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ABSTRACT

Low Noise Figure communication receivers require more
efficient frequency converters. Frequency conversion and
multiplication processes cannot take place without the
existence of harmonics 1n the system and the inherent
property of a nonlinear element is to generate a harmonic
spectrum. Such nonlinearity, in general, may be provided by
semiconductor diodes. This research project deals with the
theoretical analysis as well as the properties of a
nonlinear reactive device, i.e. Varactor Diode.

The power series solutions for the exponential diodes
do not normally converge quickly enough to be of practical
value for numerical evaluations. A different approach is
proposed for the evaluation of harmonic amplitudes and
phases. The harmonic generating properties of four diodes
of the same type were examined using two different
approaches and a good agreement was found between the two
methods.

Many analyses published over the years have tended to
introduce severe approximations which were only valid in
practice over limited ranges of operation. However, it is
believed that the new sampling method presented here
evaluates fully the capabilities of these diodes 1in

practice.
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CHAPTER 1

INTRODUCTION

Generation of microwave frequencies at milliwatt power
levels has in the past been generally achieved employing
klystrons and other electron beam devices. However, in
many satellite, missile and portable equipment applications
the weight, size and power consumption of these devices
needing high voltage supplies have proved to be a severe
handicap. To overcome these problems solid state devices
are being increasingly exploited.

Many high frequency systems extensively wuse nonlinear
semiconductor devices for various essential purposes. The
design of circuits incorporating such components requires a
thorough knowledge of their electrical characteristics and
behaviour. The basic principles of amplification with a
nonlinear reactance are not new. Just to mention one
example, nonlinear inductances have been employed in
magnetic amplifiers for many years. As a consequence, the
nonlinearity has always been a sub ject of great
mathematical and physical interest especially in
communications and electronics fields.

Many microwave semiconductor devices derive their
usefulness from the nonlinearity of the current-voltage
characteristic and are called varistors (variable

resistances). Nonlinearity of the charge—-voltage characte-




ristic, 1i1.e. the nonlinearity of a capacitance, is the
major feature of the diodes which are called variable
reactances or varactors.

The process of diffusion has also been important in the
development of junction diodes. As a consequence the
fragility, burn out and frequency limitation disadvantages
of the point-contact diodes have been eliminated. The
improved diodes have led to advances 1n the design of
crystal mixers and detectors, especially with respect to
noise figure and frequency limits.

When operated in the forward-biased directions,
junction diodes behave as nonlinear resistances and hence
have 1low Q values with relatively high RC products.
However, they perform as voltage—dependent or nonlinear
capacitors (varactors) when ogperated in the reverse—-biased
directions. Their nonlinear capacitance characteristics can
be especially useful in low—noise parametric amplification.

The varactor diode has also been important in raising
the efficiency of microwave harmonic generators, modulators
and switches. The power levels of the diodes have been
raised through the use of higher temperature materials such
as GaAs and higher voltages can be applied when thin layer
of intrinsic material are used in their construction.
Conversion efficiencies have been improved simultaneously
so that harmonic generators could supply milliwats of power
up to X-band frequencies and microwatts in the millimeter

region.



A semiconductor diode has a junction capacitance
associated with it and while it may present an undesirable
feature in more conventional uses of the diode, it is an
important mechanism in varactors. This capacitance actually
varies with the applied voltage if the diode is
back-biased. Shockley showed that the “Depletion Layer

Capacitance" for a planar geometry diode is given by

K

Civ) =
(g - vt

When the junction is biased in the reverse direction
the depletion layer widens and the capacitance value falls.
The conduction taking place across the junction is due to
the motion of hole and electron distributions. Its exact
dependence on the applied voltage varies with the nature of
the junction.

The quality of the varactor operation is affected by
the series resistance to a great extent and a lot of
trouble is taken in the design in order to reduce its value
to an absolute minimum.

Although the theoretical foundations of parametric
amplificafion and harmonic generation using variable
capacitance elements had been laid as early as November
1948 by A. Van der Ziel in "On the Mixing Properties of
Non-Linear Condensers" [1] very low-loss diodes were not
available and hence the initial experiments did not produce

predicted high gains, high efficiencies or low-noise



figqures.

