerned only with the dlode functioming
as a charge storage device, i,e, the case of an ideal
resistive rectifier will not be congidered, since it has
already been shown29 that this type of frequency multiplier
has inherently low efficiencies, The following work takes
as a starting poimt, the theory presented by Leenov and
Uhlir. , for a dicde operatinmg as a broadbhand harmomic
generator, .

The theory will assume an ideal charge storage device,
i,e, the voltage and current waveforms are as shown in Fig,
3,1 where the following two conditions apply:

(a) All the charge stored during the portion of the
cycle where the applied voltage exceeds the bias
voltage is recovered,

(h) At the time when the total charge becomes zerc the
diode changes instantaneously from a short circuit

- to an open circuit,
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In practice the recovery time will of course he finite.
This, as one would expect, causes the practical results to
be worse (in terms of efficiency) than the theory predicts.

3,2 Theoretical analysis of a charge storage multiplier,

3.2,1 Basic ideas.

The circuitanalysed by Leenov and Uhlir is that shown
in Fig.3.1,(a); note that no filters are included, The
diode is negatively biased by the voltage VB' Harmond cs
are generated by the transient which occurs when the diode
switches off after all the charge has been recovered, as
shown in Fig.3.1(¢c) (assuming the diode behaves as describ-
ed in 3,1), Power flows in both the generator and load
resistors at all harmonic frequencies and the conversion
efficiency of power from the fundamental to a particular
harmomic is therefore inherently low, If one tries to
restrict power in the circuit to only the fundamental and
one harmonic by irncorporating sunitable filters, (e, 2, a
high '0*' parallel resonant circuit across Ry tumed to the
required harmonic and a similar circuit shunting the
generator tuned to the input frequency) the circuit will
cease to function, This may be seen by the following
simple argument: Agsume the waveform across the junction
to consist of two sinusoids, (this implies ideal filters or
infinite 'Q' circuites), This means that the 'flat top'ip
the voltage waveform shown in Fig,3.l,(b) is made infinite-
simally short in duratiom (corresponding to a peak of the
voltage waveform) and therefore the time during which the
diode conducts is reduced to zero, making charge storage
operation impossible, It may therefore be concluded that
it is necessary to have some series resistance im the cir-
cuit for such a mode to exist,.
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Two basic arrangements will be investigated; <firstly
the ‘circuit shown in Fig,3,2(a) where the output is filter-
ed te contain only the required frequency, secondly the
circuit of Fig,3,.3(a) where the output is taken across a
load which is resistive at all frequencies, Wote the
regsemblance of the circuit of Fig,3,?(b) to the node cir-
cuit for depletion layer operation where Rd is the sgeries
loss resistance of the diode,

3e2.2 Analysis of tuned output circuit,

It will be assumed for the purpose of the analysis
that the filters are ideal, Two possibilities exist for
the tumed output case: <firstly that shown im Fig,3,2(a)
where the generator is conrmected directly inseries with the
diode as showm, the generator resistance R being the
necessary series resistance, and secondly %hat gshown in Fig,
3.2(h), where the generator is coupled to the circuit via a
matching transformer and filter, in which case the filter
prevemts harmonic currents from flowing in the generator
and an additional resistance Rd ig added im sgseries with the
diode to allow the necessary conditions discussed inm section
3.2,1 to exist, Note that the operation of the two circui-
ts is 1dentlcal if we replace V_ and R_ in Fig,3.2,(a) by V1
and Ry4 respectively of Fig,3.?2. (b) The following analysis
will apply to the circuit of Fig,3.2.(b) but efficiency
expressions will be derived for both circuits,

A typical waveform of the current through the diode is
shown in Fig,3.2.(c). It is assumed that the voltage across

points X, Y, consists of the input and output frequencies
only, We may write the voltage across the points X, Y thus:

Vyy =V sim Dyt + V) sin B o 1t * Oy (3.1)
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Now define currents thus:

I =V1/Rd and I, =V, /Ry (3.2)

and

i=11a sinm wlt +In&1 sin o ult+¢n-xB (3.3)

This is the current that would flow if the above voltages
were present and the diode were conducting all the time: it
corresponds to the dotted curve of Pig,3.2,(c), The
actual current flowing is given by the solid curve and it
starts to flow at a time t, corresponding to the point when
the voltage Vyy causes the diode to be driven positive,

We can thus write:

Iz = I, sin Wyt + I, sinn Wt = @; (3.4)

where I = VB/Rd (3.5)

The time t3, corresponding to the point where the current
stops flowing due to the diode becoming open circuit, is
given by the condition that the total charge is =zero, Thus:

ts
j’i at = 0 (3.6)
ty |
This cives the result:
I1 Ina ‘ T T O
T—B—é Curs Qltl—cos wlt3] + -]-3-;1- cos nml‘t + n-cos nwl 3+ n
= W (t5 - tp) (3.7)

The actual currents flowing at any harmonic frequency may be
found by Fourier analysis, Thus the current im at mew lt
is:

i =1  sinmw t+I  cosmw jt (3.8)
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where Im8 and I are determined in the usual manner, thus:

me
2T/
I .
ms _ = sin ‘a\ .
1 - = 1(t) oo M @t dt (3.9)
o
where f(t) =0, 0¢ 'b<‘b1
£(t) =i, $;< t< ts (3.10)

£(t) = 0, t43< t< 2T /o

Solving (3.9) and (3.10) and substituting from (3.7) and
(3.4) gives the following results:

Ims= Arnlla+Bm Ina (3.11)
I = Cp Ila + D In'a (3.12)

where A, B, C, D, are each functions of n, Ty t3’ and ¢h
and correspond to the Fourier co-efficients, They are
givenr in appemndix 3,1.

The equations can now be solved in the following
manner: Choose Ila/IB as a variable; +this is related
directly to the imput from the generator, Define a second
variable r = Ina/Ila; this will be dependent upon the value
of the load resistor R,. Now take an arbitrary value of ¢n;
substitute these three quantities in (3,4) and ohtaim t,
hence obtain t3 from (3.7). Now (3,11) and (3.12) can he
evaluated and the value of ¢n checked,

since @ = T{ + tan™ (I, /I ) (3.13)

The above procedure is repeated until the value of ¢
obtained from (3.,13) is the same as the value origimally
chosen, Although somewhat tedious, the process is quite
tractable once an initial wvalue of ¢h has been determined,
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(this initial value may be found by letting r > 0), The
value of Rd/Rn to give the ahove conditions may be found
thus:

Vh =IR v (3,14)
2 P 2
where I, =1, +1., (3,15)

Combining (3.14) with (3,.,2) gives:

Rd/Rn = In/Ina (3016)

Suhstituting this in (3.15) and using (3,11) and (3.12)
gives:

(Ry/R, )%= (B, %D ) + 2(ABsC, D )/ + (A, 740, %) /2% (3.17)
where T =.Ina/11a ' | (3.18)

We are now in a position to determine the efficiency of the
circuit, Consider the circuit of Fig.3.2.(b) and assume
that the reactive part of the input current is 'tuned out'
aﬁd that the transformer is used to match the generator
resistance to the imput resistance of the circuit: the
efficiency, 0 may he expressed thus:

R S b P (3.19)
TP - 2 .
1 out In Rn
Ry A Bl
= Rd [ "r—2' 4+ r . (3020)

Note that if the imput filter consists of a simple
resonant circuit tuned to the input frequency, it may not
be possible to 'tune out' the reactance part of the current
at th;s frequency. In this case the generator resistance
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may be simply matched to the input impedance of the gircuit.
_ The efficiency under this 'impedance matched' condition is
given hy:

2.
A B C + D + 2C,D. 1
L Rnfl1 71 1+1 1 o e Bl 3.7

R.[2*% 5 5 .7)
'} o r +9.A1131r

r Al + B1
Mternatively using the circuit of Fig.3.2.(a) and
replacing the resistance Rd by the generator resistance R
the efficiency is defined thus:

2
1 _ Pavailgnle V) /4Ry
=35 = -5-- (3.22)
? out I R
n n
R .
n 1 1
= = = (3.23)
Rg 4 ;E

Comparing (3,20) and (3,23) for the same output power (i,e,
the same value of 'r') gives:

P
P

in
available

= 4(a +Br) (3.24)

The performance cf g X2 and a X10 multiplier, evaluated
using the above theory, &&o given in Fig,3.4 to Fig,3,6 for
a range of values of Rn/Rd° A value of drive is chosen
which corresponds with the regiom of maximum efficiency for
the hasic broadband circuit, (refer to Fig.3.7(a) or to the
results of Leemov and Uhlir), the actual chosen condition
being Vl/Vé = 2, Since the variation of power loss with
angle of forward comduction is samall in this region it was
thought that this value would give a useful indication of
the behaviour under tuned conditions, Experimental results
confirm the soundness of this cheice,
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For large values of drive note that A.1 is large and
hence the efficiency obtained with the circuit of Fig,3,2(b)
is not much different from that obtained using the circuit
of Fig,3,2(a). This can be seen from (3,24) f£rem whence,
for the condition (A1+Blr) = 0,25 the two efficiencies are
the same, This is approximately the case for the results
shown in Fig.3,4 and Fig,3.5 which are actually plotted for
the circuit of Fig.3,2(a), The maximum difference in
poevwer loss hetween the two circuits under the conditions
congidered is less thanm 1,0 4B,

- The comparabhle behaviour of the two circuits can be
expiained simply by the following reasoming: in the circuit
of Fig,3.2.(a) power loss at all harmonic frequencies occurs
in the generator resistance Ro, also, since the fundamental
component of current is large,the power input to the circuit
is comparable td the power available from the generator;
in the circuit of Fig,3,2(b) power is dissipated in R_ only
at the fundamental frequency,but since a resistance R; is
added in series with the diode, the total power loq remainsg
of the same order and the oalnsdue to matching is small,

The advantage of the circuit of Fig,3.2,(b) only becomes
apparent at low values of drive since the. fundamental compon-
ent of current is then small and using the circuit of Fig,
3,2, (a) the available power is very much greater than the
input power, In general low values of drive are not of
interest since under these conditions the harmonic current
zenerated by the charge storage effect is small and the
depletion layer effect will tend to dominate the behaviour,
In order to predict the behaviour of depletion layver circuits
operating under charge storage conditions the parameter 'r'
ig of interest, This is plotted in Fig,3,6 for the condi-

tions consgidered ghove,
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3623 Analysis of tuned and matched input, broadband
output circuit,

We have cogsldered in the previous section the opera-
tiom of the circuit with the output taken from a load,
filtered to allow only the desired harmomic to flow, Ve
will now treat the case where the output is taken from a
load which is resistive at all frequencies but, unlike the
circuit treated by Leenov and Uhlir, where the inmput from
the generator is both filtered and matched, The purpose
of the filter is to prevent harmonmice flowing in Rg ;
it can he seen by referring to Fig,3.1(a) that in the
optimized case of Rn = Rg, half the power at the omtput
frequency is diasipated in the generator resistance when no
filter is used, Note that the existence of all the harmon-
ies in Rn does not preclude the output at the required fre-
quency from being filtered, provided a resistive load still .
exists at all other frequencies, The circuit is given in
Fig,3.,3(a).

For the purpose of the anelysis consider the circuit of
Fig.3,%3(a) re-drawn as in Fig,3,3.(b): +the generator and
associated filter and transformer have been replaced by an
equivalent voltage generator of gzero internal resistance,
This is justified, since at all harmonic freguencies the
filter presents a short circuit across points W, Y,

The components of current at the input and ocutput fre-
quencies may he found as hefore by a Fourier analysis, The
conditions and equations are as in section 3,2,2, with
Ina = 0.

The efficiency is given by:

V. I
1 I,° R,



121

!

—— | - (3.26)

2 2
Ay * Gy

Compare this efficiency with that of the circuit shown in
Fig,%,).{a) where, under matched conditions,

1 1 '
e (3.27)
[ A"+ Cp

Thig is the efficiency derived by Leenov and 1Thlir gnd it is
apparent that the addition of a filtered and matched input
improves the efficiency by a factor l/Ai.

The matching conditions are determined simply as follows:

Input resistance R, = Vl/Ils (3.78)

R /M (3.29)

Hence for a turns ratio 1 : n as shown in Fig,%,3.(a)
optimum conditicrs exist when

R
R I ¥ n
? /fAl {Rgl : 3.30)

It is assumed in the above considerations of efficiency
that the reactive term in the input impedance is 'tuned out',
If this is not the case, the ahove equations will he modi-
fied thus:

2 2
I
1 Al? 1? (3.31)
N A"+ Cy
R
and, n = - = {ﬁf‘; (3.32)
_ > o
Al + Cl

This condition gives a slightly poorer efficiency, but since
hoth A and Cl are less than unity, the circuit always gives
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an efficiency which is better than if no input filter were
used,

Results are plotted for a X2 circuit in Fig.3,7,
Curve (a) for the untuned case, is shown for purposes of
comparison, Curves (d) and (e) show the improvement
obtained by addition of the input filter and are the same for
any order of harmonic,

3.3 Discussion of results,

In the preceding section a theory has been evolved for
two specific types of charge storage circuit, and results
evaluated for some parfiCulér cases, Let us consider first-
ly the results for the tuned imput cireuit of section 3,2,3
which are given in ¥ig,3,7, for a X2 multiplier, As one
would expect, the hehaviour is similar to that of the basic
broadband cireuit in which the power loss becomes large at
small values of drive and at values of drive which cause the
diode to conduct for most of the cycle, It is seen that
when the input is matched to the dinput impedance of the
circuit the optimum efficiency is improved by ahout 5 4B,
When conjugate matching is used the improvement is gbout 6,5
dB, corresponding to an overall maximum efficienecy of-3,5 dB
Curves (d) and (e) show the improvement due to matching and
are applicable to any erder of multiplier, Obviously since
the imput impedance is high for small values of drive the
improvement due to matching is greater under these conditions
as shown by the curves, It is apparent that this circuit,
although giving a moderate efficiency for a X2 multiplier,

does mot give very good results for high order multiplica=
tion, |
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Congider now the circuit analysed in section 3,2, 2.
Power loss is plotted versus Rn/Rd in Fig,3,4 for a value of
drive corresponding to Vi/jB = 2, It is seen that the
effect of tuning the output causes the maximum efficiency to
be =7dB compared with =10dB for the basic untuned case, It
may be seen from the experimental results of Fig,3.8
(obtained using the collector-base junction of an 0C44
transistor at an input frequency of 350 Kc¢/s.) +that the
value of drive chosen for the curves of Fig,3,4 is not the
optimum value and a further improvement of ahout 1,5 4B may
be obtained by increasing the drive to a value corresponding
to ahout 1400, This gives an overall optimum efficiency of
-5.5dB,

. The results for a X10 circuit are given in Fig,%,5 for
the same value of drive (Vl/VB = 2) I+t is seen that the
improvement due to tuning the output is ghout 4 dB giving a
maximum efficiency of =25 4dB, Referring to the practical
results given in Figz,3.9 it is seen that a further improve-
ment of 44B can be obtained by increasing the drive slightly,
It may thus be concluded +hat the maximum efficiency obtain-
able with this circuit is about =21 dB for a X10 multiplier,
This compares with an estimated efficiency of =23 dB ohtain-
able with the circuit of Fig,3,3.(a), (tuned input case), '

It has already been pointed out (section 3,2,2) that
under conditions of large forward drive the circuit of Fig,
3,2,(b) gives results which are not much different from those
using the circuit of Fig.3.2, (a). The circuit of Fig,3,2,
(h) is of interest since it is essentially the same as the
node type depletiom layer circuit, It is thus possible to
predict the behaviour that may be expected when a circuit
designed for depletion layer operation is driven intec charge
storage operation, The curves of Fig,3,5 are of interest
in this respect since they show the 'voltage gain' defined

by (3,18), as a function of Rn/R It is seen that as

d L ]
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R /R, increases, thd voltage saim, T, tends to a limit for

a given value of drive, For the case considered the limit-
ing value of 'r' is ahout 0,5 for a X2 circuit and 0,07 for
a X10 circuit, This implies that if a depletion layer
circuit has been designed with circuit parameters which give
a voltage gain less than these values when the diocde is just
on the point of conductiom, the gain will continue to increase
as the input is increased, Note that whether or not the
efficiency increases as the diode is driven into conduetion
depends upon the case in question, For low order multi-
pliers it is possible to obtain high efficiencies using the
depletion layer effect with only moderate 'Q' factors and
generally the losses due to conduction will cause the
efficiency to drop as the diode is driven into conduction.

