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ABSTRACT

A solid state (abrupt jﬂnction varactor) frequency doubler is
designed to yield a stable output at 9.0 GHz. The varactor diode
(BLV81EC with a cut-off frequency of 60 GEz) was mounted at the centre of
a crossed waveguide structure which includes a number of matching and
tuning devices. The experimental arrangement of the waveguide assembly
and the technique of diode mounting together with measurements made on
this doubler is discussed. The conversion efficiency and the basic
operation of the harmonic generator are presented from an idealized
equivalent eircuit model. It is shown that for the frequency doubler
4.5 to 9.0 GHz the measured power efficiency is approximately 56%
without taking the attenuation loss of the bandpass filter into account
and is 38% when this loss is taken into account. Much higher efficiency
than reported here is realizable with the use of the relatively new step

recovery diode.
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CHAPTER I

INTRODUCTION

Efficient harmonic generators are presently used as convenient
sources of microwave power at millimeter and submillimeter wavelengths [1,2],
Their use has also been recently extended to generate standard frequencies
in microwave laboratories by multiplying the output of a crystal stabilized

oscillator,

1.1  FREQUENCY AND POWER LIMITATIONS OF MICROWAVE SOURCES:

In spite of many attempts, there has as'yet been very limited
success in producing coherent electromagnetic radiation at the millimeter
and submillimeter wavelengths. Only one type of conventional microwave
tube, the CSF# carcinotron, has been reported to operate successfully at
millimeter wavelengths. About 10 milliwatts of powér has been generated
by this experimental tube [3,4], This achievement represents remarkable
progress in the scaling down of a conventional microwave tube. There are,
however, certain fundamental limitations outlined by Pierce [5] in 1950,
which makes it extremely difficult, if not impossible, to achieve the
operation of conventional tubes at very high frequencies,

The physical dimensions of the interaction region within the
tube are generally a fraction of a wavelength so that precise construction

of components becomes very difficult at shorter wavelengths, Furthermore,

o

Hanufactured by compangie Generale de T.elegraphie Sans Fil, Paris, France.
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losses increase with frequency thus lowering the tube efficiency and
increasing the heat that must be dissipated. The physically smaller
size, on the other hand, makes heat dissipation more difficult and,
consequently, limits the input power that can be used to get appreciable
interaction between the electron beam and the electromagnetic fields,
It is necessary to have increasingly higher current densities as the
frequency is increased. Space charge effectSseriously limit the maximum
electron density that can be achieved in an electron beam, while the
attainable cathode current density also presents a limitation for micro-
wave tubes. In all of the conventional tube types, these factors combine
to make oscillations in the shorter wavelength region either impossible,
or with such high losses, that only a small amount of r;f. energy can be
~ generated.,

The maximum continuous power available from microwave tubes
is shown in Figure lf In the range from 10 GHz to 300 GHz, the available
power falls at the rate of about 40 dB per decade (12 dB per octave).
With the exception of CSF as already mentioned, operation at higher
frequencies has not yet been achieved; The success of the CSF tube shows
how far conventional tube techniques can be extended. The lack of progress
in extending other tube types, both in power and frequency, is related to
the expense of conducting such research, and the very limited demand for
these tubes.

Consider some of the other methods for producing microwave energy.
Coherent electromagnetic power, both cw and pulsed, has been produced

at optical wavelengths by masers or lasers [6], At present, however, maser

s o i e W

#This data has been collected from different commercial tubes available

for producing microwave energy.
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oscillators and amplifiers are not available in the wavelength region
below 10 millimeter. One difficulty here might be due to the lack of
information about suitable transitions resulting from the very limited
work in spectroscopy at these wavelengths. The highest microwave frequency
yet produced coherently was obtained by an "arc harmonic generator"
developed by Froom;:in England. Using 5 watts of continuous wave power

at 35 GHz, harmonics as high asZEZt (735 GHz) have been detected.

P-N junction diodes for a long time have been used in frequency multipliers
[7]. But, page [8] has shown that the efficiency (power output/power
input) for a frequency multiplier employing ideal non-~ldénear resistance
diodes is limited to l/NQ, where N is the harmonic number of interest,

The reason for low efficiency is due to high resistive losses presented

by these devices.

1.2 HARMONIC GENERATION BY NON-LINEAR REACTANCE DEVICES:

A power gain can be obtained if a variable resistance device
is replaced by a variable reactance device. A basic description of the
meéhanism for harmonic generation by non-linear reactance is given by the
fundamental power relations developed by Manley and Rowe [9]. These
equations state in effect, that all the power applied to a lossless
non-linear reactance device at one or more arbitrary frequencies, must
emerge as an equal power at harménics of the driving frequency, i.e. 100%
conversion efficiency is possible., In practice, however, such an ideal
device can only be approached., Semiconductor "varactor" diodes (variable
capacitance diodes), due to tlieir low loss properties, come nearest to

%See Reference [7



'satisfying this ideal condition and can therefore be used for efficient
microwave harmonic generation and amplification. A varactor [10, 11l

is a diffused p-n junction semiconducting device with non-linear
voltage~charge characteristics and is normally operated in the reverse-
bias region. The most important distinction between varactors and
conventional diodes, is that the varactor exhibits much lower parasitic-
resistive losses, thus enabling efficient power conversion. Moreover,
variable reactance devices have proved their superiority over other
devices with regard to low noise characteristics [12, 13, 14].

In the present investigation the theory and use of the varactor
diodes for frequency multiplication is discussed in Chapter II and the:theory
of harmonic generation is reviewed briefly in Chapter III., The conversion
efficiency of the harmonic generator is predicted theoretically in -
Appendix B while the multiplier design and the experimental results are
presented in Chapter IV. A conversion efficiency of about 40% has been
obtained for 4,5 GHz to 9.0 GHz harmonic generator. The comparison

between the theory and experiment is discussed in Chapter V.



CHAPTER IIX

THE THEORY AND APPLICATIONS OF THE VARACTOR DIODE

2,1  THE PHYSICAL STRUCTURE OF THE DIODE:

The varactor is a p-n junction semiconductor device having a
non-linear charge~voltage characteristic. Its junction capacitance can
be varied by varying the reverse bias, All p-n junctions exhibit
non-linear barrier capacitance; if this effect predominates in some sense,
then the junction can be used to advantage as a varactor diode, Excellent
discussions of p~n junctions and junction capacitance are presented in
the literature [15, 16, 17]. Instead of giving a rigorous treatment
here we present sufficient background material for discussion of junction
capacitance,

It is a well known fact that a p-n semiconductor junction acts as
a rectifier, passing current in only one direction. For a simplified
picture, suppose a battery is connected to the ends of a semiconductor,
with its positive terminal to the p-region. The energy level diagram for
this configuration is shown in Figure (2.1c). As a consequence, the
junction-barrier potential is reduced to q(VJ - VF) and there is a
net flow of current across the junction and through the external circuit,
The current consists of holes which are injected from the P-region into
the n-region and of a flow in the opposite direction of injected electrons.,

On the other hand, if the battery is reversed, the barrier potential is

increased to q(VJ + VR) as shown in the Figure (2.1b). The carriers of



each type would be drawn back away from the junction and no net current

would flow except the saturation current due to minority carriers.