A major breakthrough came in July 1957 when Bakanowski,
Cranna and Uhlir reported the discovery of a technique for
making low—loss silicon and germanium nonlinear capacitors
C21. The fabrication process used was solid-state
diffusion. The resulting graded junctions were of planar
structure. The important advantage of the "one-dimensional®
or "planar" geometry is that, since the depletion layer
capacitance and series resistance are respectively, dire-—
ctly and inversely proportional to the area, the RC product
and hence the cut-off frequncy are independent of it.

A "hyper—-abrupt® varactor diode fabricated by an
alloy-diffusion process was reported by Shimiza and
Nishizawa in September 19461 in "Alloy-Diffused Variable
Capacitance Diode with Large Figure of Merit®* (31. The
resulting junction in which the impurity concentration
decreases with distance from the p-n boundary showed high
voltage sensitivity of the capacitance.

Results of further investigations were reported by
Sukegawa, Fugikawa and Nishizawa in January 19463 in ®"8i
Alloy-Diffused Variable Capacitance Diode" C4]. An
experimental varactor was obtained. 1Its capacitance for
only a few volts of reverse bias reduced to one-hundredth
of its zero bias value, a variation not realisable with
ordinary abrupt or graded junctions.

Since their losses are much lower than in varistors,

varactors are preferred elements for harmonic generation,



modulation or up—conversion and low-noise amplifications.
It is therefore advantageous to know the full extent of
their capabilities for an efficient performance. At the
present time, the extent and the method of characterisation
of these devices, especially at high frequencies, is
inadequate for many applications. Normally, the device
parameters available are for the static characteristics and
these are usually obtained from low frequency measurements.
If the dynamic characteristics are given, they are
generally at one particular test frequency and drive level.

At the present time there is no detailed ﬁuantitative
analysis available to give exact values for the harmonics
generated within the junction diodes. In order therefore to
assess the properties of a nonlinear device at high
frequencies, there 1is a need to determine experimentally
the generated frequency spectrum. Such a spectrum must
logically be a unique representation of the device
nonlinearity.

The main objective of this work 1s to characterise a
number of devices, the varactor diodes, by means of the
generated spectral components. This characterisation
pravides information useful in the device evaluation for
particular applications.

In chapter 2, the theory of construction and properties
of the practical varactors are reviewed. The practical
devices and their applications are also discussed.

Chapter 3 outlines the meaning of spectral evaluation.



A review of Fourier Analysis is given and the device
characterisation, or "fingerprinting® using the method of
the spectral representation is presented.

The theory of the new technique developed for the
spectrum measurements is described in chapter 4. The
nonlinear device driven by a sinusoidal signal produces a
distorted output response which contains all the necessary
information for each evaluation. Via a computer this output
is Fourier—analyzed and the resulting frequency spectrum of
the device is calculated using an appropriate programme.
The equipment and the experimental arrangements are first
described followed by the outline of the intended test
procedures for a practical system.

In chapter 3, measurements and experimental setup are
covered. Other detailed aspects relevant to the technique
such as the choice of drive level and measurement of C-V
and Q-V characteristics are presented, followed by the
experimental procedures.

The harmonic measurement results of the four diodes are
displayed in the form of graphs in chapter 6. The
properties of each diode and the resulting spectral
representation are interpreted and discussed.

Finally, in chapter 7, an assessment of the sampler
method dealing with the accuracy, significance and possible
improvements is presented. Suggestions and recommendations
for future work arising from these investigations are

proposed.



CHAPTER =

CONSTRUCTION AND PROPERTIES OF PRACTICAL VARACTORS

2.1 Introduction

A varactor diode is a semiconductor device which is
principally employed in electrical circuits and networks as
a nonlinear, variable-capacitance element. Such a diode
consists of a semiconductor wafer on which a _junction is
formed normally by a diffusion process and a suitable
encapsulation. The depletion capacitance of the _junction
provides the variable element which is a function of the
applied voltage.

Because of its nonlinearity, the varactor will generate
SUms, differences and harmonics when two or more
frequencies are applied. Manley and Rowe [5]1 have derived
a set of equations relating the powers flowing into and out
of a nonlinear capacitance. The basic idea behind the
equations was to show that , if the device is lossless, the
sum of the powers flowing into and out of it at all
frequencies will be zero.

The nonlinear capacitance of a varactor is used in many
applications. Low—noise high frequency parametric amplifi-
cation is probably one of the‘most important. Additionally,
they may be employed in the design of other frequency
converters, frequency multipliers, dividers and modulators

for frequency control and comparison systems. For such



circuits based on variable capacitance devices, the Manley
and Rowe equations also provide the information for the
gain and stability. Furthermore, the conditions, under
which the production of harmonics and other frequencies is
possible are given.