On the other hand it is possible that in the case of a high
order multiplier with a low 'Q' diode the efficiency will
increase as the diode is drivem into conduction. By
comparing the results of section 2 and section 3 it is poss-—
ivle to determine, for the caseg studied, the relative merits
of the two types of multiplier,

Note that the circuits considered in this section have
each a dual, The duals are given in Fig,3,11, It is
apparent that the operation of the basic untuned circuit of
Fig,3,11,(a) is essentially the same as that of Fig.3.1, (a):
when the woltage across Gg due to the generator current i
reaches the value of the bias voltage, the diode starts to
conduct; conduction continues until charge equilibrium again
occurs, at which time the diode becomes open circuit and the
diode current becomes zero, The diode voltage and current

waveforms are thus the same as for the case already consid-
ered, Similarly if one considers the dual shown in Fig,
3,11, (b) it is seen that the operation is essentially the same
as that of Fig.3.2, (a) and likewise Fig,3,11, {c) corresponds
to Fig.%,.2, (b). The theoretical analysis of section 3,2 may



125

thus be applied to the dual cases, Note however that the
circuit shown in Fig,3,11,(d) is not directly suitable for
charge storage operation since, following the argument of
section 3,7,1, it is necessary to have a current path at all
frequencies and if the series filters in each mesh are ideal
this condition is not fulfilled,

3.4 Experimental results,

Experiments were performed to verify the preceding
theory, The diode used was the collector-hase junction of
an 0C44 transistor which gives reasonable charge storage
characteristics between 100 kc¢/s and 10 Mc/s. The results
for the tuned output case are given together with the
theoretical curves in Fig,3.4 and Fig,3.5, the input frequen-
cy used being 350 k¢/s. It is seen that the efficiencies
obtained in practice are worse than the theoretical effic-
iencies, the difference being about 3 dB for the X2 circuit
and 7 4B for the X10 circuit, Referring to the waveforms
shown in Fig,3,10 it is seen that the pessimistic performance
may be accounted for hy the fact that charge recovery is not
complete, (it was ohserved that considerable current flowed
under forward conduction): when the frequency was increased
from 350 kc/s to 2 Mc/s, approximately the same efficiency
was ohtained but in this case the poor performance may be
explained hy the fact that, although charge recovery was
nearly complete the recovery time was long compared %e the
time for one cycle, The important point to note in the
results is the fact that the difference in power loss between
the tuned and untuned circuits is very close to that predict-
ed by the theory ( 5 dB for the X2 circuit and 6 4B for the
X10 circuit), The circuit parameters were chosen to minimige
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the effect of the depletion layer capacitance, The value

of R, was 1.4 K,
o -~ ~
The operation of filtered and matched input operation

was verified for a X2 and a X10 circuit with an angle of
drive of 1200. For the X2 case the following results were
obtained:

Power logs under untuned conditions = 12,5 dB
Power loss under tuned conditions = 9.5 4B
Improvement due to matching = 3.1 dB

For the X10 case the following results were ohtained:

Power loss under untuned conditions = 39 dB
Power loss under tuned conditions = 33,5 4B
Improvement due to matching = 5.5 dB

The theoretical improvement (given in Fig,3,7) is for an
angle of drive of 120°, 5 dB for matching to the input
impedance and 6,5 dB for conjugate matching, the latter being
the condition in the experiment performed,

In order to check the performance of the tuned output
circuit for various angles of drive the results given in Fig.
3.8 and Fig,3,9 were ohtained, It is seen that in bhoth
cases the maximum efficiency occurs at an angle of abhout 140°
giving a slight improvement compared with the efficiency at
120°,

The waveforms shown in Fig,3,10 show that for the X2
multiplier the assumption of the output voltase being sinu-
soidal (see section 3,2,2) is valid, However for the X10
case it is apparent from Fig.3.10,(h) that the waveform
departs considerably from a sinusoid: this is a further
possible reason for the departure from theory of the results
for a X10 circuit, |
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3.5 Concluseions,

A theory has heen evolved for operation of a multiplier
using the chargze storage effect under tuned output and/or
tuned input conditions, Some specific results have bheen
ohbtained which enahle the general behaviour to be predicted.
In particular it is possible to draw certain conclusions as
to the operation of a depletion layer circuit operating in
the charge storage mode, The discrepancies hetween the
experimental and the theoretical results may be accounted for
by the fact that the diode used only approximated to an ideal
charge storage diocde,

A set of general results has not heen obtained for the
tuned output case, This could most readily be done using a
computer to solve the equations of section 3,7,? and appendix
3.1, 0f particular interest is the solutionm for low values
of drive for the circuit of Fig,3.?, (b) from whence it
s hould be possible to evaluate completely the performance of
a circuit operating under a combination of depletion layer
and charge storage conditions,
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:

(a) Basic broadband circuit

{(c) Current waveform

Pig.3.1 Basic broadband circuit and waveforms.
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Fig,3.2 Tuned output circuits and wavefori$ .
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Fig.5.3 Circuits and waveform for the case where the
input is filtered and matched and the output
is broadband,
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Fig.3.4 Power loss curves for a X2 tuned output charge storage
multiplier for Vl/VB = 2, plotted versus Rn/Rd, using
the circuit of Fig.3.2,(a).
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Fig.3.5 Power loss curves for a X10 tuned output charge storage

multiplier for Vl/VB = 2, plotted versus Rn/hd, using
the circuit of Fig.3.2,(a).
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(a) rX10 for a X2 multiplier
(b) rX100 for a X10 multiplier

'r' is defined by (3.18)

0.1 1.0 10

Rn/Rd .

Fig.3.6 'r' curves for a X2 and a X10 tuned output charge storage
multiplier,‘Vl/VB = 2, plotted versus Rn/Rd.
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Fig.3.7 Power loss curves for a X2 tuned input charge storage
multiplier.
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Fig.3.8 Measurements of power loss versus angle of forward
drive for a X2 charge storage multiplier using the
circuit of Fig.3.2,(a).
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Fig.3.9 Measurements of power loss versus angle of forward

drive for a X10 charge storage multiplier using the
circuit of Fig.3.2,(a).
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(a) Untuned, dual of Pig.3.l,(a)
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(d) Basic depletion layer mesh type circuit.

Fig.3.11 Dual circuits
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APPENDIX 3.1 RESULTS OBTAINED FROM FOURIER ANALYSIS,

The following are the equations for the variables
A, B, C, D, of (3,11) and (3,12) obtained by a Fourier
anzlysis as descrihed by (3.9).

=i ~t, )= (sin - s
A = 3% [wl(t3 t1)- 3(sin 2 w135 - sin 2&)11;1)‘

-

+ 2 gin U ltl(COSCJ lt3 - cos Ultl)J

=L 1 . — o -
B, = > [ m—)(sln (n=1) Wt +F - sin (o IDEVRE N )

- THIITY (sin' (n+1l) @ 11:3+0fn - gin (n+l) W ltl+0'n )

+ 2 (ginn (,)11:'1+®'n)(cos (,..)11:3 - cos L.)ltl) ]

[
NI

171

-??_C (cos 2W.,t, —cos 2ult3)-2sin Ultl(sinl-_)lt3~sinwltl).)

1 1 - - = ;
Dy = 5% [TH’-TT (cosTm 1)0, 8+, ~ cos(n-1)w, 1540, )

+

n%-l (cos(n+1)<u' 1t1+¢n - cos(n+l) (J 11:343;)

_ . ., o
2 (Sln n (,)l'tl+;2!n )( sin L lt3 - sin WJ ltl)}
= % 1 (n-1 t; — sin (n=1)uw %
bo = 55| ey (siE (8)0 %5 - osin (n-l)uwgty
- m%_]j- (sin (n+1 YW ltS - sin (n+1)w1tl)
2

L oadp 6D - 5
+ P sin 11:1(00_3 n wlt3 cos n ltl)]
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B, =’3-§? :[(cos )ty = wity)

»~

(sin 2nult3+dn - gin 2nwltl+¢;>

+
S

(sin n b+ ¢n)(c.os n@t; = cos n (,)i'tl)J

1 1
Cn = -ﬁ[m(cos (n-l)b-’ 11'»3 - COS(n-l)u ltl)

1
- TS (cos (n+1) ultS - cos (n+l1) v lt1)

S

sin Lo ltl (sin n wlt’ﬁ - ginn wltl)]
\

_ 1 1. . - *
Dn = -2-7‘? [izn (cos 2n b-)ltlﬂb'n cos 2n wlt3+¢n)

+ (sin ¢n)(b~) lt3 =W ltl)

Sl

(sin n wltldn)( sin n (/1% = sin nQ ltl)
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SECTION 4,

SOURCES OF DECREASED EFFICIENCY WHEN USING PRACTICAL CIRCUITS.

4,1 Introduction.

In sect., 2 bower loss curves were derived from a large
signal analysis for a depletion layer multiplier, assuming
the only losses which occurred were due to the series loss
resistance of the diode, In a simple practical circuit the
efficiency will in general bhe less than that predicted from
the ahove results, The present section will analysé +the
various sources of additional power loss and, where necessary,
modifications to the efficiency expression 2iven in sect,?
will be introduced to take into account conditions encountered

in practical circuits,

Note in particular the case treated in 4,2 which deals
with the losses caused by the presence of finite resistance
in the filters. In some cases, specially at low frequencies,
this may be the dominating source of loss in a multiplier and
thus merits special attention, The remaining sources of
decreased efficiency can generally be eliminated, often by
the use of additional filtering, This will he discussed in
the relevant sections,

4,? Logsses due to finite resistance in circuit filters,

4,2,1, VYode circuit,

Losses due to the filters may be taken into account by
deriving a new expression for the efficiency, similar to that
of sect, 2,3 but replacing the diode conductance by filter

conductance G and G at the input and output frequencies

n
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respectively. The circuit under these conditions is shown in
Fig.4.1,(a). The total conductance at the output frequeney

is mow given by:

Goyg = O + Cp | (4.1)

The inmput and output power are now as follows:

2.
Piy = V7(6 + Geq{' (4,2)

2
Pout = Vn GO (403)

using the same momenclature as in sect.2.3. The resulting
expression for efficiency is, (following the method given in

gect,?,3,1): e
G G G G
rl"' "{l'*g'é[ %T}[ rcx} Gnt 1 - 5~ (4.4)
1 K Wi “tWp¥g n nt
If C_, is the total resonating capacitance at a node

mt
at frequency W /27 and we define Q_ and o as follows:

Am = cm'i:/co (4.6)

the resulting expression for efficiency hecones:

S Y L[s_a”&.l_”&] - ‘nt
7] +K2 Qn (‘)1 O‘l’lt 1 On (4.7)

where Qnt is the loaded 'Q' factor of the output node.

This form is particularly convenient at low frequencies where
the '0' factors of circuits are readily measurable quantities,
Power loss curves are plotted for X2, X3 and X10 multipliers
in Figs.4.2 to Fig.4,6 for various values of oLn/Qn .
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4,2,2, Megh circuit,

The efficiency fer the mesh circuit under conditions where
all the losses are concentrated in the filters may be evaluated
in a similar manner, Defining Rl and Rn as the filter loss
resistances in the input and output meshes respectively (see
Fig.4.1, (c) for the circuit under these conditions), the
resulting expression is:

R R
1 nt n
1l = 1+-—-—(wCR)(aJCR)[ ] 1l — == ~ (4.8)
N { KQn non 17071 Rn Rnt

where Rn'l: is the total resistance at the output frequency.

As before we can obtain an alternative expression by
letting:
Qm = l/"""mcm'l:Rm . | (4.9)
am = CO/Cmt (4.10)
where Cmt is the total resonating capacitance in a mesh
at frequency w /2 . This gives:

1 1 dn oLl] [Qn Op 4
== 41+ |=2]| === 1 -~ =22 (4,11)
1 { K?n [ Qn] { Ql Qn‘h Qn

where Q 4 is the loaded '0' factor of the output mesh,

Power loss curves using the ahove result are given in
Fig,4,7 to Fig,4,9 for a X2 ( v = 1/2 andxy =1/3) and a
X3 (y=1/3) mltiplier,

4,2,5 Discussion of results for the node ecircuit.

The assumptions on which the prece¢ding estimation of

efficiency g’f{e based are essentially those outlinedin sect.2.41,
condition {(b) being that treated in this section. As has
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already been pointed out, conditions (a) and {(¢) can be
realised hy the addition of suitable filters as shown in
Fig,2.,1, (b), It will therefore he assumed in the following
discussion that these additional filters are included or that
they are not required, The hehaviour of the circuit without
such filters is treated in sect.4.3. In either case the
power loss given hy (4.4) or (4,7) represents a basic loss

for a given cireuit, i.e., it is not possible to eliminate it
by introducing additional circuitry.. It is therefore import-—
ant to be able to estimate the loss in a given case to see how
. it compares with the diode loss derived in sect, 2. Three
possibilities exist:

(a) the filter loss is negligible compared ;gtthe diode
loss,

(b) the filter loss is much greater than the diocde loss,

(¢) the two losses are comparable.
Case (a) is trivial and the efficiency of a multiplier may be
estimated using only the results of sect,?. Of the remaining
two posgsihilities let us consider firstly the case where the
filter losses dominate the behaviour,

It often happens at low frequencies (i.e. of the order
1Me/s to lOOMc/s))where the diode 'Q' factor is high and the
'Q' factors of the circuit components relatively low, that the
efficiency of a multiplier is determined solely by the filter
lesses. It is thus worth considering in some detail the
behaviour of the circuit under these conditions, Take, as an
example, the results for a X2 node multiplier given in Fig.4,2,
The power loss is plotted versus QLn/Qnt, which from (4,5)
and (4,6) is the same as Gnt/a)nco, the parameter used in
sect,?, The curves shown are for the case where

cxl/ol = an/Qn. Since in general the 'Q' factors at the
input and output nodes will he approximately equal this
implies that the curves plotted pertain to the case where the
total capacitances at each node are thie same, In the circuit
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of Fig.4.1,(a) it may often be convenient inm practice,
particularly when several stages are cascaded together, to
make 0L1 = 20,. In this case the loss may be estimated

by interpolating between the two values of o (cascading will
be discussed in detail in sect.5)., It is apparent from the
curves that the power loss (for a given 'Q!' factor) decreases
as the value of & is decreased. This is intuitively
obvious by looking at the basic circuit of Fig.4.,1, (a),since
for large values of A +the coupling between the two nodes is
small and hence any non-linear effect due to the diode will bhe
small, i.e, Geq of (4,2) will be small compared to Gy» the
filter loss at the input node, Note that this is not the
case when diode losses predominate (see sect,?) since under )
these conditions the corresponding 'Q' factor is a function of
the diode series resistance and therefore is not constant but
dependent on o ., ‘

Fig.4.2 may be used to find the minimum possible loss
for a given value of filter 'Q' factor, This occurs when
dl = OL2 = 1,0,under which condition additional series
filters are essential to form the necessary short circuit paths
at each node as shown in Fig,4,1, (b) with C, =0, =0, For
example,for a filter 'Q' factor of 100 the appropriate curve
shows that the minimum loss is about 0,4 4B occurlng at a
value of-Qnt equal to approximately 3,0, If the value of o
is increased to 10 the mimimum loss becomes 3,6 dB, Note ,
however,that for high values of @ additional filters do not
substantially alter the performance (see sect,4.3 for further
treatment of this peint) and it may sometimes be preferable to
operate under conditions of reduced efficiency for the sake of
less complicated circuitry. Also for simplicity in circuitry
it may be desirable to operate at wvalues of Qn’t which do not
correspond to minimum power loss, For example, to avoid the
use of extra filters (see sect.4.3,4) it may be desirable to
make Q , fairly high, thus making q n/Qnt less than
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the eptimum value,

Comparison of the results shown in Fig,4,6 for the
minimum loss for X2, X3 and X10 multipliers enables some
conclusions to he drawm about the best arrangement of circuits
for a high order of multiplicatien, Consider for example the
efficiency obtained with a value of @& /0 = 0,01 :

The X2 circuit gives a minimum loss of 0,46 4B,
The X3 circuit gives a minmimum loss of 1,2 4R,
The X100 circuit gives a minimum loss of 11,0 4B,

If several stages are cascaded together it is apparent that
for similar values of 'frequency gain' a multiplier based
on X2 stages is considerably better than other combinations,
‘The following example makes this clear:

X8 multiplication using 3 X2 stages gives a loss of 1,384B,
X9 multiplication using 2 X3 stages gives & loss of 2,4 4B,
X10 multiplication using one stage gives a loss of 11,0 dB,

The superiority of the X2 method is enhanced when utilisation
of the characteristic is limited by forward conduction effects;
this is apparent from Fig,4,6. which shows minimum power loss
curves for three values of V!/V,. The conclusions are thus
the same as for the case where the dinde logsses predominmate
and in fact the advantage of cascading X2 circuits is greater
for the lossy filter case than for the lossy diode case,
Further discussion on cascading will be found in sect.5,

It may happen at imtermediate frequencies that the
two losses (diode and filter) are of the same order, It is
thus necessary to kmow how they combine, Using the nomen-
clature of sect.?,3.1, and sect.4,2,1. we can define the power
loss thus:

P V.26 + Gy + G )

= §l£ = _lh__-_§Jiwauiﬂl~ . (4.12)

out V"~ Gy

.D"_J
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(This is inm effect equivalent to combining (2,73) with (4.2)).

) 5 ~
Since Vy Geq = V6. (2.70)

where Gnt = G0 + Gdn + Gn (4.13)

we may re-write (4,12) as follows:

2
= 1 + [Y_].:.} [G1+Gd1] {1 - {Gn - Gdn} (4.14)
= v G : G :
n nt nt

This is equivalent to saying that if we represent the diode
logs bhy:
Ly = @ +N) /@ -¥y) (4.15)

2+

and the filter loss by:
L= Q@ +¥,) / (1 = K,) ‘ (4.16)

where N and M are the appropriate terms of (2,75) and (4.4)
or (4,7), the total loss is givenm by:

Ly = O + yd +'Nf) / @ =My - M,) (4.17)

which is an intuitively obvious result.

If Nd’ Md’ Nf, Mf are each much less than unity, the
total loss will be:

Ly =1 + Ny + N+ My + M, (4.18)

f
In this case the total power loss in dB given by,

Dy = {10 log-Lt] aB (4,19)

will be simply the sum of the individual losses given by the
respective power loss curves of sect., 2,3.1. and sect, 4.2,1.
The overall performance of a multiplier can thus bhe readily
estimated from the results already obtained, the limiting
individual loss heing ahout 1,0 dB for reasohable accuracy,
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In the case of large losses it is not possible to use
directly the two sets of results already obtained, In
particular if 'M' is a quantity approaching unity, the addit-
ion of a second term may cause Md + Mf to become greater than
unity. This implies an impossible situation and in fact means
that the operating point must be altered; i.e., that Gnt must
be increased so that a finite value of Go remains, A good
approximation te the overall efficiency can be obtained jhowever,
if a sufficiently large value of Gnt is chosen, i,e, one which
makes hoth Md and Mf mich less than unity, This will in fact
generally be the case,since even in a low efficiency multiplier
the load conductance will normally comprise the greater part
of the total conductance at the output node: i.,e,, Ght will
usually be considerahly greater than either Gn or Gda (see
(4,14)). Referring to the power loss curves this implies
an operating point considerably removed from the point where
the power loss becomes infinite, From Fig,2,13% it is
apparent that large values of G , imply values of Vl/Vb near
to unity or (see Fig,2.4 and Fig,2,5) small values of Vn/Vi.