2.1.1 The Variable Capacitance Property:

In the absence of external bias across the diode, equilibrium
is established between the two regions as shown in.Eigure (2.1a)
resulting in the same Fermi level for the two regions. A narrow region
is left at the junction which is free of carriers. This region is
called the depletion layer and acts as a parallel plate capacitor
separated by two conductive regions. It can be seen that by increasing

the junction voltage V. by means of reverse bias as shown in Figure

J
(2.1b), it will increase the thickness of the depletion layer., This
occurs because electrons and the hole distribution will be pulled in the
opposite direction so that the net distance between the two barriers is
increased. As the depletion layer width increases, the junction capacity
decreases. On the other hand, when forward bias is applied as shown in
Figure (2.1c), the two barriers will be pushed forward and the width

of the depletion layer decreases. Thus capacitance may be varied by
changing the external bias.

The precise dependence of the junction capacitance upon the
applied voltage varies with the nature of the junction. In abrupt
junctions, where n-type doping changes to p-type doping in an abrupt
step, the capacitance is inversely proportional to the square root of
the applied voltagg° In graded junctions; i.e. where doping changes
~gradually from n~type to p-type, the capacitance varies more like the

reciprocal cubic root of the applied voltage. These cases are shown in

*See Appendix A, equation (A.3)
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Figures (2.2a) and (2.2b) where N(X) represents the doping density
and positive X 1is the distance measured away from the junction into

the n-region.

2.2 THE EQUIVALENT CIRCUIT:

There are three physical effects tﬁat should be included in
the varactor equivalent circuit. These are the non-linear junction
capacitance, the series resistance RS and the conduction across the
junction. We represent the junction conduction, approximately by a non-
linear conductance G(V)* where V 1is the instantaneoug voltage across
the junction. Besidesthese three parameters, we should include in the

equivalent circuit any inductance 'L of the wires leading to the

lead

semiconductor and any stray capacitance Ccase of the package enclosing

the varactor. The resulting equivalent circuit is shown in Figure (2.2c),
The above equivalent circuit may be simplified in the following

manner. The conductance G(V) may be neglected since in high quality

and C may

varactors it is effectively shunted by C(V). Llead case

also be neglected in high quality varactors at high frequencies, since
their contribution to the final behaviour of the circuit is negligible.

The simplified resulting circuit [18] is also shown in Figure (2.2c).

2.3 THE CUTOFF FREQUENCY, CONTACT POTENTIAL AND NORMALIZED POWER:
Cutoff frequency is the characterization of the varactor

quality and is defined as:

“Please see Reference [46].
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where Smax (or Cmin) is the maximum elastance(or minimum capacitance)
occurring at breakdown voltage. Smin is the non-zero value of elastance
at a voltage V =V in; The above definition for cutoff frequency becomes

identical to that proposed by Uhlir in 1958 [18], for negligibly small

S . . Hence
min

fc = Eﬁﬁ—ﬁi—E;;;' (2.2)
we can see that the cutoff frequency of the varactor is virtually limited
by Rs’ the series resistance of the diode,

Contact potential is due to the incomplete compensation
between the fixed charge density and mobile charges. For p-n junctions,
this voltage ranges between 0.1 to 0.5 volt. . It is more convenient to

express the non-linear element in terms of an incremental elastance

S(V) instead of an incremental capacitance C(V) i.e.

For an abrupt junction varactor, the elastance, the contact potential,

and applied voltage are related by:

%*As V approaches ¢ in the forward conduction region (Figure 2.3),
(2.5) is only approximate, since the nonlinearity changes in this region.

Also, the edge of the depletion layer is not flat to the extent that

S=0 at V=¢ In practice, S approaches a non-zero value Smin’

at a voltage V=V . .
: min
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Ny

S(V) = S vise

nax | V¥ 0 (2.4)

where Smax is maximum elastance at breakdown voltage V_ and o is

B

the contact potential. For graded junction varactors, the corresponding

expression [19 1 is given by:

1/3
S(V) = 8 [V'* ¢ ] (2.5)

max VB + ¢

Normalized power of a varactor diode is a measure of its power handling
capabilities and is given by:

2
(Wt 9)

Pnorm - R
s

(2.6)

The higher the normalized power (for a given cutoff frequency), the
higher the power levels that the varactor is inherently capable of
handling, A related quantity which gives a more specific’indication of
power handling capability at a particular frequency is the nominal

reactive power as used by Uhlir L18, u1]:
. C V2‘ in (2.7)

It can be shown [18] that, to a good approximation, the maximum input
power P‘n which can be efficiently transformed to harmonic power can be
i

~given, for the abrupt junction, by the equation
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2

Pin = 0,2 fin Cmin (VD - VB) (2.8)
where fin is the input frequency, VD is the diffusion voltage and
C . is the capacitance at breakdown voltage V_.

min B

2.4 THE ELECTRIC CHARACTERISTICS

The V-I characteristic of a typical diode is shown in Figure
(2.3a). The reverse current is nearly constant to quite a high negative
bias. Eventually, a critical voltage -|VB[ is reached beyond which the
current increases rapidly. This wvoltage is usually referred to as the
avalanche (breakdown) voltage. The large increase in current is due to
impact ionization. The non-linear capacitive voltage characteristic is
shown in Figure (2.3b). The capacitance assumes a minimum value Cmin

at the breakdown voltage V In figure (2.3c), the elastance has been

B.
plotted as a function of the applied voltage for an abrupt-junction
varactor diode according to the equation (2.4). It can be noted that

maximum elastance is achieved at the reverse breakdown voltage VB'

2,5  APPLICATIONS
Since the series resistance of a varactor diode is very small and

the quality factor Q (er ) is large, the power losses of the device

1

wCR
s
are relatively small making it attractive for use in high frequency multi-
pliers, amplifiers, mixers, detectors [1], and sub-harmonic generators.

The junction is very thin because of its heavy doped p-n semiconducting

materials, and therefore the diode can be used as acgood switching device
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e.g. in high speed computers [20].

The simplest application for the diode is for harmonic
generation or frequency multiplication [21, 22, 23]. The varactor is
excited at a frequency fo and power is delivered to the load at
frequency 2fo, Sfo, or in general, nfd wvhere n 1s a positive integer.
A chain of varactor multipliers, driven by v.h.f. transistor amplifiers,
makes a very practical solid state source of microwave power,

Another application is for frequency division or subharmonic
generation [24]., If the varactor is excited at £ s power may be
delivered to/ftad at fo/2, fO/S or in general fo/n.

An additional application is in frequency convertors when a
large current at a frequency fp and a small current at a frequency
fs are put through a varactor, side bands with frequencies (n fp + fs)
are generated. If the output frequency is greater than fs it is an
upconverter, otherwise it is a downconverter [25].