Semiconductor rectifiers in the past frequently
exhibited a noticeable nonlinear capacitance effect under
reverse bias. Before 1950°’s those variable capacitance
diodes were manufactured mainly for wvoltage tuning
applications. However, such diodes were relatively lossy
and therefore were highly inefficient especially at
microwave frequencies. Low loss variable capacitance diodes
were developed in the middle 1950°s under the direction of
Uhlir [43 of Bell Laboratories. They were first reported
in a paper by Bakanowski, Cranna, and Uhlir in 19592 and to
dinstinguish these devices from the more lossy diodes then
available, they were named, variable reactances or

varactors.

2.2 Theory
2.2.1 Physics of Varactors

Varactors are basicaly semiconductor junction devices
which exhibit a nonlinear depletion or barrier capacitance
variations with applied voltége. This effect is enhanced
and predominates when the diode is reverse-biased; the
junction becomes a variable—capacitance element. Its

behaviour depends on the so called impurity profile



achieved by introducing appropriate dopants on each side of
the semiconductor junction. Ideally, the diode impurity
profile can either be abrupt or graded as shown in Figs.
2.1 and 2.2 , respectively. In practice the devices will
fall somewhere between the two extreme profiles.

At some high reverse voltage the junction breaks down
which is caused by an avalanche multiplication process when
_holes and electrons are generated rapidly resulting in a
large reverse current. This effect, must be taken into
account and establishes the reverse voltage limit on the
magnitude of the driving signal. There may also be other
effects present producing excess reverse currents gometimes
even at lower voltages. This may happen in diodes with very
large doping densities which results in the so called Zener
effect. The breakdown voltage limit encompasses all these
effects and is designated as Vs in the analyses [71.

For the varactor to function properly no forward
current must flow. The small potential barrier on the
junction does not cause appreciable conduction and hence
does not interfere with the varactor operation. Under
forward conduction, the junction can be represented by a
diffusion capacitance whilst for the reverse bias the most
important depletion layer capacitance predominates. When in
such a condition all the mobile charge carriers are
withdrawn from the depletion region leaving a net fixed
charge density of donors and acceptors. The depleted width

decreases with the reduction in reverse bias to a finite
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Fig. 21  Abrupt Junction

Fig.22 Graded Junction
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width because of the potential barrier voltage which would
still exist across the junction.
The fundamental relationship between the charge,

voltage and capacitance is usually expressed as
0=V C (2.1)

The depletion capacitance of a varactor as a function of

the voltage v behaves according to the formula [61]

Co dqQ

v 1§ v
-

Co = total capacitance at zero bias,
¢ = barrier potential,
= elastance-voltage exponent,
and v = applied junction veoltage.
Combining these two above equations it is possible to show
that the relationship between the charge and the voltage is

£51, (see appendix A)

tzzx—‘)

¢ - Vm Qe — Q=
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where
vidg, qiag
and
v=6¢, qZ2zaqe
The gq¢ (positive) is the charge stored at v = ¢, and Qs
(negative) is the charge stored at reverse breakdown, v = Vs

The symbol 6 represents the impurity profile of the
varactor, being 1/2 for the abrupt and 1/3 for the graded
junction.

In practice, many varactors are neither exactly abrupt
nor exactly graded. A typical diffused varactor has a
doping profile so that, at low voltages, the capacitance is
inversely proportional to the cube root of the voltage. At
higher voltage it follows a square root law [#1.

Variations of the depletion layer width, also affects
the series resistance rg., outside the bulk material. It can

be shown (81 that

e = Ta min +P(Sm-x - 8) (2.4)
Where
S = elastance.

resistivity of the lightly doped side.

P
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2.2.2 Design Considerations

Varactor diodes are designed to exploit the property
that the capacitance of a reverse—-biased junction depends
on the applied voltage. In practice there are three types

of diode that exhibit this useful property i.e.

(i) simple p—n junctions whose operation is based on
minority carrier conduction,

(ii) Schottky barrier or Hot carrier diodes based on
the majority carrier operation and

(iii) Step recovery diodes ([Boffl exploiting the

minority storage effect.