It is thus seen from (4,14) that the case of N and/or N,
being much greater than unity and Md and Mf much less than
unity, is a case often encountered in practice, Under these
conditions the losses sre as follows:

Ly = N4 (4,20)
Lp = N, (4,7)
Lt = Ny + Ng (4,22)
"and Dy = [ 10 log Ny + 10 log (1+Nf/Nd)]dB (4,23)

This shows clearly that the total loss is much less than the
sum of the individual losses in low efficiency circuits.
Note that if Dd and Df are the diode and filter losses

respectively (obtained from the appropriate curves), (4.23) can
be found since:

10 log (Nf/Nd) = Df - Dd (4,24)
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¥ . * R’(“'
4,2,4, Discussion of results fer mesh circuits. o

The general remarks referring to the X2 node circuit also
apply to the X2 mesh circuit and will not be repeated., The
efficiencies of the two circuits are substantially the same
as can be seen by comparing Fig,4,2 and Fig,4.,7., TWote that
since the circuit parameters are different it is not possible
40 relate directly the values of o o and Qm for the two cases,
The choice between a mesh and a node circuit (for a X2
multiplier) will therefore be dictated by practical circuit
congiderations rather than on a basis of theoretical efficiency
(bearing in mind the fact that the two circuits alse give
similar resultsunder conditions where the diode losses pre-
dominmate), As expected the mesh circuit gives poor effic~—
iencies for other than X2 multiplication, Curves for a X3
mesh multiplier are given in Fig,4,8 for the sake of complet-
ness but it is clear from Fig,4.9 that a vastly inferior
performance is obtained compared to that of an X2 circuit,
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4,3, Effect of finite reactance of filters.

4,3.1. Introduction,

Referring to the basic node and mesh circuits shown in
Fig.4,1,(a) and Fig,4,1,(c) it is obvious that the simple
filters shown formed by Llcl and_LnCn do not present zero
(or infinite) impedance paths at frequencies other than their
resonant frequencies, This may in some cases seriously
affect the performance of a multiplier if not taken into
account in the theory or eliminated by using additional
filters, It is thus necessary to examine the effects of
finite reactances of the filters, Consider the node circuit:
L Cl and ann will possess some finite reactance at W n and

1
(>  Tespectively, This gives rise to two effects:

(a) The voltage and conductances at the two nodes are
not the same as those gppearing across the dionde,

(b} The 1load and generator conductances are not by~
passed at the inmput and output frequencies respectively.

Because of (a) it is necessary to modify the Power loss
expressions obtained in sect,?.,3 and sect.4.2, Effect (b)

can be taken into account by modifying the wvalues of the 'Q°
factors of the filters used in sect,4,?, The two effects will
be treated separately, with special attention heing paid to

the case of the X2 multiplier,

4,3,2, Modification of power loss expression,

In order to find the voltages at the input and output
frequencies appearing across the diode it will be assumed
that the admittance at the input mode at the output frequency
is susceptive as 4s the admittance at the output node at the
input frequency., The circuit can thus be represented as
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shown in Fig,4,10,(a) for the node circuit and Fig,4,10, (b)
for the mesh circuit, Let us consider the node circuit.

Using Vl and.Vn to represent the voltage across the
diode, define V,' and V 'as the corresponding voltages at each
node, Let the voltages be related thus:

v/t o= (4,25)

vn/vn' = T

n (4,926)

These quantities can be evaluated im terms of the circuit
constants on the assumption that the diode impedance is that
of the limear capacitance Co, i,e, the non-linear part of the
impedance is neglected, Since the effect under investigation
is in general a second order one, this approximation is
justified.

)
Let W10, = 1 (4,27)
2
and W,L,0; = E (4.28)
where Clt = C1 + Cof (4,29)

and Cof is the capacitance formed by Co in series with Xn
&t ) 1.

Ten T = ¥, (at @1 )/, (a5 wy) + X, (at Wy)] (4.30)
=, Coi'/co. (4.31)
= o, -E) : (4.32)

where d~1 ig defined by (4,6).
Similarly where: '
2 _ .
Wy TpCry =1 (4,%3)

n “nn n ' (4.34)

3
gl
(]
i

=
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and cnt = Cn + Cog (4.35)
Tn = Cog /Co (4.36)
= qn(l - En) (4.37)

where a, is defined by (4.6)

Note that A 19 C(n are functions of El’ En‘ These func-
tions are evaluated in Appendix 4,1 and the results for a X2
node circuit are given in Fig.4,11,. It is seen that for
values of OLl greater than 10 the values of E are such as to
make Tl and Tn very close to unity, i.e. the effect of the
filter reactances may be neglected if Q 1 is greater than 10,
The load conductance seen by the diode will he altered

(for cases where Tn #1.,0) to a modified value Gn'!': where :

42 )
n"c Vn Gnt (4.38)

<3

N
[*p]
1

2

i.e, G‘n% = G'nt/Tn (4039)

Similarly the input conductance Geq defined by (2,70) is
related to the conductance seen across the,diode Geé thus:

12 (4.40)

(4.41)

Substituting the above results in the derivation of the
power loss expressien of sect, 2,3.1 gives:

G ' 12 2 2
l = {1: 1 [ ][...0_.]_- {1} 1.._L wnco cor;. T 2
N K20gn L@ nCo o1d 1Tn Qan | Gnt)|T o

on

(4,42)
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FNote that this mndified expression contains only the factor
Tn’ a not unexpected result since the imput filter is assumed
lossless and therefore its relation to the dionde (given by u_l)
should not have any effect on the performance, i,e, Tl should
not appear in the loss, Note also that equations (4,29)
onwards do not take inmto account the variation of Co due to
the non-linear effect, given by (2,25) and (?,26) and hence
the results obtained are subject to slight approximation,
inasmuch as Tn is a function of Coﬁ' Since,however;this

is a second order effect the ahove results may be considered
as being substantially correct, It is seen from (4.,42) that
the presence of Tn may be considered as altering the factor
Gnt/ w ,C,5 thus the effect of T, not being equal to unity

is to shift the curves of Fig, 2,14 to Fig., 2,17 horizontally,
the minimum power loss remaining the same,

The modified loss in the case where only the filter losses
exist,is found by using (4,25) to (4.41) in the derivation of
sect, 4,°.1, The resulting expression is:

Q fa
AT BTN e
{ +K2[ O Q ) Ong T2Tn2 Qn (4.43)

1

It may be seen by imgpection,using the results given in Fig,

4,11 ¢hat for values of O, less than 4,0 the power loss may
be increased considerably. ‘For example consider the case of
Ay = CX? = 3,02 E1 = 0,54, £, = 0,83, hence Tl = 1,08 and

I, = 0.51.‘ Thus the product Tlngg = 0.35, which will

seriously degrade the performance, as can he seen from (4,43).

The ahove results have been obtained for a node multiplier,
In a similar manner the mesh circuit can be treated, In this
cagse we define:

I,/1;°

]
3

1 (4,44)

and I /I n (4,45)

fl
H
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As before 6.)12L101t =1 (4,46)

. 2 A :
and W0 =B (4.47)

where Clt = Cl in geries with Col“, the latter beinmg the
capacitance formed by Co shunted by Xn at W 1

Similar equations apply at W n' The parameters are now
given by:
T,o= A1 -1/B) (4.48)
Tn = oLn(l - 1/En) ‘ (4.49)

El and En are given for the case of an X2 multiplier in

Appendix 4,° as functions of C,/Cy and G, /C The two power

n.

loss expressions are as follows:
Logsy diode case,

R
1 [ 0(nco nt 1 ] 1 1 2
~Ea N I 1= T,” (4,50)
9 n?‘Kden Tn2 na c“rxcroRnt n :
Lossy filter case, .
1 1 [otn}{otl] (Qn} 1 O+,
== 11+ ‘ 1 -==](4,51)
1 [ g% L O % Uy Ty 2'l‘n ? o

It is apparent that these expressions are modified in exactly
the same way as those for the node ecircuit, and, as one would
expect, the general behaviour for an X2 stage is the same,
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4,3.3. Modification of filter '3 ' factors due %o
coupled losses,

It is avoparent from the basic node and mesh circuits
~shown in Fig,4.1, (a) and Mg,4,1, (¢) that if C is of the
same order as C_ and G, (or R, ) is of the same order as the
reactance of an at ool then G, (or Ro) will effectively
constitute a loss at the input frequency. This effect also
occurs due to the generator conductance G (or resistance R )
causing a loss at the output frequency, “For a Ziven 01rcu1t
these gdditional losses may be taken into account by defining
at W 1 @ 'ttt factor ¢ and at wn a 'Q' factor an where

lc
Q. and Q . are due to the conductances (or resistances) at
the alternate modes (or meshes). These quantities may be

simply evalula‘ted in terms of the circuit parameters d‘l’ oLn,
El, En and the loaded imput and output 'Q' factors, Qlt and
Ut (where Q4 is the '0' factor obtained by including the
effect of the generator conductance (or resistance) gt @ 1*
The node circuit may be treated as follows:

The impedance 7 seen at the input node looking towards
the output node may be written thus:

jw.L /G
7 = et * 1™ n "nt (4.52)

J w . _ 2
1% jw L, + @ - E /n%)/6

This gives the effective conductance G, at the input node,

3
. Qnt/d n®
i,.e, G = > N 5 2 (4. 53)
Ut (G — E/n° -1/a n%)
hence 8-—9- = 0. & 3| (1-B /n2-1/0L 242 2, 2
Ont 1 n n a7+ 1/n%0 (4.54)
Similarly

Qnc/Ql-t: =] 1 an/n3 (1--1:1‘2}:71—112/(11)2 + n?‘/ﬂlt2 (4.55)
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These two quantities are plotted in Fig,4.,12 for the
case of O 1 = 2 ol 5 for an X2 node multiplier,

The results for an X2 mesh multiplier are similarly
obtained and are as follows:

0 o/ Oy = {20‘170‘2] {{1+d5(1—E2/4)} 2+(o¢2/2q2t)°-} (4.56)

9o/ Q% = {15 °‘2/°‘1] i ‘.“ 4 (-43)) 2+(2°‘1/Q1t)2l (4.57)

Let us now consider the effect of these coupled losses in

a node circuit, It is apparent from Fig,4.12 that the per-
formance is affected most seriously at low values of A 1 and

ol This is of course vhat one would expect since the two
nodes are in effect tightly coupled under conditions where the
capacitance of the diode is comparable to the node capacitance,
Consider for example the case of O, = 4: Q?c/Qlt = 7,5
this means that if the value of Qlt is 10, the effective 0!
factor of the output filter will be, at the most, 75, To
determine the actual value of q, to be used in the power loss
expression, (4,7) , it is necessary to take the combinec¢ value
of the filter 'Q' factor Q2 'im parallel! with Q2c' Since in
general the loaded values of 'Q' factor will be quite low if
the filters are lossj (since it is necessary for reasonable
efficiency 4o 'swamp' the filter losses) it is apparent that
the efficiency may in some cases be seriously limited, Note
also that the efficiency is reduced by another effect for +he
case of lossy filters as mentioned in sect,4,2,3, when the
value of Ql is increased, When usimg the simple circuit there
is therefore én optimum value of OL under these comditions,
Note however that when the filters are lossless (i,e, the
diode losses dominate the behaviour) the above coupled losses ,

although still present, can be made negligible by using suffic=-
iently high values of o ., .
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It is apparent that the mesh circuit will behave in a
very similar manner, Note that under conditions where 1
and QO n are large,the expressions for both types of circuit
become simplified as follows (comparing the X2 circuits):

Node circuit.

I

9o/ Uy = (9/2) &y o, (4.58)

/

(9/8) &, o (4.59)

Qoe’ ™14 2

Mesh circuit:

i

(9/8) o, & (4,60)

0 o/ U4 2

Qpe/N ¢ = (/@) a9 ol (4.61)

The above equations are approximately valid for 0(l== 0 § n= 5
and the error hecomes megligible for values of & > 10,
Using the above formg it is possible to see whether the
coupled losses are comparablé to the filter losses, i,e,

whether or not they must be considered in a particular case,

4,3.4, Comclusions,

It has been shown above that the finite reactance of the
filters may cause severe restrictions to the efficiency that
may he obtained using the basic circuits. As has already
heen menticned in sect, 2.4,1 and sect, 4.2,%3 it is always
possible to overcome these effects by the use of additional
filters as in Fig,4,1 ,(b) and Fig,4.1,(d). Whether or not
the extra circuitry is necessary may he decided from the above
results, As an exémple of the operation with and without
the additional filters refer to the results for an X2
multiplier given in Fig, 4,13, Curve (b) corresponds to the
case where the filters are lossless and shows that under this
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condition it is desirable to make OL, and o, larze, As
pointed out in sect,4.2,3, the efflclency decreases for large
values of O, whilst at low values of O( the efficiency
decreases due to the effects discussed in sect,4,3,2 and sect,
4.3.3. As is clearly seem from curve (¢) the maximum
efficiency can be greatly improved (in this case of Q1=Q2=1OO)
by the use of additional filters, It must of course he
remembered that these filters will possibly introduce losses
themselves and their use therefore is most advantageous when
the circuit is designed with low values of o . Note also
that the mimimum value of ciliwill‘ﬁe limited by Ca (referring
to Fig.4.1, (b)) and it is therefore necessary to make C K Cj.
It has been assumed in calculating curve (c¢) that the additien-
gl filters are lossless and that the reactance requirements

cam be satisfied,



159

. 4,4 Harmonic losses due to finite loaded 'G!' factor of

imput and output circuits,

4,4,1 Introduction,

So far we have only considered losses which occur at
either the input or the output frequencies, The 'n*' factors
of both the inmput and the output circuits.are finite under
practical conditions, due to the presence of the generator
and the load conductances, This means that harmonic pover
will be dissipated in both the generator and the load conduct-
ances (referring to the basic circuit of Fig.4.1,(a))., Note
that this loss could come under the heading of sect.,4,3 since
the 'Q' factor is related to the reactance present in the
circuit, The loss is however directly related te the 'O
factor as such and is thus more readily treated by a separate
analysis, Since all the harmenics in the mesh circuit other
than the second are small compared to the fundamental, the
present loss need not be considered as serious in the X2 mesh
multiplier, The following analysis will therefore only be
carried out for the mode multiplier,

4,4,2 Anglysig of node circuit losses.
}

Refer to Fig,4.1, (a) and define I, as the current at a
frequency h u>1/21T flowing in G, and I,, as the current at
the same frequency flowing in Gg. , Ih is defined as the
harmonic current flowing through the diode, In estimating
the following losses it will be assumed that the filters are
lossless, i.e, both G1 and Gn are neglected,

The fraction of the diode harmonic current which flows
in each conductance may bé,found simply by considering the
susceptance at each node, ' Thus the susceptance at the input
node Y1 is given by :
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Y, =6, [1 + §ho B Q- l/hQEl)] (4.62)
whence I, /Iy = hoy, B (1 = l/hQEl) ©(4,63)
similarly Y = G [Il + 3(/n)Q 48 (1 - n2/h2En)] (4.64)
whence I,/I, % (8/n)q,B (1 - n2/hEEn) (4.65)

above

In the,equationsE, and B are the parameters defined by (4,28)
and (4,%34) and Q4 is due to the generator conductance as in
sect.4,3,3, '

The harmenic current through the diode is given by an
expression similar to (2,18), Thus:

ih = Co : Cmvdm %% (4.56)

m=fr-1

where the summation extends over all terms contributing to
current at h 0. Ih is tne modulus of ih and mayv be
expressed in a form similar to (2,20) thus:

Ih = Kh achovl (4.67)

_ The power loss due to the harmonic currents may now be
evaluated, Congider the loss at the output mode due to g
harmonic at h @, ’

2
Pout = 1n /G0 (4.68)'

2
Pais = Inn /G (4.69)

where Pdis is the power dissipated at the harmonic frequency,

The power loss given by (Total power/Output power) is thus:
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/g o =1+ (1,,/1 )7 (4.70)

(In is the current defimed by (2,20)),

The loss at the input mode may he expressed in a similar form
as follows: Assume that the inmput matching conditions are
given by Gg = Geq (see (4,2)),i.e, the harmonic losses are
neglected when matching the inmput (this approximaticn is
generally justifiable since, as will be shown, the harmonmic
losses are small), Under these conditiens the total inmput
power Pin is:

Pyp = Vp76g + I1p°/6y (4.71)

and the ‘'useful ' input power Pt jg;
P.1 = V.7 (4.72)
in 172 ‘

the power loss is thus given by:

1/qy =1+ (Ilh/leg)2 (4.73)

Combiming the power loss at both modes, we get the total
power loss for a givenm harmonic, 1/12 t!