Another importance application is in parametric amplifiers [26].
The varactor is pumped at a frequency fp and a signal is introduced at
a frequency fs' If the varactor is properly terminated at the side band
(fP - fs), then the varactor behaves at fs as if it were an impedance
with negative real part. This negative resistance is responsible for the

mechanism of amplification,



16

2.6 THE DESIGN OF VARACTOR DIODES FOR FREQUENCY MULTIPLIERS?

2.6.1 The Design Criterion for Varactor Diodes.

The design of the varactor diode is governed bytfhree require-
ments imposed by (1) the circuit; (2) the semi-conductor materials;
and (8) the processing and fabrication technology. For example, a
switching diode may be quite different from a diode for communication
use. Diodes for low frequency and low speed are easier to realize than
those for’very high frequencies and speed. The varactor diode for harmonic

~ generation should have a high cutoff frequency. This requires a low
series resistance and a low diode capacitance, which are difficult to
achieve simultaneously. Impurity doping is an important parameter because
it controls the barrier capacitance and series resistance and hence, the
cutoff frequency. A high cutoff frequency requires a low resistance and
thus material with high mobility. InSb and InAs have the highest
mobilities, but they have to be operated at low temperatures. High cutoff
frequency (i.e. reduced RS ) can be obtained through the use of recently
developed pulsed formed p-n junctions. The junction and the forming
technique is that proposed by Burrus [27]. The best results to date, in
both power handling capability and efficiency, have been obtained with
GaAs varactor diodes. The diode made on this material had very sharp
reverse breakdown voltage in the range of 15 to 20 volts. A conversion
efficiency of 20% has been obtained by using these diodes for a 70 to

140 GHz harmonic generator [2].

- - —— -

* For a complete analysis and the predicted conversion efficiency, the

reader is referred to Appendix B,



2.6.2 A Hypothetical Design of a Varactor for a Frequency Doubler

As a hypothetical case, we assume the following design

parameters:
Signal frequency = 4.5 GHz
Input power P. = 100 m watts (desired)
Dissipation P.. = 35 m watts (allowed)
diss
Therefore Efficiency = >0 x l7gg % 100 . gs59
wc %
From the curves of Vs Conversion Efficiency
o]
we obtain:
fc
':‘E“ = 14
o
hence
f = 63 GHz
c
fin
From another curve of Fovs Pin given in Appendix B we obtain:
c
P,
Mmoo 5x 1070
norm
100 x 107° -3
————— = 5 x 10
P
normal
hence
P = 20 watts
norm
But 5
(VB + )
[ S —— = 20
norm RS

- v € - o o e e

* See Appendix B, equations (B.30) to (B.32).
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Assuming V_ the breakdown voltage equals 10 volts and ¢ the contact

B
potential = 0.5 volt then,

2
(10.5)° _
< -2
s
hence
R = 5.2 ohms
S [ —
Now
_ 1
fc T2T7TR C_.
S min
Therefore C = 1
min 2mf R
c s
1

9
"% 3irx63 x5 *10 = 0.1pf

hence the parameters of this diode are

Cutoff frequency = 60 GHz

Breakdown voltage = 1lOvolts

Series resistance = 5.2 ohms

Capacitance at breakdown = 0.1 pf.
Diodes having such characteristics are commercially available and

alternatively, are simple to construct with reasonable facilities.



CHAPTER IIT

HARMONIC GENERATOR (DOUBLER)

3.1  PRINCIPLE OF HARMONIC GENERATION:

A harmonic generator, in principle, multiplies power at one
frequency to the power at another frequency., In this thesis we are
interested in the use of a varactor diode as the non-linear element
for microwave harmonic generation. The use of a varactor diode as a
microwave semiconducting device is due to the non-linear charge
vs voltage characteristics of a.p-n junction operating in the reverse bias
region as shown in Figure (8.1). The resultant voltage wave is seen to
be strongly distorted and rich in harmonics. With the aid of proper
filters and impedance matching devices, the harmonic frequency of interest
is extracted from the distorted voltage signal. The percentage of
fundamental power which is transferred to the harmonic frequency of
interest is defined as the conversion efficiency. Conversion efficiency
of 100% can be obtained by having perfectly matched devices and infinite
Q varactor diodes. However, less efficiency is obtained under practical
conditions,

Page [8] has studied the harmonic generation with non-linear
resistor diodes and obtained a theoretical efficiency ofvzéﬁ- , where N
is the harmonic number, Since a varactor diode is essentiglly a non-linear
reactance with no power dissipated theoretically, its efficiency is

for
therefore expected to be higher than/lossy non-linear devices. The

- 19 -
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additional advantage of higher power handling capacity, higher cutoff
frequency and high §/N ‘ratio makes the varactor diode a more promising

device in efficient generation of millimeter waves.,

3.2 VANLEY-ROWE POWER RELATIONS:
In order to predict the power efficiency of a non-linear
reactance device, we make use of "the Manley-Rowe power relations [9].
These authors have derived a very general seﬁvbf equations relating power
flowing.into and out of an ideal non-linear reactance. These relations
are a powerful tool in predicting whether power gain is possible in a
~given situation and the maximum gain that can be achieved,
Consider a non-linear capacitor excited with two frequencies

£ and fo (or Wy and wo} together with series resistances and band-
pass filters as shown in the Figure (3.,2). These filters are tuned to
various sum and difference frequencies and are designed to reject the
power at all frequencies other than their respective signal frequencies.
, Positive and negative sign conventions are used for power flowing into
and out from the non-linear capacitance, respectively. .Becéuse of the
non~linearity, side bands with frequencies of the form m&l.+ nw fér
positive and negative integral values of m and n are generated.

| In general the non-linear capacitor exchanges power with its
terminations at all generated side bands where voltage V(t) across the
capacitor and the current i(t) through it (see Fig. 2.2c) may each be
expanded in a Fourier series [3g].

o oo j(mwl + nwo)t

D N AN (3.1)

v(t) nn

M = =® NT=o
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o o : j(mwl + nwo)t

()= )] )1 L .e (3.2)
TN==00 T} om0

The time averaged power delivered to the non-linear capacitor is zero,
because the capacitor, although non-linear, is lossless. However, the
effect of non-linearity is the conversion of power from one frequency to
another,

Let Pmn be the power into the capacitor at frequency

(mw, + nmo) where

1

Pmn = 2 Re [Vm,n Iﬁn] (3,3)

Then the fact that the capacitor is lossless is expressed by

LB, =0 » (3.4)

where the summation extends over all combinations of m and n such

: t
that M, + me is positive., The Manley-Rowe formulas are

e ol m P

2 z ....__._____._.mn = 0 (3.5)

mw., + nw
m=0 n=-w 1 o}

t The sum can be over, instead, any combination of m and n such that
only one pair of frequencies (mwl + nwo) and —(mwl + nwo) is included

for each m «and n. For example, we may sum M from =~ to +o ,
n from 0 to «,
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@ teo ] Pmn
z Z mnw. + nw =0 (3.6)
N=0 MNZex 1 o

3.2.1 Application of the Manley~Rowe Relations,

The usefulness of the Manley-Rowe power relations can be
illustrated by several cases in which power flow at only three frequencies
is allowed. By giving integer values for m and n, esgs m = 1 and
n = 1, there are three frequencies, fo’ fl and fo + fl. fo is the
signal source frequency and fl is the so called pump source frequency

Consider first the case where power flow is allowed at a frequency

f2 which is the.sum of fo and T The powers at these frequencies are

l.
assumed to be Po’ Pl and P2 respectively. The Manley-Rowe relations

lead to the expressions:

PP, P, P,
E—— + FiF =0 or -f-.+ :{_.-—: 0 (3,7)
o) o 1 o) 2

P P PP

Tf-l-+f+§ =0 or Fl-+-53 =0 (3.8)
1 o 1 1 2

In equation (3.7) energy is supplied to the non-linear reactance at fo
while Po is positive and P2 is negative., This indicates that power
flows from the reactance to the load at frequency fg. Then the power

gain can be defined as:

Cgain, , = - ?—— = = (3.9)
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We see this is the first example of the so called upconverter which
provides a power gain equal to the ratio of the output to input frequencies.
This corresponds to maximum theoretical gain.