In the design of varactor diode there are certain
ob jectives which should normally be achieved. The depletion
layer capacitance should decrease from a large value at
near zero bias to a small value at the breakdown voltage.
The value of the zero—bias capacitance is ordinarily
specified according to the intended application. The Va»
should be high enough to ensure that in use, the varactor
is not driven into avalanche. Finally, the series
resistance should be 1low enough to avoid dissipation
losses.

Next, the following conditions of operation must be
followed for a satisfactory performance. It is desirable in

most cases not to allow the bias to swing past zero into
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forward conduction. Since the driving current flows into
the junction capacitance of the varactor diode and into the
external circuit, the external resistance must be minimised
to avoid losses. The larger the junction capacitance, the
larger the driving current and the higher will be the
circuit losses. As the quality of the varactor diode is
aobviously affected by the external circuitry, it is
important in most applications to use lossless reactive
components for filtering purposes.

One important design wvariable is the impurity
concentration near the junction. If the concentration is
very much larger on one side than on the other, the
characteristics of the device will not be sensitive to the
doping level on the high side. In such a case only the
doping 1level on the 1low side has to be carefully
controlled. This is the way p—n junctions are usually
manufactured, heavy doping on one side, and light uniform
doping on the other.

The doping level on the 1lightly—-doped side of the
junction determines the avalanche breakdown voltage of the
junction [61. As a practical consideration, it is usually
difficult to make diodes with breakdouwn voltages
consistently at or near the theoretical value. Depending on
how well controlled and reproducible the diode processing
will be, the design Va should be chosen above the largest
peak reverse bias voltage to be applied. The lightly doped

layer is then adjusted to be just thick enough to
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accommodate the depletion layer at breakdown.
The design area A is determined from the following

expresssion [61]

L7772
2Vo
A = Cgq ) (2.5)
Q €o € N

where

Co = total capacitance at zero bias,

q = charge at the junction,
€o = permittivity of free space,

€+~ = relative permittivity of the lightly dopped layer,
N = lower impurity concentration (numeric},

and Vo is given by

kT Nn Pe
Vo = In — (2.6)
qQ LLES
where
n., = electron density at the n side of the junction,
Pp = hole density at the p side of the junction,
and nf‘= the product of p and n
For a varactor diode with a Schottky barrier junction,
the epitaxial 1layer thickness is made equal to the

thickness required for the lightly—-doped layer. The

thickness of the heavily doped layer is around 0.2 pm.
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2.3 Electrical Characterisation of Practical Varactors

2.3.1 The Equivalent Circuit

A varactor diode is fundamentally a semiconductor wafer
which contains a junction of well-defined geometry. The
equivalent circuit of the wafer includes junction capacit-
ance C,, junction resistance R, in shunt with C;, which are
functions of the applied Avoltage. Finally, the series
resistance re which may also be a function of bias. This
comprises the resistance of the semiconductor bulk material
on either side of the junction through which the current
flows and the resistance of the ohmic electrical contacts
to the wafer.

Varactor diodes are normally operated under reverse
bias, where the parallel junction resistance, which 1is
usually 10 Mohm or more, may be neglected in comparisaon
with the capacitive reactance of the junction at high
frequencies. Therefore, the equivalent circuit of the
reverse—biased varactor at microwave frequencies reduces to
a capacitance and resistance in series. A forward-biased
varactor on the other hand is more complicated, because it
should also include the diffusion capacitance of the
injected carriers, and their effect on the conductance of
the semiconductor material.

At 1low frequencies, the varactor has, in general,

forward and reverse characteristics of an ordinary
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semiconductor diode. In the forward direction the diode
current increases exponentially with the applied voltage,
whilst for reverse bias theoretically a small saturation
current, I, should exist. In practical diodes this does
not happen because of surface effects around the junction.
At breakdown voltage the diode reverse current increases
rapidly, and is limited only by the resistance of the diode
and any external resistance which may be present in the
circuit [?21.

Although the variation in junction capacitance is the

most important characteristic of the varactor diode
presence of parasitic resistances, capacitances, and
inductances due to encapsulation and external circuitry

may affect the operation.

2.3.2 The Depletion Capacitance

We have established that the most important operational
parameter of the varactor diode is its nonlinear depletion
capacitance and the series resistance and the breakdown
voltage are the limiting factors [51.