1/ N4 = [l + (Ilh/leg)z] [1 + (Inh/In)Q] (4.74)

or, assuming that the losses are small, we get:
= 2 ?
(1/ o =1+ (T, V16,07 + (T,,/1)) (4.75)

The total loss due to all harmonics ia:

Z(l/qt) =1+ Z,[(Ilh/\f_ﬁg)2 + (Inh/In)?‘] (2.76)

h
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summed over values of 'h' other than h=1 and h=n,

Using (2,20), (2,77) and (4,5) this loss may bhe expressed

in the form: ’

2 2
1= 1+ZF& n ~;__T {(Vn/vl)(an/a*l)} + { 1 ]9
qt - In B Oy B (1-1/h° E)) B, (1-0/h"E_)

(4.77)
It is thus possible to evaluate the harmonic losses for any
particular circuit, Direct comparison of different multi-
pliers is difficult using (4,77) due to the presence of
several indepemndent parameters, It is possible however to
compare various multipliers om a simple basis for the case
where v, K V,» since under this condition the loss express-
ion simplifies to:

1 j{:(Kh n 1 .]2 i 2 |
= =1 _— i e 4,78
nt ' =LK Qg [En(l - nz/hgﬁn)] (4.78)

Note that this is simply the loss at the output node, this
being the dominating harmonic less when Vn & Vi, It

is worth noting that this comdition generally holds for an
optimized circuit where the diode losses deminate (see
Figs,?,13 to Fig,2,17 and Fig,2,4); it is thus of particu-
lar interest, TNote that in (4,78), 'K' is given by (o, 22)

and
- 1 m h-1 m
Ky = ZE VAN TN (4.79)
m

which is the expression for X (where h = n) obtained in
sect,?, for Vn"<K Vl’
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4,43 Illugtratiom of node circuit lossesg,

To illustrate the effect of these harmonic losses,
consider the case of a circuit desigmed for optimum opera-
tiom using a diode with Qdm = 100, The values of the
parameter Gnt/ w ,C, may be found from Fig,2,14 for an X2
multiplier («/ =1/2) and it is seen that a value of 0.8
gives optimum efficiency. The value of Vl/Vb is thus
determined from Fiz, 2,13 and Vn/V1 from Fig.?2,4 or Fig.2.5.
On the assumption that Vn 1<¢ Vl the value of K may be
found from Fig, 2,6 and the value of Kh for h = 3 and h = 10
are given by the relevant 'K!' curves for the X3 and X10
multipliers, A 200d apvroximation to Kh for other values
of h may be ohtained by interpolation, On this basis the
loss given by (4,78) may be evaluated as a function of Q4
assuming that ol n is large enocugh to make En comstant and
equal to unity, The loss evaluated in this manner is given
in Fig,4,14 for a diede inm which Vg = 0.95V,, and'-y =1/2
for the three orders of multiplier previously considered,

As 1s to be expected, the losses at frequencies lower
than the output frequency domimate due te the fact that the
co —efficients c, in (4.79) increase with decreasing harmonic
number; i,e, for harmonics between the lst, and the nth, the
factor Kh/K is greater than unity,, This accounts for the
-fact that the losses for the X2 multiplier are small compared
to those for the X3 multiplier, since in the latter ease it is
mainly the second harmonmic which causes the loss, In fact
the calculation of the losses is made very simple by the
rapid decrease im loss from harmonics higher than the nth,,
and values of h greater than (n+3) were not considered im
egtimating the losses givem in Fig, 4,14,

It is important to note that the results given by the

solid curves are bhased on the assumption that the losses
dealt with in sect.4,3 have been eliminated by the inclusion
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of additional filters as discussed in sect,4.3,.4, and as
shown im Fig,4,1, (b), The effects of these filters at
frequencies other than their resonant frequency hagebeen
neglected on the basis that they are of necessity high rQt
circuits and that they were designed to have mipimum
‘secondary' effects on the bagic circuit, i.e, for the out-
put node, C. will be small compared to Cn‘ For the case
where oL 4 and A, are large and the additional filters of
Fig,4,1, (b) are omitted, there will be the loss of sect.
4,3.3, to take into account, Under these conditions this
loss may he treated alternatively by the present amalysis
uging the first term eof (4,77) for h = m and the second term
for h =1, Including this loss (as before, only the loss
due to fundamental current in the output circuit need be
considered im most cases) gives the broken curve of Fig,4.14,
As would be expected, the effect is mo st promounced in the
X2 multiplier, the loss being increased hy a factor of about
15, whereas in the X3 case the loss is approximately doubled,

Let us now consider the effect of the harmomic logses
relative to the dicde losses of sect, 2, For the case con-~
gidered im Fig,4,14 of Qg = 100, the diode losses (obtained
from Fig,2,18) are as follows:

X2 multiplier diode loss = 0,4 dB
X3 multiplier diode loss = G,9 4B
X10 multiplier diode loss= 10,5 dB

The regpective harmonic losses for the case of Qnﬁslo,using
the basic circuit (givem by the hroken curve of Fig,4,14)
are: , )

X2 multiplier harmonic loss = 0,74 dB

X3 multiplier harmomic loss = 0,66 dB.

X10 multiplier harmonic loss = 8.60 dB

It is thus apparent that im this case the harmonic loss
will seriously degrade the performance of a multiplier.
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For vaelues of Q4 &reater than 10, (mote that the upper
limit is determined by the filter losses) and values of U
less than 100 the effect of the harmomic losses hecomes

increasingly negligible, The respective harmonic losses
for the case of Qnt=10, using the circuit of Fig,4,1, (b),
giverr by the s0lid curve of Fig,4,14) are:

X2 multiplier harmonic loss = 0,015 4B
X3 multiplier harmomic loss = 0.34 4B
X10 multiplier harmonic loss = 6,50 4B

In this case the results for the X3 and the X10 multipliers
are slightly improved, The loss for the X2 circuit is
greatly reduced and for the case under discussion is megli-
gible compared to the diode loss,

The above results show that the losses due to the
finite 'Q' factor of the input and cutput circuits are in
some cases seriousg and will restrict the maximum obtaingble
efficiency unless eliminated by additional filtering, It
has been shown that the loss may be almost completely elimin-
ated in a X2 multiplier by the addition of the filters shown
inm Fig,4,1,(b). Note that since it is often the loss at
the output node (at the fundamental frequency) which domina-
tes, the addition of only one series filter (i,e, the one at
the output node) may he sufficient to make the loss negligibhle,
Tt is worth noting that the loss in higher order multipliers
may be eliminated by the addition of series filters resonant
at each harmonic but in practice the mumber of circuits would
probably become prohbibitive, It should also bhe noted that
the above loss will generally be negligible in intermediate
stazes of a cascaded multiplier since no 'real' load will
exist, This will be discussed further in sect,5,
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4.5 Rigorous solution of efficiency for the node circuit
unrder lossy diode conditions,

The derivation of the efficiency expressionm in sect,
2.,3,1 is based on the fact that the diode loss resistance
may be replaced by an equivalent shunt comductance at heth
the imput and output frequencies as mentioned in sect,?2,4.1.
The approximations involved are not immediately obvious and
it is the purpose of the present section to derive an exact
solution for power loss, It will be shown that, in fact,
the original expression is sufficiently accurate for all
practical purposes,

Refer to Fig,1,1,(a), in which the diode is shown in
its basic form (with a series resistance R ) coupling the
two nodes, Let the voltage across the diode at an be
V) and the voltage across the junctionm (i,e, effectively
across the non-limear capacitance) he Ve The relatienship
between these two wvoltages is giwven by the definition of the
'Q' factor:

(Vi/V )7 =1+ (1/04,)7 (4.80)

The current through the diode at the input frequency consists
of a capacitive component and a 'power' component, Using
the nomenclature of sect.?, the power loss at the input
frequency may be expressed thus:

_ 2
Pioss (®3) = I34°Rg

_ 2 2
= (@0 1V)" R+ (VG )R (4.81)

By using (2,20) and (2,77) this loss may be written:
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2 2
G C.4 2
2] 2 s 1 K
Progs (01 )=(wCV) {KE [wnco) lU: } +3) ?Ra (4,82)

- Similarly at the output frequency, the capacitive and the
'power' components of current comhine to zive a power loss:

2

nd Rs

i

1Dloss( wn) I

' . 2 2
( uncmvn) Rs + In RS (4,83)

)

(w

Ploss n

This may be expressed thus:,

v 2 c o 2 G 2
Ploss(mn) = (wnCoVr'l)Z{[-v—g-] [a-g—r-l-] + [‘;i%;] }Rs (4.84)

The output power, P,y may be written thus:

2
Po = Va G
2
= V(6 Gap) (4.85)
The equivalent conductance of the diode at the output
frequency may be expressed thus:
2
- (@, C 1) R
Gyy = ——t (4,86)
2
1+ (1/04,)
where Qg = 1/ w ,C R, (4.87)

(4.85) may thus be written in the following form:

G c ]2
2 nt 1 on
P = (w_CV! - - R
o = (©nCon) i[‘dn o-]an [l+(l/an)2][con:\> S

(4,88)

The efficiency is thus given as follows:

l/q =1+ [Ploss(w l) +Ploss (c"n) ]/Po ‘ (4.89)
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which,xsubstituting the above results, gives:

? 2
1 Gn't Coi 2 co K 2 C-’nco 2
1+ 5 o 1+K -C--- l+(—-) g
K wnb J} Co ol n nt

L _ _QQ.Q .
‘7 [Onco}[ 1 ][co }‘( 1 }
1 =-1-7 ) i
nt L “an o l+(l/0.dn )

It is seen that this is in fact similar to the
expression given in (2.83) hut with some additional terms
in both the numersgtor and the denominator, Let us examine
the effect of these additional terms,

[ JP

7

(4.90)

The only term to be considered im the denominator is
the factor involving l/Qdmz. It is immediately obvious
that this factor will have negligible effect until the wvalue
of an becomes much less than 10, For an=3, the total
value of the variable factor im the denomimator is decreased
by about 10%, This will have the effect of inereasing the
efficiency slightly compared to the value given by (2,83),
In general however it is obvious that this effect can be
neglected,

The presence of the new term in the numerator is due to
the fact that it is not strictly accurate to replace the
diode loss resistance hy an equivalent shunt conductance as.
in sect.”.3.1. It is seen that the new term involves
essentially the factor KQ. Since 'X' is generally consid-
erably less than unity the effect of this factor will he
second order, The 'worst' case is the X2 multiplier with

Y = 1/2.  Consider the optimum conditions for Q4 =10:
Fig,2,14 gives G,/ ,C  =1.0, which from Fig,2,13 and
Fig,?2.,6, gives K = 0,4, The value of Co/Coi is given by
Fig,2,12, It is seen that the overall effect is to increase
the factor in the numerator by about 109, Remembering that
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this is the 'worst' case, (the effect in higher order multi-
pliers will be quite negligible) it is apparent that the
results obtained in sect,? are substantially correct and
that the diode series loss resistance may be replaced by

an equivalent shunt conductance at both the imput and out-
put frequencies without introducing appreciable errors,

4,6, Harmonic loss in series resistance of diode,

In the previous amalysis of the diode losses, omly the
losses at the input and output frequencies were comsidered,
In the mode multiplier, current will flow at all harmonic
frequencies due to the fact that a short circuit path exists
through the filters, This does not ocecur in the basic mesh
circuit since the filters present open circuit paths to all
harmonics, The loss due to the harmonic current flowing in
the series resistance of the diode will cause the efficiency
to be worse than that predicted by (2,83), It is the

purpose of thié secticn to estimate this loss and shows how
it may be taken imto account in determining the efficiency.

The current at a particular harmonic freauency, Ih’ is
defined by (4.66) and (4,67). The power loss due to this
current is given by:

5 .
Pross (w h) = Ih Rs (4.91)

It may be seen by considering (4.,82) and (4,84) that, to a
good agpproximation, the power less at the imput and output
frequencies may be expressed thus:

CVY YR +(w CUR. (.92)
o1l 8 non s I

5s (@1 1056 @n) = (@

Plo 1 1

(second order effects‘being neglected), This is of course;
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the loss obtained by considering only the capacitive
currents due to Vl and Vn' Let us consider the ratio of

the two losses and call it Fh. Thus:

P (wy)
loss h
F = (4,93)
h Ploss( °J1) + Ploss(‘gn)
. Kh2
i,e, Fh T ——— e e . (4,94)

1+ (“Vn/V1)2

The evaluation of I, from (4,66) is tedious for the
general case, A good approximation may be obtained as
before by taking the case of Vn < Vl,under which condi-
tion K, is givenm by (4,79). The ratio of the total power
less at all harmonic frequencies to the basic loss is found
by summing Fh over all values of 'h' other than h = 1 and
h = n, As mentioned in gect,4,4,3, the values of Kh may
in this case be found from the curves ofsect,?, for any
particular operating condition, Let us consider some ,
typical cases, Take first of all the example considered in
sect,4,.4,3 of a circuit optimized on the bhasis of sect,? for
a diode with Qn = 100.

X2 multiplier, sum of all F, = 0,024
X3 mnultiplier, sum of all F, = 0,097
X10 multiplier, sum of all Fh = 0,114

In calculating the above summations it is only necessary

to consider values of 'h' up to about 4 due to the rapid
convergence of the series, These results show that for
the X2 multiplier the increase in loss ié completely negli-
gible and in the case of the X3 and the X10 multipliers the
basic loss is inmcreased by ahout 10%,

Consider now the case of a multiplier designed to



171

operate under the comdition Vl/Vb = 0,99, Since the

value of 'K' increases with V;/V, increasing, this repre-
sents a case where the harmonic losses will bhe severe, In
practice it may not be possible to operate at such a high
value of Vl/Vb, due to forward conduction effects; this
case may therefore be considered as a limiting 'worst' case,
The results are as follows: '

X2 multiplier, sum of all Fh = 0,19
X3 multiplier, sum of all F, = 0.34
X10 multiplier, sum of all F = 0,43

These results show that the harmonmic losses c¢can be serious,
particularly in high order multipliers,

The abhove results again illustrate the superiority of
the X2 multiplier over all others, Note that any particu-
lar harmonic loss may bhe eliminated by the inclusion of g
parallel resonant circuit in series with the diode, It is
doubtful if this would be worthwhile im practice, however,
due to the increase in circuit complexity for a relatively
amall increase in efficiency. -
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4,7 Losses due to_forward conduction.

4,7,1 Practical effect of driving diode into conduction,

Consider the case of g diode biased for operatiom in
the depletiom layer region with a voltage at a single
frequency applied across the termimals, It has been
assumed in sect,l and sect.? that losses due to the diode
may be taken into account by defiming the 'N' factor thus:

Q=1/w C, Ry
This neglects the losses which occur when current flows in
R, due to comduction when the peak applied voltage exceeds
the gpplied bias woltage., It has already been shown in
sect,2 that it i1s degirable to operate under these comdit~—
iong, i,e, under conditions where the pegk applied wvoltage
is equal to the sum of the gpplied bias plus the barrier
voltage, \P'o’ It is therefore necessary to determine the
additional losses which occur and either to incorporate them
inm the expressions for efficiency (this is most easily done
by defining a new expression for the 'Q' factor) or to limit
the applied voltage om the basis of the results of the
following analysis so that the extra losses are negligible,

4,7,2 ‘Theoretical estimation of losses.
]

The current through the dinde due to an applied
voltage V is given by the stanmdard expression:

v
1= 1 (el /kT 9y (4.95)
where Is is the reverse saturation current

and xT/q = 26 mV at room temperature.

For the case shown im Fig,4,15 (a) where a voltage V sinpt
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causes the diode to be conducting in the forward direction
from time tl to time t,, the current during forward con-—
ductiom is given by:

- t
i=1_ (elqV sin @ BYKT tl; (4.96)

In general I_ is small: for a silicon diode as used in the
experiments described in the preceding sections IS.« 1 KA,
This means that forward current will be small until the
applied voltage v is conmsiderably greater than kT/q. A
fair approximation to practical conditions can thus be made
by assuming an abrupt characteristic as shown in Fig, 4,15, (b)
where current starts to flow at a point ‘¥rc somewhere
between O and yﬁ, , (the value of 1'% o being determined by
the vslue of I for a particular diode) and assuming that

the series resistance Rs‘is external to the actual junction.

The power loss may now he found as follows:
Power dissipated in Rs = P

t
where ?
1 , 2
P =y " (V sin wt - VR (4.97)
where V! = VB + y& o (4.98)
i,e.
1 v? .2

P = -é-_i: R-S— (l/2+Slﬂ~‘ W tl)( (A tz-w tl)-(3/2)31n2w1t1]

= (V?/2R )p, say. (4.99)

The power dissipated in R, may also be expressed in terms
of the effective 'Q' factor, Qe thus:

P = (v{’%’)Q/zRS (4.200)
or, Q2 = (V3/2R,)/P (4.101)
i.e. 02 - 1/p (4,102)

e
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Note that this expression for 'qQ’ is only valid for
relatively small excursions of forward drive sinmce it
assumes that the dicde has still an impedance which is
mainly capacitive, An error will also occur due to the.
fact that RS is not completely external to the junction and
will thus vary as the junction current varies,

At high frequencies it is possible that the diode will
exhibit charge storage characteristics, In this case it is
prohably a closer approximation to assume an abrupt increase
in capacitance as showm in Fig,4.15(c). The value for 'p'
‘may now be found as in sect,3 from the equationm for 118(3,11).