As a second example, let the signal frequency be the sum of
the pump frequency fl and the output frequency f2. Thus f2 = fo - fl

and m =1 and n = -1. In this case the gain = which is the

2-0

oo™

loss in the so called down converter [25].

As a third example let the power flow at a frequency equal to
the difference between the pump and the signal. That is, let fo be
the signal frequency, fl the output frequency, and f2 the pump
frequency, with fo + fl = f2.

P2 is positive while Po and Pl are negative. As already explained

Here we are supplying power at f2 hence

in Chapter II the varactor behaves at fo as if it were an impedance

with negative real part and therefore delivers power to the signal generator.
If we define the gain as the ratio of the power supplied to the generator

at fo (by the non-linear reactance) to that supplied by the signal
generator itself, then infinite gain is possible, because the reactance can
deliver power at fo whether a signal generator at fo is delivering

power or not. That is, the Manley-Rowe relations predict that such a device
is potentially unstable and is capable of oscillations. This is another
example of a parametric device often called a negative resistance

parametric amplifier [26],

The last important device is so called the harmonic

generator [21, 22, 23], By allowing only two frequencies to exist and

letting m = 0 and n = any single integer, we have fpop the
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Manley-Rowe relations

Po _n,Pn

Ftrtye ¢O
o o]

P = power flow in at £

o o}

P_ = power flow out at n f .
n o

The efficiency is then given by

"dl Sv“d

o

which indicates a conversion efficiency of 100%, regardless of the order
of the harmonic involved. In practice the actual efficiency is less
than 100% due to:

(a) losses in the circuit element,

*(b) loss in the series resistance of varactor diode,

(¢) small but finite amount of power dissipated at harmonics

other than the desired output frequency,

3.3  BASIC CIRCUITS FOR THE FREQUENCY DOUBLER:

There are two basic circuits from which a second harmonic can
be obtained. Thelr operation depends upon whether the varactor diode is
in series or in parallel with the transmitting system. They are

classified as follows:
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(a) shunt type frequency doubler®,
(b) series type frequency doubler.

Shunt Type Frequency Doubler:

The circuit shown in Figure (3.4) is used for the shunt type
frequency doubler arrangement. The circuit is driven by a sinusoidal
voltage source at the fundamental frequency with an internal impedance
Zg' Because of the ideal input filter, which is an open circuit for
all frequencies except the fundamental frequency, only the fundamental
component of the current can flow in the input loop. A second harmonic
current is then generated by the varactor diode and produces useful

power in the load Z Furthermore the ideal filter is used in the output

Ll
loop in order to block the fundamental frequency component of the output

current.

Series Type Frequency Doubler:

Depending on the drive, it can have two modes of operation,

1. current pumping mode

2. voltage pumping mode.
A series type current pumped doubler is shown in Figure (3.5a). In this
.circuit, the varactor is placed in series with two series resonant circuits
so that only two currents, one at the fundamental frequency and the other
at the second harmonic frequency, are allowed to flow in the diode. The
ideal filteré are short-circuits at all frequenciés except at the specified

frequencies.

o Ty p———

*The Conversion Efficiency for this type of arrangement has been presented

in Appendix B.
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A series type voltage pumped doubler is shown in Figure (3,5b)
in which the varactor is in series with two parallel resonant circuits,
The ideal filters are short circuits at all frequencies except the one
specified. As a result, only the fundamental frequency component of the
input voltage can be developed at the input terminals and only power at

second harmonic frequency can be delivered to the load admittance YL‘



CHAPTER IV

HARMONIC GENERATOR DESIGN AND EXPERIMENTAL TECHNIQUES

4.1 CIRCUIT TECHNIQUES:

4,1.1 Crossed Waveguide 4500 MHz - 39000 MHz Doubler.

The harmonic generator investigated, corresponds to the shunt
type configuration as already discussed in Chapter III, Here, Figure
(4.1) shows the basic elements of this harmonic generator where a
crossed waveguide structure is used with the varactor diode located at
the intersection of the centre lines of the waveguides. The waveguide
in one direction is sized for a fundamental frequency of 4.5 GHz (C band)
and in the other direction for second harmonic frequency of 9.0 GHz
(X band). A waveguide band-pass filter centred at 9.0 GHz was connected at
the output of the generator to exclude the higher harmonics. The power
at the harmonic frequency generated by the varactor diode travels down
the smaller (or the harmonic) waveguide. The energy at the fundamental
ffequency, on the other hand, cannot travel into the X-band waveguide
since it is beyond cutoff,

Variable tuning plungers terminate the two waveguides as shown
in the Figure (4.1) and provide considerable impedance matching for the
diode. The optimum position of the two plungers is obtained experimentally.
A gradual taper is provided for an efficient coupling of the C and X
band waveguides and corresponds to a tolerable impedance match. The

dimensions of the tapered section are shown in the Figure (4.1). In

- 32 -
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order to couple the main signal, a slot is provided in the reduced thick-
ness commonwall. A slot controls the amount of energy passing through it.
A conducting diaphragm of the form shown in the Figure (4.2) gives the
effect of a parallel L-C circuit shunted across the guide at the point at
which the diaphragm is placed. For this reason, suéh a diaphragm is
usually callea a resonant window. As a first approximation, a resonant
window may be considered as a combination of an inductive window and a
capacitive window, inserted at some point in the waveguide. The resonant
frequency of the window can be changed by changing the dimensions a' and
b'. A large number of windows were fabricated and the final dimensions
chosen were those corresponding to optimum harmonic ipower. The optimum
dimensions were found to be (0.75" x 0,35"), It has been shown by
empivical data [28] that essentially zero susceptance can be obtained

at a chosen frequency with a wide variety of slots if the dimensions

a' and b' are properly related.

4.1.2 Diode Mounting and Associated Circuitry.

The arrangement for diode mounting is given in Figure (4.3),
The mounting was done in such a way that the crystal was accomodated
entirely in the smaller waveguide dimensions. The design of the mounting
was such that the various mechanical components could be machined
s eparately and assembled (or disassembled) conveniently. As shown
different facilities are provided for the ac and dc bias arrangement.
There are two teflon filled transmission lines in series with the diode
of lengths 0.42" and 0.594" as shown in the figure, and a third air filled
transmission line which can be created by moving the adjustable plug
for tuning purposes. The characteristic impedances of these lines are

21, 42 and 100 ohms respectively. The normalized input impedances at
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at the diode end with respect to 21 ohms line and at the harmonic
frequency were computed for various lengths of the air filled line and
found to be +j2,25, 0, and -j 2.45 ohms corresponding to the lengths
0.25", 0,0725" and 0", respectively. The actual length of this air
filled transmission line was optimized experimentally and found to be
approximately the same as the theoretical value.

A co-axial to wavegulde coupler is used for feeding the
oscillator power and a waveguide to co-axial coupler for extracting the
power from the harmonic generator. At the waveguide junction where the
diode is mounted, there are four possible paths in which the energy can

travel. However, the objective is to ensure that the maximum harmonic

36

energy travels towards the output waveguide., The fundamental power cannot

propagate in the X-band harmonic guide since the dimensions of this
waveguide are beyond cutoff, The harmonic energy cannot travel back

towards the fundamental guide due to the resonant window which becomes

antiresonant at the harmonic frequency. Harmonic power is made to travel

only towards the output waveguide by terminating the other two arms by
movable short circuits., By adjusting the distance of the plungers from
the diode, an infinite impedance to waves at the harmonic frequency is
created in that direction, This is because when a line, which is an
0dd multiple of quarter wavelengths, is terminated in a short circuit,
then it would represent a very high impedance at the input end. This
can be seen by the voltage and current distribution on a A/4 short
circuited line as shown in Figure (4.2). This can also be interpreted
from a power point of view since the short circuiting plungers are

adjusted to match the incident power to the dicde.
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Lh,2 EXPERIMENTAL WORK:

4,2.1 V-1 Characteristics gf_the Varactor Dicde,

Since it is necessary to know the V-I characteristics of the
varactor diode, an experimental set up for this purpose is shown in
Figure (4.4).> Different readings for voltage and current are taken for
forward and reverse bias. A plot of V-I characteristics is shown in the

Figure (4.,4),

4,2,2 Voltage-Capacitance Characteristics of a Varactor Diode.