The back—-biased diodes do not conduct appreciable
current because the mobile charge carriers are drawn away
from the junction . Suppose that the voltage applied to a
varactor is changed by a differential amount dV, with the

respective change in stored charge dqQ, then



18

dv
da = A _ (2.7}
u
where
A = design area of the varactor,
w = width of the depletion layer,
and € = permittivity of the space—charge layer.

Now the incremental charge 1s given by

dQ

— AeNgdx, = AeNgdx=2 (2.8}

where

and

Na and N4 are the impurity concentrations on each side
of the junction

dx,, and dx= are the changes in position of the edges
of the width on each side of the junction.

e is the charge of the electron

As a consequence, the incremental depletion

capacitance can now be expressed as

da €
C = = A ——
av w
where
C = the incremental capacitance given by eqn. (2.2) i.e.
Co
C = (2.9)

v 1L/72
)
¢
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Z2.3.3 The Series Resistance

Another important component of the varactor diode
equivalent circuit is its series resistance. Physically, it
represents the bulk resistance of the semiconductor
material and the resistance of the contacts. Its value may
be calculated £81 by integrating the bulk resistivity of

the semiconductor over the path of the current i.e.

X e
1
Re = — p(x)dx + n{x)dx (2.10)
A P P
0 X2

The p—type and n—type resistivities are functions of
the acceptor and donor impurity densities. The series
resistance is thus a function of x;:, Xz, which are in turn
functions of the bias voltage. Hence, re is also a function
of bias voltage. An increase in bias voltage causes a wider
depletion layer which effectively lowers the series
resistance.

It is important to point out that the a.c. series
resistance is different from the d.c. resistance which is
usually lower. The equivalent circuit of the varactor is
shown in Fig. 2.3 in which R, can be ignored because at
radio frequencies it is shunted by the reactance of the
capacitance C, Also in practice the inductance of the

leads, L, and the case capacitance may be neglected, not
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Fig.23 Varactor Equivalent Circuit

Fig.26 Simplified . Equivalent Circuit
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because they are wunimportant but because their effect may
be absorbed by external circulitry. Therefore, the

simplified equivalent circuit is as shown in Fig. 2.4.

2.4 Applications

Z2.4.1 Introduction

Varactor diodes, because of their nonlinear low loss
capacitance have become extremely useful elements 1in

microwaves. A view of the varactor diode is presented in

Fig. 2.5. Some of the most important and extensive
applications are 1in low-noise parametric amplifiers,
frequency multipliers or harmonic generators and, in

general, other frequency-converting circuits. The operation
of these circuits is dependent on the nonlinear phenomenon
effect. The following paragraphs will outline the general
principles of harmonic generators and parametric

amplifiers, the two most useful applications.

2.4,.2 Harmonic Generation

Harmonic generators and frequency multipliers may be
used as direct sources of signals at high frequencies. Fig.
2.6 presents the diagram of a harmonic generator.

The nonlinear resistance of the semiconductor diode has
been used at microwave frequencies as harmonic generator in
the past. However, its efficiency according to Page’s law
L101 cannot exceed 1/n®, where n 1is the order of the

harmonic. Greater efficiencies might be expected and
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achieved from a nonlinear capacitance element used for
harmonic generation. Theoretically, efficiencies of 100%
are possible and values above 80%4 are achievable 1in
practice for the second hagmonic multiplication.

In a practical arrangement a sinusoidal generator
drives a circuit, containing a nonlinear capacitance, at
the frequency wo through a bandpass filter. A load is
connected to the output of the circuit through a bandpass
filter around nwo. If the circuit and filter networks are
lossless, the input power introduced at wo frequency may be
transferred to the load at nwe frequency with 'high
efficiency.

Pumping the nonlinear capacitor with the charge at the
fundamental frequency, w, harmonic voltages are produced
across the diode. These harmonic voltages are approximately

proportional to the amplitude of the driving charge raised

to the power of the harmonic number [ 101

Q.
Va & ( : (2.11)
Qo
where
Qo = average value of the stored charge,
and Q, = charge at the fundamental frequency.

As an example let us consider the simplest case when the

varactor is abrupt with 6 = 1/2, and the only two
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currents flowing in the varactor are the i1input current at
the frequency wo and the output current at the frequency

Nwo. The total charge and the current are then given by

q = Qo + 2Qi5in(uwsat) + 2Q.sin(nuwgt) (2.12)
or
dq
i = = 2uoQicosi{uwsgt) + ZnugQacos(nu,t) (2.13)
dt