The ahove analysis therefore represents an approximation to
the actual conditions but it is found #o he sufficiently
accurate for the purposes of the present investigation,

Values of *'Q' factor for both the low and high frequency
éases are plotted in Fig.4,16 for values of V/Vg up to 1,3
The experimental results were obtained using a G.,E,C,SVC 3
diode at. 20 Mc/s. Hb o Was estimated from the measured d.c.
conduction characteristic to be 0,5 wlts; the applied bias
was 1.5 volts thus making Vg = 2,0 volts, The practical
circuit is shown in Fig,4.l17. The impedance across R, was
found by measuring the attenuatlon across R and using the
measured value of Rg It was thus pOSslble to calculate
the effective 'Q' factor of the diode under varying condi -
tions of forward conduction, It is seen that although the
practical results differ somewhat from the theory, the
measure of agreement is sufficient for the ahbove analysis to
be used as a first approximation for estimating the 'Q’
factor under forward conduction conditions,
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4,7.3 Conclusions,

From the preceeding results it is possible to determine
the effective 'Q' factor of a diode under given amounts of-
forward conduction, It is thus possible to estimate the
efficiency for a particular depletion 1ayer type multiplier
under forward conduction by replacing the original value for
'Q' factor by the value obtained from Fig,4.16, Since,
however, the value of Qe drops rapidly, the effects of
increasing Vy /V" above a certain value will be to cause the
efficiency due to the depletion layer effect to decrease
(this follows since the 'expected' increase due to greater
utilization of the depletion layer characteristic is nulli-
fied by the decrease in efficiency due to the decreased 'Q
factor), The actual point at which the efficiency will
start to decrease depends upon the value of an, since the
effect of conduction will not dominate until Qe is less than
an. In most eases 1t will be possible to accurately
predict the performance by limitimg the maximum drive to the
point where Vl/Vg = (1L + &") where §" is such that Qe is
still greater than Qan* In the above discussion the effect
of the output harmonic voltage has been neglected, It may
be assumed that the conclusions are essentially the same,
i,=, that due to the abrupt nature of the decrease in Q
shown in Fig,4.16 the peak voltase across the junctiom should
be restricted to a value equal to V' (1 + d "), Results
obtained in practice justify this assumption,

Errors involved in the above theory will be small for
circuits in which the power loss due to the diode is small
since this implies high values of diode 'Q' factor, an, and
hence small values of & ", Note that the relationship
hetween the parameter V{ used in preceding sections and the

parameters introduced in the ahove theory is given by:



176

vb' = (1 + g")(VB + "Dc) (4.10%)

Prediction of depletiom layer efficiency using low 'Q!
diodes will be subhject to error due to the estimation of 3‘".
This error will generally be insigmificant for low order
circuits simce the exact value of V' is not critical, 1In
high order multipliers the error will hecome imcreasingly
serious but simce, as has already been pointed out, high
order depletionm layer multipliers become very inefficient
when using low 'Q' diodes, this case will not be of interest
‘in practice, If a high 'Q' diode is not available one would
normally use a charge storage type multiplier or else g
cascaded depletion layer multiplier, .
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4,8 Effect of stray dicde reactances,

4,8,1 Lead imductance.

'At very high frequencies the leads of the diode may
possess an imductive reactance which is comparable %o the
diode capacitive reactance at the operating point, The
effect of this inductance may be taken into account in the
following mannery

Conmgider first of all the node circuit, Using the
momenclature of (4,25) and (4,26) where Vl’ Vn are the
jumetion wvoltages and Vl’, Vn' are the voltages at each mode
(for the purpose of this amalysis, assume that the filters
are ideal, i,e, any reactance presented by the filters will
be neglected), we can write the relationships between the
voltages as follows:

VAR X

=1
=(1"'0.)1/CAJD)

(4.104)

where a); is the self fesonamt frequency of the diode
capacitance and lead inductance, Similarly,

'Vn/vh' =T,

1- o /w)? (4.105)

The efficiency expressioms incorporating the factors T; and
T, are givem by (4,42) and (4.43), Thus the effect when
diode losses predominate is to alter the efficiency for any
particular case but to leave the maximum obtainable effic-
iency unaltered, When the filter losses predominate the
efficiency would appear to bhe increased by the presence of
geries inductance, It must be remembered however that the
inductance will be lossy and it is doubtful whether any



178
improvement would be realised im practice. If one considers
the addition of artificial series inductance it is obvious
that the efficiency would be incredsed by the agbove effect,
were it not for the presence of additiomal loss im the
inductance itself,” The mechanism involved may be seen as
follows: keeping the diode operating comditions the same,
the first effect of the added imductance ig to let the input
wltage be decreased, i,e, ‘the input conductance is increased
thus becomimg much greater than the loss conductance im-the
input filter; <the limiting condition is when the input
~ consists of a gseries resonant circuit fed from a low imped~
ance generator in which case the input cirecuit is the same
as for the basic mesh type multiplier, It is thus apparent
that the efficiency is again limited, this time by the
equivalent series resistance of the inductance,

. The presence of stray lead inductance has virtually no
effect in the case of the basic mesh type multiplier due to
the fact that each mesh is series resonated by the filters
and any inductive reactance is automatically tuned out,

4.8,2, Shunt cgpacitance,

Congider first of all the mesh circuit, Using the same
nomenclature as inm (4,44) and (4,45), we can write:

- _ -1
Tn = Tl = (1 + Cs/Co) (4,106)
where C_ is the stray shunt capacitance, The conclusions for
a lossy. 'diode circuit are as before as can he seen from
(4,50). Since Tl and Tn are in this case less than umity,

_the efficiency of a multiplier in which filter losses pre-
dominate is decreased by the presence of stray shunt capaci-

tance, The effect for any part1cular value of C /C may he
found from (4,51),
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In the case of the node circuit, any stray capacitance
is tumed out by the filters and therefore may be neglected
in estimating the efficiency,

The above theory is based on the same assumptiom as
that made in sect,4,3,2, i.e, that the voltage (in the node
eircuit) and the currents (in the mesh circuit) divide as if
the diode presents an impedance corresponding to its capaci=
tive reactance at the operating point, Since the effect
under investigation is normally a second order one, the
results obtained should be sufficiently accurate for most
purposes,
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(a) Basic node circuit

L

L1
l d. L. 4.8 b
i L T

(b) Node circuit with additional filters

w, Laca'l

2
wy "L Cy=1

(d) Mesh circuit with additional filters.

Fig.4.1 Depletion layer multiplier circuits with lossy filters.
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Fig.4.2 Filter loss curves for a X2 node multiplier where v = 1/2
and o, /Q) = «,/Q, = /q.
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Pig.4.3 Filter loss curves for a X3 node multiplier where v =1/2
and §,/Q; = 4_/Q = %/Q.



183

20

16

12

Power
loss

| | «/Q

Il
L
o
o
O
W

1001 +01 | 0°1 1+0
X/t

Fig.4.4 Filter loss curves for & X10 node multiplier, ¥ = 1/2,
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Fig.4.5 Filter loss curves for a X10 node multiplier, ¥ = 1/2,
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Fig.4.6 Node multiplier curves of minimum power loss for the case
where only filter losses exist, evaluated for the case

of £3/Q =9,/Q, =/Q and ¥ = 1/2.
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Fig.4.7 Filter loss curves for a X2 mesh multiplier where
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Pig.4.8 Filter loss curves for a X3 mesp multiplier where
Y =1/3 and 41/Q1 =°(n/Qn = 9/Q.
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Fig.4.9 Mesh circuit curves of minimum power loss for the case
where only filter losses exist, evaluated for the case

of &,/Q; =, /Q, = 4/Q.
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Fig.4.10 Simplified circuits used to allow for the
finite reactance of the filters.
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Pig.4.11 'E' curves for a X2 node multiplier circuit.
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Fig.4.13 Illustration of behaviour of losses with
respect tod, where«(, = 2%,, for a X2
node multiplier.
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Fig.4.15 Diode characteristics and current waveforms due
to forward conduction.
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forward conduction.
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Appendix 4,1, Circuit relationships for node circuit,

Refer to the circuit shewn in Fig,4,10(a)., Using the
nomenclature of (4,25) to (4,41) we can write the following
equations:

jw.1,
Xn(a‘b OJl) = 1 n?
1 - (1,/!1)'En
J 6 1%1 J W1Y% 1 - (1/n)°E

i,e, col" = CD/{l - En/[an'nz' 1 - En/n%]} | .

where Qr; = Cn/Co = dnEn

Thus applying (4.29) gives:

a1 - B /n?)

o= 1+ 3 %
! afaf - A& X B /0% - ofE /0"
Similarly,
| 2
'(1 - Eyn
%_ 1. of Ejn”)
i of ap - of o tEn” - alEn?

Solving these two equations for El and E, &lves:

oy 2 /2 2 2
Bemar S| o o) - T
1 2n n®+l Qi+ Ot O Ay
\ -

n . .
rdy 2 L n°+1 a]f+ (1[;4- d]! o
n
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this solutiom cam be usged directlybto evaluate E1 and En in
terms of OL]: and Cl!;. Note that for the type of solution
used to plot the curves in Fig,4,11 a trial and error
solution is necessary since a4, and O  —-are specified and
these are functions of EI and En’ as given above,

fppemdix 4,2,  Circuit relatiomships for mesh circuit.

Since only the X2 mesh circuit is of practical interest
the results will be restricted to this case, Using the
nomenclature of (4,44) to (4,49) and proceeding as in
Appendix 4,1 gives the following result:

- pr, -

5 Y 1 _ 16 |
3 | egueayp || 5«/9' &I a5 @l &
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SECTION 5,

GENERAL DETAILS OF DEPLETION LAYER CIRCUITS
. INCLUDING CASCADING,

5.1 Introduction,

In preceding sections depletion layer multiplying
circuits have been analysed from the point of view of power
loss, Methods have been derived for choosing optimum
circuit parameters and a detailed study of circuit losses
has been made, It is the purpose of the present section to
discuss the circuits in a more general manner and particular
attention will be paid to problems encountered in setting up
practical circuits such as methods of biasing the diode,
lethods of cascading stages will also be comsidered, using
the results already obtained and bearimg in mind requirements
and limitations of practieal circuits, A brief discussion
will also be given of the behaviour of circuits under con-
ditions where the input is not coastant, '

Be? Biassing arrangementg,

In the theoretical analysis of sect, 2 and sect, 4 it
has been assumed that the diode is biased from a battery of
negligible intermal impedance, For a given operating
condition in which the diode characteristic is being fully
utilized, implying a small amount of forward conduction
current, the battery may be replaced hy a resistance of such

a value that the reverse bias developed across it is equal
to the value of bias previously supplied by the battery,

Under these conditions the steady state operation of a multi-
plier will be the same whether the bias is derived from a
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toac
battery or from an automatic tias circuit, providiss/the
bias circuit is so designed that it does not introduce any
additional loss, S ome basie arrangements for the node
and mesh circuits are shown in Fig,%,1.

.

The choice of biasing circuit constants in the case of
fixed bias operation (when the forward current is nezligible)
'is relatively simple, In the circuits shown in Fig, 5,1, (a)
and Fig,5,1, (¢) R, may ®&e any value providedjﬁﬁg decoupling
elements CB and LB are sufficiently large, In general it
is convenient in this case ‘o make Ry, equalto zero, When
using the arrangement shown in Fig,5,1,(b) or Fig,%5,1,(4)
where no decoupling element is used (Ci is merely an isola-
ting capacitor which must be much greater than the diode
capacitance at the operating point), the only restriction
placed on Rh is that it must be large enough so as not to
introduce anmy losses into the circuit,

In the case of gutomatic bias where the battery woltage
is zero (the battery being replaced by a short circuit),
some additional restrictions are placed on the choice of R,,
Firstly, if the value of Rb is too high, the bias voltage
will be large for a small value of current, This may make
optimum utilization of the depletion layer characteristic
impossible since the peak alternating wltage across the
diode will be approximately equal to the hias developed
across R, and (because the bias is developed by a small
current) will thus never approach the region of the barrier
voltage (at which point the current is very high), On the
other hand the value of Rb must not be so low that the diode
losses (due to conduction) hecome severe before a suitable
bias is developed across Rh' S ince the current varies
rapidly with small changes in forward voltage, the range of
values at which R, may be fixed (hetween the limits governed
by the above restrict%ons) is very great, A further restri-
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ction on the value of R, occurs when the multiplier is used
with an amplitude modulated input, In this case it is
necessary to ensure that the time constant formed by Rb and
the relevant reactance is such that the developed bias
follows any change in the input, In the circuits of Fig,
5.1, (b) and Fig,5,1,(d) the minimum value of Rh is limited
as bhefore by the fact that it must mot introduce any losses
into the circuit,

The choice between fixed hias and automatic bias is
in practice often dictated by practical convenience rather
than by theoretical comnsiderations, There is,howeveq,an
important difference between the two methods in the case
where the imput signal is amplitude modulated; i,e, the
relation between the input voltasge and output voltage of a
multiplier depends on whether the circuit is operated with
fixed or automatic bias,

5.3, Voltage relationships.,

5.3.1 Node circuit,

The relationshkip between the input and output voltages
of a node circuit is given by (2,720), since I, is directly
propogertional to V. Under fixed bias conditions this
gives: :

= 5
v, = K(wlCO/Gnt)Vl (5.1)

where 'H' is given by (2,71),. The behaviour of the circuits
may be illustrated by considering only the small signal n-1
approximation, Since K is then proportional to (Vl/vh) ,
this gives:

Vo= kv" (5.2)
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where 'k' is independent of V,, i,e, 'k!' is constant for g
given circuit, For a X2 multiplier this gives:

Vp_ = le?' (5.3)

The behaviour under automatic bias conditions may be
illustrated by considerimg the case where Vn<<< V.. Under
this condition the bias voltage will be approximately equal
to the imput voltage, In fact the ratio vl/vb will be
practically constant at a value somewhat less than unity,
the actual value being determimed by the forward conduction
characteristic and the value of bias resistance, This
means that '{' is dependent omly on C, = Vs-l/z, for a
given circuit and the output voltage is now related to the
imput voltage as follows:

B 1/2 :
V, = k'Vy (5.4)

where k' is independent of V.,

It is thus seen that the output voltage is less
dependent onm the input voltage under automatic hias than
under fixed bias conditions, Thig may he a considerable
advantage in practice im the case where imput stability is
a problem; it is evident that in this case a circuit
operating under fixed bias conditions is inferior, particu-
larly in high order multipliers as can be seen by comparing
(5.2) and (5,4).

Note that if the circuit is being driven from a practi-
cal generator as im Fig,1,3,(a) the generator current I
is perhaps a more interesting parameter than the voltage at
the input node, Vy, The relationship between these two
quantities depends on the input loading conditions, For
exanple, if the generator conductance G_ (or the loss con-
ductance at the input node) is much gregter than the conduc-
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tance Geq (see (2,77)), the generator current will be
proportional to the voltage at the input nmode and the above
discussion may be directly applied, On the other hand, if
Geq >> Gg and the loss conductance at the imput node is
negligible, the input veoltage is not necessarily proportio-
nal to the generator current; the actual relationship may

be found as fellows:
A
From (2,77) and (2,20) we get:

G = Kz(mlco/c—m;)zant (5.5)

Also, V; = Il/Geq o , (5.6)

where I, is the input current, as distinct from the
generator current, Thus:

Vo= 1/ [ K@ 00 /00) oy (5.7)

In the case of fixed bias this gives (again using
the small signal approximation):

2n-1

I, & Vg | (5.8)
which gives, using (5.2):
(n/20-1) :
vV, & . I (5.9)
For the X2 multiplier this reduces to:
v, « 1,73 (5.10)

4

Thus in a practical X2 multiplier where Geq is comparable
to G, the variation of output voltage with generator current
will 1lie somewhere between
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2/%
v, S I.° , (5.11)
and
2
V, o Ig (5.12)
In the case of automatic bias, referring to (5.7) and
remembering that Co { Vb‘(l/g), we get:
2n-1
I; S (V) (5.13)

Assuming again that V, << V,, we sec that I1 is, within
the limits of the approximations, independent of V., This
implies that Geqe( vl'l, which is the result given by (5.5)
when Vl = Vb'

The behaviour of the circuit as I is varied may he
seen from the following example: Let the circuit be
operating im such a way that G > G ~ and neglect Gl’
since I; is constant (see Fla.l 3, (a) a slicght imcrease in
I, will cause the current through G, to increase rapidly,
cZusing a consequent rapid increase in Vl’ corresponding to & .
proporticngl decrease in Geq; when Geq is comparable to Gg,
Vl increases less rapidly for a given increase in Ig, (e, 2.
starting from the condition where Geq =Gg and increasing Ig
by 10% causes V1 to imcrease by 20% and Geq to decrease by -
20%; the upper limit is reached when G, eq becomes much less
than Go in which case, as has already been peinted out, Vl

is dlrectly proportional to I

L ATEEEIL uy je A e & L

Note that since, in a practical multiplier, the input 4
will he matched, V, will he roughly proportional to I,° |
(from the above example) and hermce V  will he directly pro- ¥
portional to I, for small variations about the operating
point,

T+ must be noted that the ahove discussion is only
approximate in view of the fact that only the small signal

N
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behaviour has heen used, A further gpproximatiom occurs
due to the fact that the circuit is assumed to be

correctly 'tuned'; since the capacitance of the diode
changes with bigs voltage, the circuit will not remain in
this condition if the bias voltage is changed, as happens
under automatic bhias conditions, The errors imvolved due
to 'mis—tuning' will be small for small departures from the
operating point but for large variations of input under
automatic bias conditions the 'mis-tuning' due to the
change in diode capacitance may eventually cause the output
to fall as the input is increased. A similar effect may
occur under fixed hias conditions due to the presence of
the reactances givenm by (2,25) and (2,26 ) hut since these
reactance changes are relatively small it is unlikely that
they will have much effeet unless the circuit *'Q ' factors

are particularly high,

5,%3.,7 Mesh circuit.