In order to measure the voltage-capacitance characteristic,
the varactor diode should be mounted correctly, and well-matched to the
associated circuits. Much work has been done in this direction to

optimize the various diode mounts for various varactor diodes. In our

‘ot
-

experimental work the varactor diode is placed in an X~band crystal mount.
The experimental set up is shown in the block diagram of Figure (4.5).

To begin with, an open circuit diode is placed in the mount while
V.S.W.R, and position of voltage minimum are recorded. The open circuit
diode is then replaced by a short circuited diode and again the V.S.W.R.
and the distance between the reference plane and the position of voltage
~minimum are recorded and the data is plotted on a Smith Chart. Now the
actual diode is placed in the mount and the V.S.W.R. and the position of
a minimum are recorded. The reactance of the short circuit point is read
on the Smith Chart and subtracted algebraically from the reactance measured
by the actual diode to get the junction reactance. Excellent discussion
on the topic "When a diode shunts'é transmission line" is available

o diode

in the literature [29]. This author discusses the shunt-mounted in the
form of an equivalent circuit as shown in Figure (4.5a). There, Za is
the impedance shunting the guide and therefore

—————— o - - -

“The mount used is HP 485 B,
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Xa
L = '&)—“ (40201)

Cd is the parallel plate capacitance of the mount within the diode

package and is given by

Wd2
cd = vy go (4,2.2)

where d and h are the diode package diameter and mount parallel plate
spacing, respectively, and € is the permittivity of air. Ld and CA
are the package inductance and capacitance, Cj and RS are the junction
capacitance and the series resistance.

Whereas every effort has been taken to take the inductance La
into account, its effect is not completely understood in the assumed
model and could therefore lead to serious error, Bias voltage vs
capacitance is plotted in Figure (4.6). The capacitance assumes a
minimum value at breakdown voltage. The minimum capacitance measured
is about 1 pf whereas the tabulated value of the capacitance by the

manufacturer is less than 0.2 pf. The error could be due to the

unmatched diode mount.

4,2.3 Measurement of Filter Insertion Loss.

Since it is necessary to know the insertion loss presented by

the band-pass filter, an experimental set-up for this purpose is shown in
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Figure (4,7). The complete design of this filter is given in Appendix c,
The usual method of "power-ratio measurements" is used to measure the
insertion loss of the filter,

To begin with, load power P, is measured on the power meter

2
with the band-pass filter connected in the system, after which the band-
pass filter is removed and load power Pl is again measured with nothing
else changed. The ratio of Pl to P? converted to db  gives the
insertion loss in. db's, The above procedure is repeated for different
frequency settings of the signal generator - to get a plot of frequency
vs insertion loss as shown in the Figure (4.8). It can be seen from these
. characteristic that the insertion loss presented by this filter is about
2,5 db,

VeS.W.R, for the band-pass filter is 2.5 hence T, the

reflection coefficient, is 0.425. The mismatch loss is given by:

1
O T ee——
"1 r|?
hence o (db) = 10 log —= = 0.85 db
n 1 - |r|2

now
Insertion loss = attenuation loss + mismatch loss

i.e. L) = o

i.e (ul) (aa) + ( m)

hence

o =0, -0_ = 2,5 ~ 0,85 ='1,65db,
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The specifications of the band-pass filter used in the harmonic generator

are

9.05 GHz

Upper pass~band frequency

tt

Lower pass-band frequency = 8,95 GHz
Center frequency = ¢ GHz

Bandwidth = 1%

V.8.W.R. = 2,5

Insertion loss = 2,5 db,

b3 EXPERIMENTAL PROCEDURE:

L,3.,1 Detection of Output Power From the Harmonic Generator,

The experimental setup used to detect the power output in the
harmonic generator is shown in the block diagram of Figure (4,9). The
output of the harmonic generator is connected through a crystal to a
very sensitive crystal boloﬁeter amplifier. The signal source is modulated
byal KHz signal and the signal generator frequency is set at U.5 GHz,
The:power detected is maximized by the simple adjustments of the short-

circuit plunger, the coupling.slots, as shown in the (Figure 4.1).

4,3,2 Measurement of Harmonic Power.

The harmonic power was measured in two different ways:
(1) direct method,
(2) comparison method,

The setup for the direct method is shown in the block diagram of

Figure (4.9). A co-axial tumer is used for transferring the maximum power.
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from the signal generator to the fundamental guide of the harmonic generator
by matching the output impedance of the signal generator to the fundamental
waveguide impedance. Similarly an E-H tuner is used on the output side
- of the harmonic generator to deliver maximum power to the band-pass filter,
The output of the band-pass filter is connected to a power meter through
a thermistor mount. The signal generator frequency is set at 4.5 GHz
and maximum outpu{ power is obtained by making the adjustments already
described in section (4.3,1). The harmonic generator is disconnected at the
output of the stub tuner and connected directly to the power meter. The
stub tuner is retuned to get the maximum power output from the signal
generator. The difference in db between the two readings gives the conversion
loss of the harmonic generator in db.* The distance of the short circuits
from the varactor diode and the dimensions of the coupling slot used to
get the maximum power output are also noted. Since the power meter scale
is limited to 10 milliwatts, the output power of the harmonic generator is
adjusted so that the maximum value does not exceed the full scale of the
meter reading. Different readings are taken with different input power
levels, and a plot of corresponding conversion loss is given in Figure (4.12),
Figure (4.10) shows a photograph of the experiment described above.
The wavemeter connected between the thermistor mount and the band-pass
filter is removed for power measurements, and is included only for frequency
measurements,
The set up for the second method (comparison method) is the same
as shown in the block diagram of Figure (4.9), except that the
thermistor mount and the power meter are now replaced by a crystal and

*The contributions from the harmonics other than the 9.0 GHz signal were
found to be -16db for 13,45 GHz, -19db for 16.8 GHz and ~21db for 15,1 GHz

signals (with respect to 8.0 GHz signal)using a spectrum analyzer.
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a V.S5.W.R, meter. The input power to the harmonic generator is controlled
by an attenuator attached to the signal generator. The signal generator
frequency is set at 4.5 GHz and is modulated by a 1 KHz signal. The
maximum reading obtained on the meter, by making the adjustments already
described, is noted in db and the attenuator reading on the signal generator
is also noted. The output of the signal generator is then detected and
connected directly to the V.S5.W.,R. amplifier. The attenuator on the
signal generator is varied to get the same readong on the V.S.W.R.
amplifier as before., The difference of the two attenuator readings
gives the conversion loss in db. The attenuator readings are then adjusted
by corrections obtained from a calibration curve made with the power
meter.

The results for the conversion loss based on the two methods

are given in the table and are based on the calibration given in Table I.