The mesh circuit may be treated in a similar manner.
Referring to (2,46) the second harmonic voltage, V, is
given by:

V2 = K 11/( (‘Ulco) (5.14)

where 'Y' is given by (2,47) and (2,36). Considering
again the small signal case, Zivess

2/ (+ 2
V2 = k I1 /(cho ) (5.15)
Thus for fixed hias operation,

v, o I,° (5,16)



Under antomatic bias conditions, since C0
we Zget:
vV, o I.7
2 1

i,e, within the limits of the approximatioms the hehaviour
ig the same under hoth fixed and automatic bias conditions,

The relationship hetween the generator voltage and the
input current may be found as fcllows (refer to Fig,5,2,(b)):

If R_ > Req then Il o V_ and the relationship

betwegn generator voltage and output voltage is:

o« V.7 (5.17)

2 g

v

It Rqu>>’ Ra, the relationship between the generator

voltage and the input current may be found as follows:
2 2

I, Req = I, R4 (5.18)
(This is the hasic power equation for the multiplier and
is the mesh circuit equivalent of (2,77)).
Combining (5.18) with (5,18) and using the Tact that
Vo, < I? gives:

7
Q
Req ~ Il (5.19)
; = 5
Thus since Vg = IlReq (5.20)
it follows that: ’ V., « I]_3 (5.721)

Combining this result with (5,16) gives:

v, & v, (5.22)

It must be remembered that the above results are, as

in the case of the node circuit, only approximate, They
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indicate, however, the general hehaviour which may he
expected when the imput amplitude is not constant, It is
seenm that (within the limitations of the assumptions) the
mesh circuit behaves in the same way whether fixed or
automatic bias is used, The input/output relationships
correspond to those obtained in the rode circuit using
fixed bias as may be seen by comparing (5,22) with (5,11)
and (5,16) with (5,172),

¢33 General conclusions,

The detailed behaviour of a multiplier under large
signal optimized conditions with varying input amplitude
is not simple, Any particular circuit may be analysed if
the exact behaviour is required to be determined and the
ahove results may be used as a basis for predicting the
performance although it must be borne in mind that their
derivation involves two basic approximations (i,e, small
signal and no 'mis-tuning'). The results also of course
indicate the essential difference between operation under
fixed and automatic bias conditiouns,

5,4 Hysteresis effects.

It was observed (see sect,l and also sect,6) that under
certain conditions as the input amplitude or frequency was
varied, the output, instead of varying regularly, 'jumped'’
to a new value; the same effect was also observed when the
output or input reactances were altered, It was noted that
when this effect occurred the diode was being operated under
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conditions 1n1wh%Eh the input and/or the output voltage
was comparable 4o the bias voltage, It is the purpnse of
the present section to give a theoretical solution to
account for this behaviour, which is a form of hysteresis,
It is not intended to give a complete theory which may be
verified experimentally but merely to give a qualitative
explanation of the effect, which is generally of secondary
importance since it may only occur when ‘setting up ' a
circuit or when the input is otherwise varied,

Let a susceptance B(V;,V ) be introduced at the output
node of a node type multiplier. This may arise from two
different causes:

(2) It may be due to the 'large signal' reactance
given by (2,26)

(r) It may he due to the change in the operating point
capacitance caused by conduction current flowing
in $he biag resistance,

The total susceptance at the output node B, is the sum of
the imductive susceptance, %;9 the circuit capacitive
susceptance plus the diode capacitive susceptance, By and
the above 'generated' susceptance,

i, e, B, =By =By - B(Vl,Vn) (5.23)

At the chosen operating point, B_ will he zero, (c,f.(2,15)),
n
The admittance‘g% the output node)Yn‘is given by:

p 51 1/2
Yo Y¥al= |6, + B - Bg - B(Vy,V,)) (5.24)
The output voltage V is given by:
-1 ‘
V, = I Y (5.25)

where In ig (to a first approximation) the current given hy
(2,20). For the sake of this analysis, let I  he a simple
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function of Vl; e, g, let

I, = kvln‘ , (5,26)

Comhining (5,24), (5,25) and (5,26) gives:

/2

. 1/2
k%m'z'%[ %2+(%;-BC-BWrVJ)ﬂ (5.27)

Let us consider first of all the simple case of m= 1 and

B(Vy,V,) = bV, (5.78)

where b is a constant.

Referring to case (a) above, (5,28) represents an
approeximation to the condition given by (2,726) i,e, we are
sayving in effect that:

an/BO = (Coé - co)/co (5.29)

where B_ is the susceptance of C_, In fact, of course,
Cor’I/Co is a polynomial in both V; and V. The simplifica-
tion inherent in (5,78) is justified only on the grounds that
the present exercise aims at precducing a qualitative expla-
nation of the hysteresis effect and is not imtended to give
a rigorous quantitative solution, It will be seen later
that the approximation is valid for this purpose,

Referring to case (b) above, the susceptance in (5,28)
corresponds to the change in operating point capacitance
due to Vn’causing forward conduction current to flow in the
bias registor thus gltering the effective bigs voltage,

It is again, of course, an apnreximation and only serves to

illustrate an observed effect,

Substituting (5.28) inte (5.27) gives:

2 o1 ~ 2 _ _ 2 =
xV = V, [ G," + (Bp = By -bV ) J (5.30)
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This function has been plotted in Fig,5.2 for the case of

k =1, (B,=B,) =10, b =100 and for three values of Gn2,

It is apparent that, depending on the value of @, relative
to the susceptance term, the function may or may not exhibit
hysteresis effects, Obviously if Gn is large comparcd ewith
(BLiBC) hysteresis will not occur since the function will

be single valued at all times with respect to V., Note
that (BL-BC) is determined by the magnitude of B(Vl,Vn) at
the chosen operating point (i,e, when B, (see (5,73) is

zero ), S ince B(Vy,V, ) is related to the diode capacitan-
ce, it follows that hysteresis is most.1likely to occur when
the diode capacitance forms a large part of the total node
capacitance, This is equivalent to saving that X
defined by (4.6) must be less than a certain value for the
effect to occur,

The conditions under which hysteresis effects are
most likely to occur may be sumrmarised as follows:

(1) Low value of Gnt’ i.e, high circuit 'Q' factors

(?) Hizh value of B(Vi,Vn), implying diode capacitance
large compared to circuit capacitances,

(3) High value of?f B(Vl,Vn), implying large signal

operation,

It is apparent that if B(Vl,Vn) is a higher order
function cof Vn’ the general behaviour will remain unchanged
and the form of hysteresis illustrated in Fig,5.3 may still
occur, If however the susceptance term is a pélynomial in
Vl and Vn one would expect other, more complicated, forms
of hysteresis to occur, Take for example, the curve shown
in Fig,5.3, (b). Since this is triple valued in hoth Vl
and V,, its equation is a cubic in both these quantities and

cofli';:c en could arise if the large signal polynomial expression for
I_ and B(V;,V,) s¥e used to obtain the equivalent of (5,27).
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In a practical multiplier, the hvsteresis effect will
manifest itsell as a sudden jump inm output as the input
is slowly varied. For example, refer %o Fiz.5.3, (a).
As the input voltage reaches point 'Y' the output voltage
7 Note that if
the theoretical operating point coincides with a minimum
value of Vl’ for instance the point 'X', the theoretical
operating conditions will be unohtaimable in practice,

will jump from a value VﬁY to a value Vn

since om reducing Vl towards 'X', the output voltage will
jump from a value V, ., to a value Vowe The closeness to
which one can reach the theoretical conditions will in this

case bhe determined by the stahility of the input,

Note that since the hysteresis effect is due to g
'generated' reactance it also occurs as the circuit is
tuned, i.e, as the node capacitance or inductance is alter-
ed inm the region of the optimum value, Similarly, as the
frequency is varied,hysteresis may occur,

Since the properties which give rise to hysteresis in
the ahove discussion are also present in the mesh circuit,
it is to be expected that the effects would he similar,
This is horne out by the experimental results (see sect,

6.3.3).

5.5 Effect of de—~tuning a circuit.

The analysis in preceding sections has been based on
the assumption that the circuits were tuned for optimum
conditions, The effect of de~tuning will now be considered;

to illustrate the hehaviour, let us consider the X2 node
multiplier,

The relationship between the outpgt voltage and
current are givem by (2,14) and the theory has bheen based on
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the assumption that ¢ = 0, The effect of de-tuning is %o
alter the value of ﬁg, in which case (2,14) hecomes:

VoG, = 12003¢2 (5.31)

Comhining this with (?2.20) gives:

VoG, '-.—W:mlcovl cos ¢2 (5.32)
Note that (?2,22) still holds since it does not involve V
this is not the case in (2,23) and the modified form of
(?,73) will involve d?. Since (?,23) is of secondary

?3

importance in the evaluation of Ky, we will neglect, for the
purpese of the present analysis, this change,

The efficienéy may be evaluated using (5.3?2) and it
is apparent that the new expression for efficiency will bhe
as before (refer to (2,83)) with K replaced by K' where:

XK' = KcosQ’2 (5.33)

It is apparent that any deviation in ¢9 from its original
value of zero will cause K' to be less than K and hence
cause a decrease in efficiency, as one would expect,

It must be remembered however that changing d? from its
originagl value will alter the limiting conditions of volt-
ge across the diode, given by (2,62), Bv considering
specific values of V,/V; it is possible to plot >yt versus
¢

from the relationship:

)
v cos Lt
2 _ 1 ‘
AN Peos (o 5t + 0, (5.34)

which is a modified versicn of (2,63) including 9!2. It is
then possible to solve the conditions:

. : — - =
V131nwlt + stinwgt + QQ = Vb (5.35)
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These conditions have heen evaluated for VQ/Vl =1 and
VQ/V1 = 0.5, The results thus obtained are shown in Fig.
S5.8in the form V,/V, versus @,,  As one would expect, it
is possible to increase the maximum value of V,/Vy consid-
erably by altering ¢2 (this is of course because the peak
value of the waveform may be made less by suitably adjusti-
ng the phase relation hetween the two voltages across the
diode).,

Also shown in the same figure is the value of K'/K,
evaluated by letting Vl/vb assume its imcreased value,
using the small signel expression for K,

The slight increase in the value of K'/K above unity
is imsignificant, The main interest in the results lies
im the fact that the input voltage can be considerably
increased if the output node is de-tuned, without seriously
affecting the efficiency. Note that for a circuit im which
the losses at the input are very large, a value of K'/¥ =
0.5 corresponds to a decrease in efficiency of 6dB, For
a circuit in which the losses are small this value of RX'/x
corresponds to a X4 increase im power loss, It is thus
apparent that in a circuit in which the losses are small
it is possible to imcrease the imput voltage and hence the

~ . imput power considerably by de-tuning from the original con-

ditions, It must be remembered that the above results
involve two basic approximations: (a) only a small signal
expansion for K has been used, (b) a circuit designed
initielly for operation with V2/V1 = 1,0 will, when de-
tumed, no longer satisfy this condition; due to dz chang-
ing V2 will +tend to drop in wvalue, These two approxima=—
tions will mot however, affect the essential conclusions
of the above analysis,
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5.6, Input matching and power handlirg capabilities,

5,6,1 Node circuit,

The operation of individual circuits has already been
censidered in detail but the exact requirements for match-
ing a circuit to a given source have not yet been dealt
with, Let us consider the prohlem of driving a single
stage node multiplier from a generator which is capable of
supplying a given amcunt of power P at a peak voltage V'
In the case of a current generator whoqe peak value of

current is I, and whose internal conductance is G_, V_, is
given by:

vt = I_/(2G)) (5.36)
and

2 -
Under matched input cenditions the input power to the
circuit is equal to Pa’ hence:
2
= b 2
Py = Vy (Ggq + 6)/2 (5.38)

where GL is the equivalent loss comductance at the input
node (which may be either due to dicde loss or circuit loss).
G__ may be expressed in terms of parameters relating only %o

eq
the dicde zas follows:

from (2,70) we get:

where y

ﬂ = Vn, Vl (5. 40)
hence (5,5) may be rewritten thus:

Geq = Kﬁ C\)lCo ‘ (5.4‘1)
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Substituting this expression for Geq into (5,38) gives:

P, = Vlzﬂcﬂcnlco + GL)/Q (5.,42)
Consider the case of a circuit in which diode losses
predominate, = For a givenm diode, the operating poinf
(chosen to fully utilise the non-limear characteristic) and
hence the 'Q' factor,will be fixed, Thus for an optimised
circuit the parameters K, A and Vl will be determined (from
the results of sect,?)and for g given C , the value of Pa
is fixed, If however geveral identical diodes are connect-
ed in parallel the value of P, may be increased to corres-
pond to the greater power (mote that GL will also increase),
whilst keeping the parameters ¥, A and V; constant, If
the value of V " given by (5,36) is not equal +to V, a trans-
former will be . necessary to couple the circuit to the gen-
erator, The ghove conditions also apply in the case of a
circuit in which -imductor losses predominate since for a
given 'Q' factor the operating conditions are fixed (in this
case however G will be independent of the number of diodes).

If it is desired to connect the generator directly to
the multiplier without using a transformer it will generally
be necessary to vary one of the other parameters, Referr-
ing to (5.42) it is seen that in this case both P, and V, are
fixed., In order 4o let K and B attain their optimum
vzlues it will therefore he necessary to alter the bias
voltage, Vg (this will of course only he po@sible oyer g
limited range of values and implies that the diode character-
istic will not he fully utilised), The numbher, of diodes in
parallel may then be varied until C0 is of a value such that
(5.42) is satisfied, It should be noted,however,that in
the case where the losses are determined by the diode, alter-
ation of Vy automatically causes the 'Q' factor (used in the
power loss curves of sect,?) to change, thus causing the
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optimum values of K and /3 +to change, The exact solution
for Vg (for P and V, fixed) may not, therefore, be simply
obtained but it is apparent that sufficient degrees of
freedom exist (by letting VB.Vary) for the circuit to he
matched, ' '

" A third possibility exists to fulfill the matching
conditions if only one;diode is available, In this case
a transformer may be used together with an adjustment of
the hias voltage; this gives sufficient degrees of freedom
for (5,4?) to be satisfied, since C, is a function of the
bias voltage.

The power 'handled' hy the diode, By , i.e, the power
converted from the imput frequency to the desired harmomic
frequency, is the input power to the multiplier less the
power loss at the imput node (due to diode or circuit

losses). Thus

Pig = VqK@Be 1C,/2 ‘ (5.43)

gﬁ_will be maximum when the diode characteristic is being
fully utilised, i.e., when it is biased so that negative
voltage swings drive it nearly to the point where avalanch-—-
ing occurs and positive voltage swimgs drive it into the
forward conductiom region. The values of K and 8 may be
found from Fig,”?.,6 to Fig,?,11 and Fig,”?,4 and Fig,”?,5 for
vgrious operating conditions,

5.0.2 Mesh circuit.

The mesh circuit may be treated inm a similar manner,
Thus the power input Pa is given by:

P = 112(1( B /e,C) + R )/2 (5.44)
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where in this case K is defined by (2,46) and

RIJ is the loss resistance in the input mesh, As before,

if the diode operating conditions are fixed, Pa may he
altered by alterimg the number of diodes in parallel and the
available power may thus he extracted from a givem genera-—
tor, a transformer heing used to adjust I1 to the required

© value, Also as in the case of the node circuit, it is
possible to alter the value of I, {(whilst keeping the diode
conditions 0ptiﬂgp) by adjusting the biass voltage suitably.

The power handled by the diode is given hy:

2 .
where from Fig.2.?21 %o Fig.”.”23 K may bhe obtained directly
and

'8 = nK’/( QnCORnt) . (5.4‘7)
5.7, Cascading considerations,

5.7.1 Introduction,

It has already been pointed out in sect,? and sect,4
that it is often advantageous to use several low order
multipliers cascaded together instead of using one stage of
high order multiplication, In this section some of the
requirements and prohlems encountered in designing a cas-
caded multiplier will be discussed, These concern essen=—
tially the matching conditions to be fulfilled hetween adja—
cent stages and the estimation of overall efficiency using
the results ohtained in preceding sections, For the sake -
of illustrating the behaviour, node circuits will he con-

sidered,
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5.7.2 Matching conditions between adjacent stages,

Let us consider the problem of cascading two node type.
multiplier stages together, Let the first stage be design-—
ed to give an output voltage an across a load conductance
G01 and the second stage to he designed to operate with an
imput voltage V12 and to have a total input conductance
Gin2 where - ' P

+ G (5.48Y

G eq”?

in2 = Cuo

Gy, being the input loss conductance, If it happens that
an = V12 and Gol = Gin2 then the two stages may be connec~—
ted directly together with Gbl being replaced hy Gi In

this case the load of the first stage is formed par:fy by
the loss conductance of the second stage and partly by the
tactive' imput conductance of the second stage, this 'active!
conductance being of course a function of the output voltage
and load of the second stage, Note that the fact that the
load conductance of the first stage is no longer a 'real'
conductance in no way affects the operation of the stage;
the—Lfact—abiit—extebs—tirah, under steady state conditions,

the output voltage and current of the first stage hehave in
exactly the same way as if a 'real! load existed,

In practice of course it would be extremely unlikely
that two stages taken at random would fulfill the above
voltage and load conditions, Sect,.5.5 may be taken as a
basis for obtaining the necessary matching conditions
hetween two stages, Let us consider the problem of design-
ing the second of two stages on the assumption that the first
one has been already designed for maximum output, Assuming
that the parameters K and @& are determined by the design
curves of sect.? or sect.4, three variables remain for
adjusting the matching conditions:
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(a) The impedance transformation (turns ratio) hetween
the stagzes may be altered,

(b) The diode in the second stage may he altered, or the
number of diodes oT the same type in a parallel
combination may he altered,

(e¢) The hias voltage in tne second stage may be altered,
As has glready heen pointed out, any one of the above
three variables may be fixed and sufficient degreesof
freedom will =till exist for the matching comditions
to be satisfied.