4.3.3 lMeasurement of Frequency.

The set up for the frequency measurement is the same as shown
in the block diagram of Figure (4,9) except that a wavemeter covering
the X-band range is now connected between the filter and the thermistor
mount as shown in the Photograph of Figure (4.10). The wavemeter is
adjusted until the output frequency from the harmonic generator becomes
resonant with the cavity of the wavemeter; at the point of resonance a
dip in the power meter reading will be noticed. The frequency is then

read directly from the calibrated scale of the wavemeter.
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RESULTS:
DIRECT METHOD
Input Power Conv. Loss Theoretical
milliwatts in db Conv. loss in db
2.0 5.0 1.6
2.5 L.,0 1.6
3.7 3.8 1.6
5.2 4.1 1.6
7.5 4.0 1.6
COMPARISON METHOD
Input Power Conv. Loss Conv. Loss After
milliwatts in db applying correction Theoretical
3.0 3.45 .0 1.6
5.0 3.45 .0 1.6
7.0 .y 3.9 1.6
10.0 4.5 3.95 1.6
TABLE I

Output frequency measured by the cavity wavemeter = 8.99 GHz
Bias voltage used = 1.5 volts

Dimensions of the coupling slot which gives maximum output = 0.75" x 0,35"

Distance of short circuit in the X-band waveguide from the diode = 1.58 inches.
Distance of short circuit in the reduced height waveguide from the diode

= 0.75 inches.

* The direct method was primarily for the sake of tuning the harmonic

generator,
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CHAPTER 5

DISCUSSION AND CONCLUSIONS

5.1 GENERAL DISCUSSTON:

Frequency multiplicatdon can be achieved in a very efficient
way through the use of a non-linear reactance. Since, the non-linear
reactance is a low noise device, the resulting efficiency obtainable = .
provides the possibility of using it as a multiplier of considerably
high order without introducing additional or excess noise from the active
elements.

Complete conversion of fundamental power to power at any
harmonic is not impossible provided that we have an ideal non-linear
reactance element. The difficulty in obtaining efficient multipliers

presented by
in the microwave range is due to  the excessive loss / - the diode, the
associated circuitry and the unwanted harmonics. A significant increase
in efficiency is obtained when the undesired harmonics are prevented from
being generated and their power is returned to useful output at the
desired harmonic frequency.

The efficiency of the harmonic generator is a definite function
of Q of the diode. For higher frequency operation, the loss of the
diode will be much greater than other circuit losses. A diode with high
Q is therefore essential. The input power to the varactor diode is
liﬁited by reverse breakdown voltage of the diode. When the diode is
biased at high negative voltage, the input voltage can be increased

proporticnally without the diode conducting in the forward region. It may

- 54 -
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also be noted that certain harmonics may not be obtained with particular
characteristics and circuit configurations. For example, a capacitance

of the form C = TV_§—$7% will generate no harmonics higher than the
second in the shunt type configuration of doubler since all of the higher
order Taylor coefficients are zero. So for generating high order harmonics
we should use the series type configuration. On the other hand, the shunt
type of doubler can handle more power than a series type. The maximum
power which can be handled may be limited by one of two factors. Thase
are: the voltage across the non-linear capacitance which cannot exceed

the total bias voltage or breakdown voltage; secondly the 12R losses

in the varactor must remain below a reasonable value. In general, the power
which can be handled by the frequency multiplier is greater for lower
impedance circuits. The shunt type configuration has the advantage in this
respect and has been capable of handling several hundred milliwatts with-
out reduced efficiency,

The graph in Figure 4,12 represents an experimental curve of
input power vs efficiency for the frequency doubler. The graph shows that
at high input power levels, the response is quite flat., The response of
the doublers was not measured afjizéh input power levels for lack of
suitable equipment. It is expected that as input power becomes larger,
the measured efficiency should tend to drop.

It was believed that the reason for deviation between theoretical
and experimental results was due to the losses in the waveguide, and
associated components e.g. loss in the band-pass filter and losses in the
impedance matching components. Another reason for deviation between

theoretical and experimental results could be due to the fundamental

power not being fully utilized by the diode., The fundamental energy
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can leak towards the dc supply arrangement. The fundamental energy could
be blocked from leaking by providing co-axial chokes as used by Steele [30],

The general theory for co-axial chokes is given by Ragan [31l].

5,2  CONCLUSIONS:

The construction of a 4.5 to 9.0 GHz varactor frequency doubler
with a conversion efficiency of approximately 38% has been achieved since
approximately 2% of the measured power is attributed to the third harmonic
(13.5 GHz). It is believed that there are yet several ways of obtaining
improvement in the circuit efficiency., The applications of presently
well known techniques for making precision electroformed waveguides to the
construction of varactor diode mounts of reduced height waveguide, should
provide a much better impedance match to the diode and should reduce the
overall conversion loss,

The use of varactor arrays in frequency multipliers to provide
increased output power have been reported recently [32]. Also a series
array has been used to raise the impedance level such that the circuit
losses become a less significant fraction of the input and output load
impedances thus providing more efficient operation.

Certain transistors have also been recently used for the dual
purpose of amplification and frequency multiplication [33] where the
collector to base capacitance acts as a varactor. Although transistor
multipliers are simpler to operate at perhaps less cost, their output is
smaller than that obtained by using a varactor multiplier.

For moderate power requirements, it may be desirable to use

transistor amplifier:./multipliers up to about 1 GHz and varactor multipliers
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for higher frequencies. In the case of high output power and broad dynamic
range requirements, the step recovery diode is ideal [34]., For moderate
power and dynamic range requirements the abrupt junction varactor is

quite suitable at present.

5.3 SUGGESTICN FOR FUTURE RESEARCH:

The recently introduced "step-recovery'" diode [34] appears
to be an ideal device for applications requiring high power, broad
dynamic range and reasonably high efficiency. The term "step recovery"
refers to the phenomenon of sudden collapse in reverse current as charged
carriers, which cross the junction during the positive part of the cycle,
return to their éoint of origin. It is this sudden collapse of current
which produces a waveform that is rich in harmonics, thus enhancing
multiplier action. These diodes can handle about twice as much power as
abrubt junction varactors. Typical power handling probability is in the
2-watt range at X-band (10 GHz). It is therefore suggested that use of

this diode be investigated in future multiplier development.



APPENDIX A

A.1  VOLTAGE DEPENDENT BARRIER CAPACITANCE

The space charge diagram of an abrupt junction is shown in
Figure (2.2a). Here q is the electronic charge while Nd and Na are
the doping concentrations for the donors and the acceptors respectively.
The space charge in the n-region is ¢ Nd while -q Na is the charge

in the p-region.

Applying Poisson equation to this configuration we have;

a¢ _ -0 (A.1)

where ¢ is the electric potential, P is the charge density, and to a

- good approximation, is given by q_(Nd - Na) for -x_ < x< Ky Furthermore:

£ =0, ~®< x < -x
a
N, =0, -x_ <x<0
a
= < <
Na 0, 0 <x Xy

The boundary conditions applieable in this case are:

X = -X when ¢ = ¢_ and o¢ =0

a %
_ - 99 _
X = x; when ¢ = ¢b and 7= =0 (A.2)

¢ and 99- both must be continuous at x = 0.
9x
Solving equation (A.1l) and applying the boundary conditions,

the junction capacitance C (V) Per unit area is given by [35].
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80 ' Eo g N
c(V) = = (A.3)
X TR 4L2(¢b - ¢a + V) ‘
N.N
where N = da
N + N
a d

and V represents the magnitude of external bias applied in the reverse
direction. ¢b - ¢a is the contact potential and denoting it by ¢ we

have

c(v) = —*—5?——T- (A.4)

[6 + V12
where K 1is a constant given by

€ gN_N

o
K=o —m— = =
2(Na + Nd)

A2 VARACTOR DIODE AS A CIRCUIT ELEMENT:

In general, the non-linear depletion layer capacitanée is
given by:

C(v) = K(¢ + V)" (A.5)
where n is an exponent depending upon the impurity doping on both

sides of the junction. For abrupt junctions n equals %- and for

- graded junctions n equals %-. This capacitance has a minimum value

at the breakdown voltage VB. i.e.:

- -n
Chip = K(O + V) (A.5)

and hence

_ n
K=C . (¢ + VB) (A.7)
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Substituting in (A.5) we obtain:
_ n L =T .
cvy =c . (6 +V) (6 +V) {a.8)

C(V) can also represented by a charge or junction current with the

voltage as the independent variable,

c(v) =Y%§- (a.9)
oY
Q= J c(v) av
c . (o + V)T G+ vyl m
Q = 222 (A.10)

L =-n

The current in the capacitor is given by taking the derivative of Q

with respect to time

-1
Vj av
¢- dat (A.11)

o]
13
[a¥ gah
O

_ o =1
=C . (¢ + VB) ¢ [1+
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When an a.c. signal is superimposed on a fixed d.c. bias voltage Ve i.e,

V=V +V = ve + v _ (A.12)

hence
n

n -1} v » —. .
Cmiﬂ (¢ + VB) (C,b + Ve) [1 + m-;] g_t\{_ (A.13)

-
n
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Expanding the above equation into a binomial series we have:

-0

n : L
_ v
I= Cmin (o + VB) (¢ + Ve) [1«n (6~:—v; )
n(n + 1) v 2 av
+ 5 ( g Ve Y7+ ... ] It (A.14)

Current I consists of a fundamental as well as harmonic components.
The voltage developed in C(V) is found by solving for V as a
function of Q. From equation (A.10) we have:
1
o +V = [ L =100 7 (A.15)

Coinld + Vit

When an a.c. charge g is superimposed on a fixed d.c. charge QO
at the bias voltage Vs equation (A.15) becomes:

1

l-n

(L -mn)Q ] ’ ,
n 1-n A.16
Cmin (¢ + VB) (o + Ve)

¢+ V = vo [

where V =¢ +V
o e

Equation (A.16) can be written in a more convenient form as:

L
: 1-n
6 +V =V [—9-]
o Qo
2 A
“Qo‘+ a len . l-n (
=Vo["'b"‘"‘] =V1[1+6"] A.17)
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where 1-n

(¢ + V)P (V)T
_ min B o)
QO = i - (A.18)

Expanding equation (A.17) into a binomial series we have:

‘ 1. q iy 1 g 2
¢’+V=V[1+T:§(6;)+(I-‘ﬁ)(1-n -1)’(5;) oes] (A.19)
2

Again the voltage across the non-linear capacitance contains fundamental
as well as harmonic components. Making the small signal approximation
and taking the value of n = = for abrupt junction case we have:

2

. . 2
- g
6+ V=V IL+2E) + (3] (4.20)

(o] O

The d.c. operating charge Qo may be approximated by

. C‘min 'VB
& 2 A.2
Q T (A.21)

where ¢ has been neglected in comparison to VB and VB = Ve'
To show how the non~linear capacitance varies with time we

re~write (A, 4 ) for a superimposed a.c. bias, i.e.

K
c = (A.22)
rv_ + v1t/?

Since v = V cos wt (the applied a.c. voltage) we have:
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K SRR
L

[Vejﬁl + a cos wtl

C = (A.23)

>
A

\'
where: a=y
(S

we now have a non-linear capacitance which is a periodic function of

time and can be represented by a fourier series expansion of the form

c(t) = ) C cosn ut (A.24)
n=0
where +m
‘1
1 ‘cos nwt
C =¢Cc(v) | = dwt
A.25
n e m 1 + a cos wt_% ¢ )
-
c(v) = £
v 1°



APPENDIX B

VARACTOR DOUBLER ANALYSIS

B.1  DOUBLER EQUATIONS OF MOTION:

B.1.1  General

In this appendix we present the analysis for the varactor
. frequency doubler based on the idealized circuit shown in Figure (3.4).
Analysis of an idealized circuit such as this will yield equations
characteristic of the varactor only. In practical applications the effects
of non-ideal circuits must, of course, be taken into account.

Extensive literature on the analysis of frequency multipliers
has been presented by Utsunomya and Yuan [36], Johnson [37 ], and others
[38]. However, most of these analyses are restricted to specific circuit
conditions, deal with lossless varactor models or with doublers only, or
use small signal Taylor expansions. To date, the most comprehensive
analysis of frequency multipliers is presented by Penfield and Rafuse [39];
a brief outline of the theory developed by them will be presented here.
The lossy Uhlir varactor model of Figure (2.2C) leads to the following
varactor equation:

e(t) = Rsi(t) + [s(t) i(t) at (neglecting noise) (B.1)

where s(t) is the incremental time varying elastance.
Since in harmonic multipliers, all frequencies are harmonically
related, it is convenient to express the charge, current, voltage and

elastance in terms of Fourier series [ugo ] as follows:



q(t) = zk Q exp j kuw _t
i(t) = ) I i kwt=) Jk Jk
i =1 L exp ] wo = wo Qk exp wot
k k
v(t) = ) vV, exp Jk o t
k
e(t) = ) E, exp Ik w t
k
s(t) =] 8 exp kot
k
where the sum extends from k = - to +%, and where, because
i(t), and s(t) are real Q_k = Qk“, I_k = Ik“, V—k = ka, E—k
and qu = Sk*. Further useful definitions which will be used 1

the modulation ratios, cutoff frequency.

The modulation ratio is definted as:

The cutoff frequency is defined as:

max min

(B.2)

(B.3)

(B.4)

(B.5)

(B.6)

v(t),

- Ek F

ater are

(B.7)

(B.8)
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From Equation (B.1l) each Fourier coefficient Ek can be expressed in terms

of the Fourier coefficients of the current and elastance. The F

coefficients for a periodic function with a period normalized to

ourier



66

-f.
unity , may be expressed as: (Papoulis [36 1),

1

E, = J [e(t) exp -~ 23 k t] 4t (B.9)

(¢]

By substituting (B.9) into (B.l) we have

E, =R I = (B.10)

x © Re It maR Zn I Sn

Since current is allowed to flow at only the fundamental and

second harmonic frequency, the only In present are those for n = -2,
-1, 1 and 2, and the only Sk-n present are those for k - n = -2, -1,
0, 1 and 2.