It will he necessary to consider each case on its
merits bearing in mind the practical aspects, for example
whether it is more convenient to use transformer coupling
or to obtain different diodes or a different number of +the
same diode for the second stage, Some examples may
however serve to jllustrate the general nature of the prob-
lems involved in cascading two adjacent stages, Let us
consider for the sake of simplicity the case of a low loss
circuit, i,e, one in which we may assume that the power loss
is small enough for the imput and output loss conductances
to be neglected (compared to the conductances Geq and G,
respectively in a particular stage) where the wvoltage
relationships are concerned, This assumption implies that
since the power loss is finite (but small) the values of the
parameters X and B (see (5,42)) are determined for minimum
loss by the results of preceding sections; the present
problem is to examine the matching conditions between
adjacent stages and to compare the changes necessary hetween
two stages for these conditions to be fulfilled, Let the
parameters of the first and second stages be denoted by the
subscripts 1 and 2 respectively: +thus the input voltages of
the two sfages will be Vll and le‘ Referring to (5,42)
the value of Pa will be the same for hoth stages; thius:
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_ 2
Ppo=V3 KB 110, (5.49)

5
oKy, B 2@ 0,

Now define the following quantities:

1 - 1./<
Cop = K 'V (1/2) (5.50)

Vlm = DmV-hm (5.51)

where m rafers to stage 1 or stace 2.
Substituting these relationships imto (5.49) gives:

3/2
V1s 181 D K7

For the sake of this illustration let us assume that the
optimum operating conditions for each staze are the same
i,e, that K, B , = Ky B, and that D, = D;. In practice
this may well he approximately true as may he seen hy
referring to the appropriate design curves (fer a X2

multiplier refer to Fig,?.4 and Fig.?.6). e now have:
V11'3/2 ko'
.\7""‘ = 2'1'{'—'-,— (:.53)
12 1

Three possibilities mow exist for fulfilling the matching
conditions, ‘

(a) No coupling transformer used, In this case the
input voltage to the second stage will be equal to the out-
put voltage ot the first stage, This gives:

Vis= A1 (5.54)

Substituting this into (5.53) gives:

R,k = (1/2)87 2 (5.55)
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This zives the necessary relationship between the diode
capacitances (at a given bias, refer to (5.50)) of the two
stages, Note the special case of the first stage having
a voltage gain of unity whence (5.55) shows that the diode
in the second stage must have a capacitance at a given bias
which is half that of the preceding stage; this could bhe
accomplished in practice by using two diodes in parallel
for the first stage and only one in the second stage;
alternatively of course a different diode could he used in
egch stage, Note that the bias relationship between the
two stages is givenm by (5.54) and (5,51):

e

5, 55)

Yoo/ Vb1 = B

It is seen that in the case when no coupling transformer

is used, the relationships between the dinde capacitances
and the bias voltages of adjacent stazes depends on the
voltage gain of the first stage, VNote that if A is

small compared to unity, the diodes must increase in capac-
itance with each successive stage and the bias must simil-
arly decrease, It is apparent that this would usually be
impracticable for more than a small number of consecutive
stages since the diode capacitance would rapidly become very
large and the bias very smell., It may therefore be conclu-
ded that a coupling transformer is advantageous in practice,
whence two possibilities remain,

(n) same diodes used,
Assuming the same conditions as ghove, and letting the
turns ratio of the transformer be T, where

T =V, (5.57)
we may rewrite (5,53%) thus:

(B D737 = | (5.50)



222
and from (5.51) and (5.,40) we get the bias relationship:
Vyo/Vpy = BT (5.59)

From (5.58) we see that if the same dindes are used in each
stage the turns ratio is given by:

T = (1/8 )1/ (5.50)
and
LA (1/2)?/3 (5.61)
= 0,53

It is apparent that this condition may offer considerable
advantages over the previous one since for small values of
/3 , the decrease in bias per stage is less than that
indicated by (5,56) The remaining possibility is for the
hias to he the same per stage,

(c) Same bias per stage,

In this case from (5,59) we get:

ﬂ T =1 (5.462)
and from (F%,58)
K?_'/}{l' = 1/2 (5.63)

This would seem to be a very reasonable condition for a
practical multiplier simce it enables the bias to he main-
tzined at a constant value for each stage, thus allcwing
the diode characteristic +o bhe fully utilised,in each stage,
At the same time the condition that the diecde capacitance
decreases hy half for a douhling in frequency fits in well
with the properties of most diodes, since to keep the 'Qf
factor constant, it is necessary to construct diodes whose
capacitance decreases with increasing frequency (the series
loss resistance being approximately the same at all

frequencies)
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Although the above examples have asgumed low loss
circuits, they nevertheless give an idea of the general
hehaviour and matching requirements applicable to any cas-—
caded multiplier, The introduction of losses into +the
circuit will alter the quantitative relationships but the
genergl conclusions will usuglly remain the same, Take for
example the case of a cascaded multiplier designed without
a coupling transformer in which the voltage gain of a stage
is unity,. This implies that the stages are not optimized
for minimum power loss but it is possible that in some
cases a sacrifice in e fficiency may be acceptable if it
engbles a saving in circuit complexity (in this case, the
fact that & transformer is not used), Since the wvoltage
cain of each stage is unity the bias will mormally be made
the same and the operating conditions of the diode, i,e,
the values of K and & , in each stage will be the same,
The output power from the first stage Pol may he written
thus (referring to (5.41)): '

2
Pol = V(KB m‘lcol - Gle) (5.64)

where GLl? is the tctal loss comductance at the output node
of the first stage amd input node of the second stage.

This may also be expressed as the power converted in the
second stage; thus

2
P, =VEBe ,C., (5.55)

Bquating these two expressions for Pol gives:

Con = (/2)Co = G /(KB w ) (5.66)

Comparing this with (5.55) shows that the effect of includ-

ing the losses is to mgke Co? less than half Col‘

In the agbove discugsions all the spurious effects
deglt with in gsect.4 have heen neglected on the basis that
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they may be eliminated in any patfi@ilar case by the use of
additional filtering,

5.7.3 Estimation of basic efficiency using the results

of previous sections,

It is always possible to determine the power loss of
a specific circuit with knmown parameters, simply by referr-—
ing to the appropriate curves of preceding sections, The
estimation of the overall power loss of g series of-.-cascad-
ed stages by summing the individual losses is straight-
forward. The more interesting problem of determining the
maximum obtainable efficiency with given diodes and eircuit
components is not as simple however,and it is necessary to
bear imr mind some relevant points when using the curves for
losses in a single stage to estimate the combimed losses of

a numher of stages,

Considering the case where diode losses predominmate,
the first point to rememher is that if the bias is not
the same for each stage the 'Q' factor as used in the curiﬁs
of sect,? will not be g directly available quantity, It
will therefore bhe necessary to decide on the method of
matching the stages and to arrive at an estimatiom of the
relevant design parameters before the 'Q' factor and hence
the power loss, may be found, On the other hand, if the
bias is the same for each stage, the 'Q' factor will be a
known quantity and the efficiency may be readily evaluated
for each stage (remembering that if the same diode is used
in different stages the 'Q' factor will be imversely pro-
portional to frequency) and the overall efficiency determin~
ed in a straightforward manner, This was the method used

in the example given in sect,?,4,7.
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It is interesting +o consider the prohlem of cascading
two stages of different 'frequencygain' together, Let us
take the case of two stages of equal hias using a suitable
arrangement of the same diodes in each stage, The minimum
logas may be found from Fig,”,18. Let the diode 'Q' factor
at the final output frequency be 10 and let the desired
output frequency he obtained by a combinatior of a X3 and a
X2 circuit, The following results are ohtained:

1]

(a) 1lst stage X3, Qg3 = 20, Power loss = 3,3 dB.
2nd stage X2, Q = 10, Power loss = 3.4 4P,

a2
(b) 1lst stage X2, Qqo = 30, Power loss = 1,2 dB.
2nd, stage X3, Qd3 = 10, Power loss = 6,2 dB.

It is seen that arrangement (a) gives a total loss of

6,7 dB, compared to a total loss of 7.4 dB for arrangement
(b). Let us mow take the example of the output being
obtained by a comhination of a X2 and a X100 circuit, This
gives the following resulits:

[}

11.0 4B.
3.4 4B,

(a) 1st stage X110, Q410 = 20, Power loss

’nd stage X2, Q3o = 10, Power loss

(b) 1st stage X2, Q3p =100, Power loss = 0.4 dE,
16,0 dB,

2nd stage X10, Q374 = 10, Power loss

Arrangement (a) gives an overall loss of 14.4 4R, compared

to 16.4 dB for arrangement (b), From the ahove two examples
it would seem that there is a slight advantage to be gained
by putting the stage with the highest 'frequency gain' first.

The efficiency in the case where circuit losses pre-
dominate is considered as a 'basic!' efficiency since it may
not he improved by additiond circuitry. The losses may be
estimated directly once the circuit parameters have heen
determined, If the circuit is optimized with respect to
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circuit losses then the overall efficiency for a number of
stages may be found from a knowledge of fhe circuit 'Q!
factors using the results of sect,4, Note however that if
the stages are conneeted directly together it will normally
he possible to elimimate one of the node loss conductances
since one of the two parallel resonant circuits will be
superfluous, Thus if a large number of gstales were casca=-
ded together the effective 'Q! factor'per stage would he
almost double that for a sinzle stage multiplier,

5.7, 4 Dgtimation of additienal losses,

The results obtained in sect,4 for various additional
losses may be applied to cascaded multipliers. Some
special points should be noted however and these will he
outlinedbelow,

In gsect,4,3 the effect of finite filter reactances is
studied, The essential results may be applied to any
snecific cascaded stage; however in estimating the coupled
loss of sect,4.3.3 it must be rememhered that the values of
Qlt and Qnt for intermediate stages are simply the loss 'Q!
factors; i.,e. since the lcad is not a real conductance it
does not constitute a loss at any frequency, In general
this effect may therefore be neglected in all bhut the first
and last stages where regl conductances exist.

In sect.4,4 the effect of the fimite 'Q' factor of the
input and output circuits is considered with respect to
harmenic losses, Again this problem only hecomes serious
in the first and last stages of a cascaded multiplier, It
is interesting to note however that the presence of harmonic
losses in the output load may determine the best arrangement
in the case where two stages of different 'freauency gain'
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are cascaded, Referring to the example ziven in sect,
4,4,3 of Qnt =10 it is seen that if a X2 and a X3 circuit
are cascaded and the X3 stage ig the high frequency one,
the harmonic losses will he 0,656 dB; if the X2 stage is
the output one, the corresponding loss is 0.74 4B, If
these losses are the dominating losses it would obviously
be preferable to use the second arrangement and place the
X3 stage on the 'input side’. Remembhering the conclusions
drawn from the example in gcect,5,7.3 we see that it is
doubly advantageous to place the stage with the highest
'frequency gcain' at the input side,

£.7.% . Conclusions,

It is apparent from the ahove examination of cascaded
multipliers that their design dces not present any undue
difficulties, Prohlems likely to be encountersd have heen
discussed and different methods of cascading have heen
compared. It has been shown that it is desirable to cas~-
cade low order stages if high efficiency is required (refer
to sect,”.4,2,1 and sect,4,2,3,) Evaluation of efficienc-
ies using the results of preceding sections has heen dealt

with,

It is interesting to study the predictions of Johnmn%g
with reference toc cascading, He takes as an example a
specific diode and predicts the efficiency for various
orders of multiplication, On the basis of his results it
would appear that Airect high order multiplication may be
more efficient than cascading low order stages, It should
be noted however that he assumes a constant filter loss;
in most practical cases the filter loss will increase with
inereasing harmonic mumber (refer to sect,4.?.3) and there-
fore must be evaluated for each case, The omission of this
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point may account for the fact that he was unmable to obtain
_his predicted efficiencies in practice,

5.8 Conclusions,

In the present section we have mentioned some of the
properties relating to the general behaviour of multipliers.
It is obvious that the theory could be extended in most
caseg but the outline of the effects discussed will normally
he sufficient to indicate, in any practical case, the
qualitative bhehaviour to he expected, together with an
approximate solution of the magnitude of these effects,

In any particular case it would bhe a simple matter +to
determine the exact behaviour of a circuit and it is doubtf-
ul if a complete and rigorous general solution to the
problems discussed above would yield any useful information.
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(a)

(b)

(c)

(d)

.1 Biasing arrangements.

Fig.5
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Pig.5.2 Illustration of simple hysteresis effect.
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to be encountered,
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Pig.5.4 Vl/vb and K'/K curves for a X2 node multiplier
related to phase angle B
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SECTION 6,

SOME GENERAL EXPERIMENTAL RESULTS.

6.1 Introduction,

In the preceding sections the experimental work has heen
aimed at verifying specific parts of the theory, The
experiments described im sect. 2 were intended to verify
the large signal behaviour and were consequently devised to
facilitate voltage and current measurements; for this reason
the circuits were not optimized for maximum efficiencyv, It
is the purpose of the present section to illustrate the
theory with several typical circuits, particular attention
being given to power loss; thus the circuits to be described
will generally be operating under optimum conditions, The
experiments to be described fall into twe main categories:
(a) low frequency circuits, (b) high frequency circuits,
As well as giving results for power loss, mention will also
be made of practical difficulties encountered in setting up
multipliers, particularly when several stages are cagscaded,

6,2, Low fregquency circuits,

6,2,1 Single stage circuit,

A single stage circuit was constructed with the purpose
of verifying the power loss obtainable, particularly under
lossy diode conditions, A node circuit as shown in Fig,
6.1, (a) was used, A non-limear capacitance consisted of
two Pacific Semiconductor Type V 20 diodes and five G.E,C,
Type 5.V.C, 3 diodes all connected in parallel and operated
with an applied hias of 1,5 volts; +the total capacitance was
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120 pF. and the 'Q' factor at 6 Mc/s . was measured to be
100, From the values shown in Fig,f,1 the following infor-
mation ies obhtained:

Q]! = 3.33’ di= 2.5

where these parameters are defined inm Appendix 4.1, Using
the results of Apppendix 4,1 we obtain the values of the
parameters used in sect,4.3,7?, thus:

By = 0,75, E, = 0,785

whence,

4,45, oL, = 3,19

ol

and

T

, = 1.11, T

2 0.687

In order that the circuit operated under conditions
where the power loss was small, the value of ta was chosgen
so that the value of ‘*’2/Q2t corresponds to a mimimum of the
power loss curves of Fig,?,14 and Fig, 4.2, In fact Qpt Was
made equal to 17 which gives

ol 2/ %4 = 0.188

which, referring to (4.,39), (4.5) and (4,6) gives an
'effective' value (for the diode operating conditions) of

= 2 _
(& 5/Q) g = 0.188/T,° = 0,40

It is seen that this corresponds to a region of mimimum

power loss on both sets of curves,

The effective 'Q' factors of the inductors may be found
by imecluding the coupled loss given in sect,4.3.3. Using
(4.58) and (4,59) gives:
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Qo4 = 63.5, Qy /Oy = 16.0

Qr4 as mentioned above is equal to 17 and (44 may be calcu-
lated from the value of the generator resistance and the
inductor '9!' factor to he 68, This gives:

Q

1o = 1080, Q, =1100

This causes gpproximately a 10 % reduction in the effective
inductor '¢' factors, i,e,

The power loss may now be evaluated using (4,43).
The value of K may be found for Y = 0,45 by interpolating
between the curves of Fig,”?,6 and Fig,?,7, having first of
all obtained the value of Vl/Vb corresponding to the value
of ( °L'2/Q2t)eff given ahove from Fig, 2,13, Thus:

vl/vb‘= 0.81 and K = 0,26

The resulting calculated value of power loss is 2,1 3B (from
(4.7)), FNote that Fig,4,f gives a very good approximation
to this loss by taking the average effective value of

OCI/Q]_ and OCQ/QQo

From Fig,?2.15 it is seen that the power loss due to
the diode (an = 100) is about 0,7 d4B. From Fig.4.6 it is
seen that a loss of 0,1 dB occurs due to harmonic currents
flowing in the load, The total power loss is thus 2,9 4B
(assuming that the losses may be added; +this will not
involve signmificant error since the losses are small, as
"may be seenm by referring to sect,4,2,3)

The input was adjusted until current just started to
flow (= 10 4 4a), Under these conditions the following
quantities were measgured: -
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Vin = 1.5 V, Vout = 00575 Vo

The value of output conductance added to give the
required value of Q4 Was 0,715 mmhos, The input conduc-
tance was measured by noting the attentuatien across Rg
and using the measured vaglue of Rg, This gave Gin = 0,242
m mhos, The actual power loss was thus 3,6 4B, The
discrepancy of 0,7 dB bhetween the predicted and the measured
power loss may be due largely to errors in the measurements
of voltages and resistances,

In order to verify the power loss under conditions
where the diode losses predominate, the 'Q' factor of the
diode was lowered by adding g series resistance, In order
to keep the operating conditions the same, the load was
reduced to keep the value of OLQ/QQt the same for each
condition, the generatecr voltage being correspondingly
adjusted, The following results were ohtained;

With 10 ohm resistance added, diode 0y, = 18,5,
power loss imcreased by 1,7 4B,

With 20 ohm resistance added, diode an = 11,0,
power loss inmcreased by a further 2,1 4B,

Subtracting the loss of 2,2 dB which is not due to the diode
gives the following results for diode loss:

Q4o = 100, power loss due to diode = 0,7 dB (assume)
Qd? = 18,5 power loss due to diode = 2,4 dB
Qd? = 11,0 power loss due to diocde = 3,9 dB

It is seen that these losses agree closely with the resulits
shown in Fig,”,14 for various diode 'Q' factors,
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It was decided to construct a cascadeimultiplier in
order to study the general bhehaviour and to verify the
conditions for this type of circuit already discussed in
sect, 5.7. The ecircuit used is shown in Fig,6,1,(h), It
was decided to use values of o{ which were sufficiently
high for the use of additional filterimg to he unnecessary,
It was also decided to make the voltage gain of each stage
approximately equal to unity so that no inter-stage trans-

JJormers were required whilst at the same time allowing the

diodes in each stage to have the same bias
to sect,5,7). On the assumption that the
(5.55) gives the condition that the diodes
capacitance by one half per stage. Since
of each stage is unity the conductances at
be approximately equal (exactly equal when
zero) and the stages must be gll similar,
ditions chosen were:

Co12 = 2Cop4 = 4Cpsg = GOPF.