S S, I.* S, I

_ o) 2 °f 172Ff

l.e El = (RS + m ) If + o3 + 2“’:., (B.11)

So Sl
and E3 = (RS + I ) sz + ( m—é‘ ) If (B.12)

Since in the case of abrupt junction varactors, the elastance charge

relationship is linear,

E&. i 2 If . Sl“ _ -2 If“
S2 IQf S2 I2f

t w=(2m)(1) = 2r . It is considered convenient to normalize the frequency

to unity here. Any other frequency may be used in (B.1l) and the equations

to follow.



hence (B.11l) and (B.12) become;

S S, % I
- o) 1l T2f ,
Bl = (RS + '2—1'6" ) If + —77?—_).—5-—— (B.13)
So 812
F2* s v oz ) Tor * WS, ow (B.14)

B.1.2  Output Impedance

According o Figure (3.4) the output impedance is given by

E
z = -2

(B.15)
L 12

f

where output impedance ZL can be said to be complex consisting of
RL =k XL.
Substituting (B.15) into (B.14)

SO —812
(ZL + RS + Eﬁﬁﬁ-) = *E—gg—EE? (B.16)
S

The quantity (ZL + Rg + ) may be represented on a complex plane

.
2mJ2

with magnitude (Z_. + R So ) and phase angle 6
| LS o |

So Ryt Ry

2mJ2 = cos O

Z. + R_+
S

L exp J 0 (B.17)

By using (B.7), (B.8), (B.15), and (B.17) an expression for the output

resistance results;

cos 6 - 1) (B.18)
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o

where C = W, is the fundamental radian frequency. Now from

e

(o]
(B.17) and (B.18)

exp 16 (B.19)

N O

B.1.3 Input Impedance

By combining (B.13), (B.17), (B.18), it is found that,

B, =%, I (B.20)
S
© C
where Zin = Rs + PTE + RS 5 2 m, exp - 56 (B.21)
- - ¢
(Real) Zin = Rin = RS (L +2 m, 3 cosB8) (B.22)

B.1.4  Input Power
The input power may be written in terms of the input current

and resistance as follows:

R. (B.23)

The maximum varactor diode is VB’ and at breakdown the charge is QB

and elastance Smax' The minimum varactor voltage is Vmin and at

this minimum voltage the charge is Q . and the elastance S_. .
: : min min

From linear relationship betweeen charge and elastance
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S -8 . qg - Q.
. Tlg = gln (B.2u)
max min B min
2(vB - vmin)
also Q - Qmin = % TS (B.25)
max min
The Fourier coefficient If may be extracted from (B.3).
As If = 2 jﬂQl and from (B.24) and (B.7) one can write
Ip = 2mlm (QB - Qmin) (B.28)

Now by using (B.25), (B.7), (B.8), (B.25), (B.23) and the expression:

2
(VB + ¢)
Poormal = TR it can be shown by mere subsitution that
S - S . 2
_ max min 2 \2 2 C
Pin =2 Pnorm ( s -5 . ) « C ) my (L +2 m, §-cose)

max min
(B.27)

B.1.5 Output Power

The output power can be represented by a similar expression,

‘ 2

Pout = 2 l Ios I L which results in the equation
- 2

S - S . 2 2 2 1

2 :
Prom (e o) (50 ™ (g §oese-)
max min 2
(B.28)

B.1.6 Efficiency
The conversion efficiency is obtained simply by taking the

ratio
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cos 6 -

(B.29)

N
ip;—:a, g
NN

cos O +

O] Do

b.1.7  Summary of Doubler Equations

Considerable simplification of the doubler formulae is achieved
by assuming that the angle 6 is zero (i.e. tuned out in the circuit).

Values for Rin’ RL, P. , Pout’ and € are easily obtained if m, and

in 1

m, are known. However, solutions of my and m, in terms of these
parameters cannot readily be obtained. Iterative numerical techniques are
tedious and usually require the aid of a computer. Penfield and Rafﬁse L3a].
resorted to a graphical inversion technique which shows various compatible

operating conditions, relating the parameters of interest. The author

has deduced values of m, and m from these plots for C = 15- These are

1 2
ml = 0.250
m, = 0.117
Using these values of m, and m, and also 6 = 0 , the doubler
formulae becaome
R.. =R
in s
R = R
2 s wo 5
Pin = 0.3 Frorm (E;') (B.30)
Pout = 0.002 P v (B.31)
wc 2
= 0.008 ( —=) (B.32)
W
o
v Pin “o
A plot of € wvs GS" and s———— vs - is given in Figures (B.1)
o) ‘normal c

and (B.2) respectively.
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APPENDIX C

THE DESIGN OF WAVEGUIDE BAKD~PASS FILTER

The band-pass filter designed here, corresponds to direct-
coupled filter using small irises, and is used to extract the second
harmonic frequency from the harmonic generator. The design of a cavity
resonator filter coupled by small iri®s can be carried out in a general
fashion by means of Bethe's small aperture theory *2]1. Figure (C.1)
shows an arrangement used for the construction of the filter. This is a
three-resonator filter designed for a 1.0 percent bandwidth, maximally
flat response centered at 9 GHz, The resonators are coupled by two
rectangular irises at the ends and two circular irises in the middle as
shown in the Figure (C.1). The lumped equivalent circﬁit of the above

band pass filter is also shown in the Figure.

DESIGN CALCULATIONS:
The dimensions of the waveguide are:

0.9 inches

a

b 0.4 inches.,

1

center frequency :% = 9 GHz
fractional band-width w = 1%
For narrow-band filters, the low-pass to band-pass mapping B3]

is given Dby:

- 73 =
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w! _— f.'.-_fo
= == (—)
wl o
where
_wz.—,wl
w =
)
o
and
_w2+,ml
w -
o

w' and wi refer to the low-pass filter response as discussed in Ly ],

wiile w0y and w, are the lower and the upper side band frequencies for the

band-pass filter.,
Hence upper side-band frequency = 9,05 GHz
and lower side~band frequency = 8.85 GHz
~guide wavele_ngth_Ag at 9 GHz = 4,063 cms
L .863

we choose £ = 3,/2 = 5— = 0,85 inches

The elements of the low-pass prototype filter ave determined from Table

4.05-1(a)in B4 ] to be

g, = &, = 1.000
g, = g5 = 1,000
g, = 2,000

We determine from Figure 8.02-3 [y4 ] that external Q is given by:

,_wi
(Qe)A - (Qe)B "8 8 o
= _._].'_... = 100
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and

W _ .01 .0l

= oy - 00007

Ko = Kog

v
(i= g, &,) 2
using Figures 8.07-1(a) and 8,07-2(a) in Q] we find the polariz-

abilities Ml for the external and internal apertures to bef

a2
Q = —= 75— {8=1)
Lo MDA
1
100 = (0.95)° x (0.9)% (0.4)° x 1.90
b ox 3.1k x Mi x (1.31)°

Hence Ml '~“‘8'><‘;'_‘LO'"3 for the external aperture.. .

For the internal aperture we have:

M A2
l.
K= 3
£° ab
Hence
M - 0,007 x (0;95)3'x 0.9 2 0O.u
1 1,71

1.95 % 1070

For the rectangular iris we choose

.d
aﬁ = 0.5
1

Referring to Figure 5.10-4(a) in [4u] we find from the curve for

rectangular irises the value of dl to be:
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=
-

= 0,152

a8
- w

0.37 inches

Hence dl

0.5 x .37 = 0,185 inches

1

and therefore d2

After applying the correction as given in [ y571., i.e.

" i "Ml'
1 N 2
l—(_sl_)
A
we obtain
dl = 0.355 inches
d2 = 0,177 inches

For the circular middle irises we find

1/3
(GMl)

[a W
[

1/3

%

(6 x 1.25 x:10"

0,185 inches,

Three tuning screws were placed at the centers of the cavities

for fine tuning at 9 GHz.



IRIS COUPLED WAVEGUIDE BAND-PASS FILUER
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FIGURE (C.1)
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