Ci, = ?Cpy = 4C,4 =8Cg, = 360pF,
whence,

dl =6.0, d?=3co

voltage (refer
losses are small
must decrease in
the voltage gain
each node will
the losses are
The actual con-

for each stage

and  p 21,12, T, =0.816

The inductors used had a mominal 'Q' factor of 200 but the
additiongl losses due to decoupling capacitances and
coupling between stages reduced the 'Q' at each node to a

measured value of 120,

For +the voltage gain of a stage to be

unity we have
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vy/vy =1,0
which, using (4,25) and (4.26) gives
V,/V, = 0.73

This corresponds to Vl/Vb= 0.66 (from Fig,?2,5)

and (ol ,/0,,) .0
2

This gives a value of ol ,/Q,, = 0.12(0,816)" = 0,08

0,12 (from Fig,”,1%),

Since ol 5 = 3,0 this gives th = 37,5,

This corresponds to a loss at each node of
10 log [1/(1 = quy/0))] aB

= 1,6 4B.

The overall efficiency of the three stages (four nodes) is
therefore 6,4 4B, It is obvious that the above method of
evaluating the loss is only approximate since the losses
are not completely negligible and the voliage gain will
therefore not be exactly umity. In practice the following
results were obtained:

Vin = 3,1 Volts, Gin = 0,092 m mhos,

vbut = 2,0 Volts, Gout = 0,059 m mhos,

which corresponds to power loss of 5,7 dB, The voltaces
at each node were as follows:

Vin=3?1 ,V = 2415 WV, = 2065 ’ vo'ut = 2.0 Volts.

2 4

It is thus seen that the approximate method used to
estimate the power loss in this case gives reasonably good
accuracy. Note also that the curves of Fig.4,2 may be used
to estimate the approximate efficienmcy very quickly:

oLl/o,l =6/120 = 0,05, cL2/o,2 =3/120 = 0,025
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thus the power loss for a single stage is obtained by taking
the average value of oL /Q = 0,035, corresponding to a
power loss (at =L ,/Q,, = 0.12) of about 2,7 dB, In fact
since two of the nodes are common the overall loss will 1lie
somewhere between the loss for oL/0 = 0,035 and L /g =
0.,035/2 = 0,017 the latter beimg (from Fig,4.2) about 1, 24dB.
The total loss for three stages therefore lies bLetween 6,5
dB and 3,6 4B, The mean of these two values is 5,1 dB
which is seen to be close to the loss obtained in-practice,
Note that if the multiplier consisted of a large number of
stages the overall loss would correspond to the lower value
since most of the nmodes would be common and the effective
'Q' factor of the inductors would bhe doubled (this has been
pointed out in sect,5.7.3).

Regarding the setting up of the multiplier described
above, no undue difficulty was experienced, Each stage
was constructed and 'tuned' with a load equal to that
calculated for the output circuit, On connecting the three
stages together (with the loads on the first two stacges
disconnected) it was found that only slight re-adjustment
was required for the optimum operating conditions to he
obtained, The bias supplies were each formed by a battery
fed through a 1K resistor and the input was increased until
a small amount of current{of the order of 0,5 ma,) flowed in
each stage, This ensured that each stage was operating
under optimum conditions (as far as utilisation of the diode
characteristic is concerned) and allowed small variations in
voltage drive per stage to be 'compensated for' by the small
amount of automatic bias developed across the bias resistors,



240

6.2.3 Tllustration of hvsteresis effect.

It was decided to construct a circuit to study the
hysteresis behaviour in a single stage, To present
favourable conditions for the effect to occur a circuit with
a high 'Q' output was constructed, This is shown in Fig,5.72.
together with the variation in output voltage as the input
was varied, The current flowing through the bias resistance
was measured to be less than 0,01 mA, Since the bias
resistance was 15K, the maximum voltage developed across it
was 0,15 Volts, This corresponds to a change in the bias
of 2,39 which, since C0 L Vb—l/g, corresponds to a change
"in operating point capacitance of 1,29, Since the change
in capacitance due to the non-linear effect is (from Fic,
2,12) about 20% (at the point where the output rises abrupt-
ly, the voltage across the diode at the input frequency was
5.5 volts, i.e, V;/V, = 0,8) it may be concluded that the
hysteresis is in this case being caused hy the 'mon-~linear’'
capacitance as distinct from being caused by a shift in the
operating point (see sect,5,4), '

It is apparent that the curve shown in Fi=-,~,?
corresponds to the form of hysteresis of Fig,F.3. It was
possibhle to eliminate the effect by altering the tuning of
the output circuit but only at a sacrifice in maximum
efficiency, In general it was found that hysteresis diad
not present a serious problem at low frequencies probably
hecause of the fact that the circuit 'Q' factors are not
sufficiently high for the effect to occur, Some other
forms of hvsteresis will be illustrated in the high freqency
experiments to follow,
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6.3% High frequency circuits.

6,3.1 Description of circuit,

The main purpose of constructing a high frequency
multiplier was to investigate the general hehaviour and to
verify that the preceding theory could bhe applied to the
case of a circuit with distributed constants, It was
decided to limit the upper frequency to ahout 1000 Mc/s. and
thus to use co=-awial lines ag basic circuit elements, After
some consideration had been given to the prohlem¥ it was
decided to use G,R, components as a basis for the experiment,
The diode available was a G.<,C, Type SVCl2, To enable
this to be used with the standard G.R, equipment a special
mount was constructed, details of which are given in Fig.5.3.
A single stage circuit is shown in Fig,6.4, It consists
~essentially of a generator (whose voltage V_ was monitored
by a meter built into the equipment) driving the diode via
a slotted line, low pass filter, and matching network
consisting of one shorting stub and one variable lenszth
line; +the output at the second harmoanic frequency was fed
via a second matching network to a receiver, Both the
generator and load resistances were 50 ohm, The bias was
fed into the svstem via )\/2 line at the output frequency,
as shown in Fi~,6.4, Since the bias was supplied via a 10K
resistance, the arrangement used had no loading effect at
the second harmonic frequency and provided an effective short
for any fundamental current at the output end of the system,
Isolating capacitors were included as shown, Fith the
exception of the diode holder, the circuit consisted of stan-
dard %,%,50 ohm equipment,
¥ The autnor is indebhted to Mr, ]& Hyde of the Department
of mlectr&e&} Engineering, University College of North Wales,
for some useful advice on this matter.
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6,362 Measurzmentg of power loss,

The diode was biased at =3Volts and the input
adjusted until a small current flowed through the bias
resistance, The imput and output matching networks were
then a djusted until the output at the second harmonic
frequency was a maximum, The output power was obtained hy
calibrating the receiver with the meter incorporated in-
the generator (the VSWR under calibrating conditions was
checked and found to be substantially unity); the available
power was found directly from the voltage read on the same
meter at the input frequency, A voltmeter detector was
also used as a check to measure the voltage at the output
end of the line. eaRrecment—bedtweon The two readings of
load voltage always gave good agreement under optimally
tuned conditions, The following results were obtained:

V = 5,1 Volts, Vo = 1,59 Volts

o
[=3

I 0.05 mA, hence total applied bias = 3,5 Volts

B=
Input VSWR = 2,0 : 1

The power loss under these conditions is 4,1 4B, By care-
ful trial and error adjustment of the matching neiworlkgit
was possible to reduce the VSWR to 1,1 : 1 but the overall
power loss remained the same, Increasing the bias to 4,5
Volts and re-adjusting the circuit gave a slight improvement
in efficiency, the minimum power loss obtained being 3,9 dB,

The manufacturers data for the 3VC12 diode gives a
nominal series loss resistance of 5,8 ohas, Taking a
nominal cagpacitance of 1pF gives an estimated 'Q' factor
of 47 at 600 Mc/s. Referring to Fig,2,18 we should thus
expect a power loss of about 2,0 dB (since K is to a good
approximation proportional to Y (Fig,2,6 and Fig,2,7), the
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power loss for a diode with Y =1/3 is approximately
double that for Y = 1/2, for small losses; this may be
checked by referring to (2,83))., Im fact the measured loss
is aghout double this value, Measurement of cirenit losses
including the loss due to the bias supply accounted for

0,2 dB, 1t was therefore concluded that the additional
losses were caused by the diode holder; +to check this
point measurements were made on a G.R,, V,H,F, bridge of
the 'Q' factor of the 'diode in its holder at 750 Kc¢/s.

The resulting estimation of 'Q' factor lay between 12 and

4 depending on the side of the holder on which the impedance
was measured, It was also found that the 'Q!' factor was
substantially independent of the bias voltage, This
confirmed the conclusion already reached that the losses
were mainly in the actual holder,

Since the exact mature of these losses is not known,
it is mot possible to predict accurately the power loss
which they introduce into the circuit, It should, however,
be possible to obtain an overall loss which approaches that
due to the diode omly, by obtainimg a suitabhle mount for
the diode, It must be remembered that the impedance level
at the diode terminal is generally much higher than 50 ohms
(for example referring to Fig, 2,14, if the optimum value of
G2t/ @ ,C, is 0.5 and the diode has a capacitance of 1pF,
at 600 Mc/s., the equivalent load resistance is 550 ohms and
the equivalent resistance at the input frequency is 3.4 K,
this value being evaluated by using Fig,2,13, Fig,2,4 and
(2.77)). For this reason it is essential to keep the shunt
losses at a low value,

Note that in the above multiplier the optimum operat-
ing conditions are automatically obtained by adjusting hoth
the input and output matching networks, The minimum power

loss curves of Fig,2,18 are thus directly applicable in the
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case where only diode losses exist; this is equivaleﬁt to
saying that operation is automatically adjusted to be at a
minimum of the curves shown in Fig,2,14 etc,

In order to study the performance of a cascaded
multiplier, two X2 stages were connected together, The
layout of the apparatus can be seen in Fig,6.,5, The second
stage was similar to the one described above, It was set
up independently and when tuning the circuit the imput
voltage was held at a value corresponding to the output
wltage of the first stage. When optimum conditions had
heen established the output of the first stage was connected
directly to the imput of the second stage, It was found
that slight adjustment of the matching networks was required
to give maximum output, Since a degree of automatic bias
existed in both stages, the value of applied bias was not
critical, The actual ratio of total bias in the two stages

was
vbg/vbl = 0,8

which is somewhat less than unity as predicted by the
approximate theory leading to (5,61)(the difference between
the ahove value and the theoretical figure of 0,63 simply
implies that the approximations made in deriving (5,53)
from (5.52) are not accurately valid), The following
results for power loss were obtained:

First stage, 300 Mc/s. to 600 Mc/s,
V, = 5.2 Volts, V_  =1,6Volts, V, = 4.9 Volts

g 0
Power loss = 4,2 4B,
Second stage, 600 Mc/s, to 1200 Mc/s,

V, = 3.2 Volts, V_ =0,725 Volts, V. = 3.9 Volts,

Power loss = 6.9 4B.
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Two staces cascaded, 300 Mc/s. to 1200 VNc/s.
Vv, = 5.5 Volts, Vo = 0,725 Volts

]

Power loss = 11.6 4B,

The theoretical diode loss for the second stage
(assuming Q4 = 23 at 1200 Mc/s.) is obtained from Fig,2,18
(and correctingfor the fact that Y= 1/3 instead of 1/2):
this gives a loss of approximately 3.5 4B, The overall
loss for the two stages should thus be 5,5 dB, if the diodes
were the only cause of power loss,

Some measurements were also made with the diode
connected across the line imstead of in series as was the
case in the above experiments, The results obtained were
substantially the same as those given above, This is what
one would expect in view of the fact that the 'enuivalent!
'Q' factor of the diode is reduced by the external losses.

6.3.3 Behaviour when input is varied,

There are two main points of interest to study when
the input is varied in amplitude: (a) the imput/output
voltage or power relationmships, (b) +the nature of any
hysteresis effects,

The input/output relationships for the circuit in
which the diode is series connmected (described ahove)
are shown im Fig,6.6, It is seen that in the case of hoth
the single stage and the cascaded multiplier the variation
of output voltage with input voltage is greater when using
fixed bias than when using automatic bias, -This is the
behaviour one would expect by comparing (5,3) and (5,4)
although as has been pointed out in sect,5,%,1, the exact
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relationships depend on the loading conditions at the input}

In the case of the cascaded'multiplier, the change in output
for a given change in input is much greater than was the case
for a single stage. This is again what one would expect, since
any non~-linear relationship between the input and the output
guantities will be emphasised when two stages are connected
together.

No hysteresis effects were observed in the above circuit
under normal conditions. In the case where the diode was conne~
ected across the line, however, marked hysteresis occured. This
is illustrated in Fig.6.7 for both a single and a two stage
circuit. It corresponds to the type shown in Fig.5.4,(b). Of
particular interest is the hysteresis for the cascaded multiplier.
It was found that the optimum operating point, X, could only
be reached by adjustment of the circuit tuning. Once point Y
or point Z had been passed it was impossible to attain point
X again without re-tuning the circuit. This illustrates the
fact that these effects can present undesirable problems and
may make the setting up of the circuits very difficulft.

6.4 Conclusions

The performsnce of typical multipliers has been illustrated
at both low and high frequencies. The agreement with the
theoretically predicted efficiencies was reasonably good in the
former case. When using co-axial line circuits in the range
200 Mce/s. to 1200 Mc/s., it was found that the minimum diode
loss was not obtainable,due to losses occu%?ng in the diode
holder. This illustrates the fact that to obtain maximum
efficiencies using this type of circuit, it is essential to
design the diode holder in such a way that all spurious losses
are kept at a low level. Behaviour of the circuits when the ,
input was varied was as predicted by'the qualitative theory. It
was concluded that hysteresis effects may present undesirable
problems in V.H.P. circuits.
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Fig.6.1 Circuits used for low freguency power loss
measurenents.
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Fig.6.3 Detailed sketch of diode holder assembly,
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(b) Single stage hysteresis; 1.3dB at point X corresponds
to the output for maximum efficiency.
Fig.6.7 Hysteresis effects obtained with V.H.F.
multiplier with the diode shunt connected.
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CONCLUSIONS

In the preceding work a complete study has been made
of two basic frequency multiplying ecircuits, using the
non-linear depletion layer capacitance of a p-n junction diode.

A large signal analysis has been evolved which is
rigorous and generally applicable. The non-linear relation
between the input and the output quantities is expressed by
the factor 'K'. This factor has been plotted for the specific
cases of ¥ = 1/2 and 1/3 for three orders of multiplication ;
X2, X3 and X10, for the node circuit and X2 and X3 (the latter
only for ¥ = 1/3) for the mesh circuit. The results of the
analysis are presented in a form which permits the evaluation
of 'K' for any order of multiplication and any non-linearity
which can be expressed in terms of a series eXpansion.

Expressions for basic power loss due to both lossy
diodes and lossy filters were derived and using the 'K' curves,
efficiencies were evaluated for various diode and circult
'Q' factors. Using these results a comparison of various
circuits was made. It was shown that the mesh circuit is
only suitable for X2 multiplication and for this order gives
the same basic power loss as the node circuit. It was also
shown that if a high order of multiplication is required the
most efficient method is generally to cascade low order stages;
the advantage of this method is enhanced if utilisation of
the depletion layer characteristic is limited by forward
conduction effects.,

A study was also made of sources of additional loss,
such a8 that due to the use of non-ideal filters and that due
to unwanted harmonic power ,keing dissipated in the diode
resistance or in the load.

The effect of the diode being driven into the region
where conduction losses become appreciable was examined by

v
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deriving an approximate expression for the modified 'Q' factor
of the diode under these conditions. A separate analysis wes
performed to determine the ultimate efficiency obtainable

when the diode is driven into the region where the forward
conduction current is large and where it is operating under
charge storage conditions. The optimum circuit conditions
were found to be widely different from those for depletion
layer operation but as a result of the analysis it is possible
to predict the performance of a depletion layer circuit when
driven heavily into the forward conduction region.

Some probléms which occur in practical circuits were
investigated including the following: methods of biassing
the dicde, effect of de-tuning the output circuit, input/output
relationships when the input is varied, qualitative study of
hysteresis effects, requirements for matching a circuit to
a generator, requirements for cascading stages.

Apart from the basic theory for each stage of the work
being verified experimentally, some general experimental
work was carried out to illustrate the general performance
of the circuits studied. Agreement with the theory was good
in low frequency circuits (with the exception of the results
for charge storage operation due to the fact that the diode
used did not exhibit ideal characteristics). Results on
multipliers in the range 300 Mc/s. to 1200 Mc/s. indicate the
neéessity of limiting spurious losses by suitably connecting
the diode to the associated equipment.

As an outcome of the results obtained in the above
studies, a sound basis exists for the design and comparison
of maximum efficiency circuits using the depletion layer
mode of operation for the two basic circuit configurations.
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Some problems for further study which derive from
the above work ares:

Extension of the charge storage theory to cover the
case of small forward drive and thus to derive a complete
solution for operation in the region between that where the
.depletion layer effect dominates and that where the charge
storage effect dominates. This could most readily be carried
out with the aid of a computer to solve the mathematical
solution presented in sect.3.

Extension of the study of hysteresis effects to include
the case of high order hysteresis and to relate this to
practical cirecuits.

Complete study of input/output relations when the
input is modulated.

Study of other modes of multiplication. This has
already been attempted by Utsunomiya and Yuan37 using more
than two resonant circuits. A complete large signal analysis
of this type of circuit would undoubtedly present an
interesting theoretical study.
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