The instantaneous value of the junction voltage may then be

obtained from eqns. (2.2) and (2.3) leading to

2
¢—Va
v=¢ - —— (q¢—Q°—2Q;5in(w°t)—ZQ“sin(nw,t)) (2.14)
(qe¢—Qe)=

2.4.3 Parametric Amplifiers and Converters

The varactor diode is one of the most promising
nonlinear elements for low—noise parametric amplification.
A parametric amplifier is a circuit based on the principle
that when a resonant network is suitably coupled to an
energy storage element, energy may be extracted from the
source. This energy through the mechanism of the nonlinear
capacitance is transferred to the fields of the resonant
network. Thus in the parametric amplifier energy is
normally taken from a driving source at high frequency to

amplify an input signal at a lower frequency. However,
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since a practical varactor diode has a small series
resistance, this 1limits the minimum obtainable noise
figures.

In the amplifier, the capacitance 1s modulated by the

application of microwave power at the pump frequency,

= (1 + 2 6C052TTft) (2.15)

where
f = the pump frequency
Co = capacitance without the pump pouwer
K = diode capacitance modulation coefficient, which 1is a
function of the voltage developed across the diode at
pump frequency.
1f only the pump and signal frequencies are present,
there cannot be a steady flow of enerqgy from one to the
other, except when the pump frequency is exactly twice the
signal frequency. For a steady flow of energy, it is
necessary for the voltage across the capacitance to be
maintained in the correct phase, and this can only be
achieved by permitting power to flow at a third frequency.
This the ®idler® frequency which is equal to the difference
between the signal and pump frequencies. The amplifier
therefore contains three frequency—-selective networks or
filters which will permit power to flow only at these three

frequencies, and the nonlinear capacitance forms the common
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element between them. Manley—-Rowe relations [5] represent
the theoretical power into and out of an i1dealised

nonlinear capacitance, i.e.

[+ 0
St
3

m=0 n=—o mfy + nfx
(2.186)

ii E: N Pa,n -0

n=0 m=—w mfy + nfz

where

Pm.n 1is the power flow 1into or out of the nonlinear
capacitance, and f,, f= the frequencies at which power is
fed to the capacitance.

Some other varactor applications require three or more
idlers frequencies. If a large current at frequency f, and
a small current at frequency f= are put through a varactor
sidebands with frequencies of the form mf,+nf=2, for m,n
positive or negative integers are generated. If the power
flows at one of these frequencies to a load, the varactor
is said to be a frequency converter. Frequency converters
are classified according to whether the output frequency is
greater than or less than the input frequency. They are
known as upconverters or downconverters, respectively. Also
according to the integer m in the formula mf,+nf= for the
output frequency, if m =1 the device 1is called upper-

sideband converter and if m = —1 lower—sideband converter.
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CHAPTER 3

SPECTRAL EVALUATION

3.1 Introduction

In order to analyse frequency converting networks there
is a need to have theoretical relationships, for the
nonlinear behaviour based on the physics of the devices
employed. Such relationships may be easily obtained if the
precise laws of the devices are known. In many cases the
laws are approximate due to the lack of knowledge and
because other mechanisms affecting the performance may
exist. As a consequence, to achieve closed-form equations
for the devices we normally introduce severe approximations
in the analysis, which makes the final relationships very
often inaccurate. An alternative practical way of
representing a nonlinear device which will include all
these effects may be by its generated spectrum of harmonic
components [111.

It is well known that if a nonlinear element is
energised by a single—-frequency sinusoidal source (V or 1)
the response will be a spectrum of harmonic currents or
vol tages. It is also logical to assume that the generated
spectrum will contain all the necessary information to
model the device. The resulting frequency spectrum is a
unique representation of the device behaviour for the

specified drive level and device parameters. It may be
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considered as a device fingerprint which represents its
characteristics and parasitic effects present implying as a
consequence, that any changes in the law of the device
characteristic will be reflected in the measured spectrum.
It can therefore be useful and appropriate to employ
generated harmonic spectra for the assessment of devices

before they are used in frequency-converting applications.

3.2 Review of Fourier Analysis

3.2.1. Fundamental relations

An arbitrary function repeatable with a period of T
seconds may be represented by the relationship f(t)=F{(t+T).
Let us consider that such a function is single-valued and
has a finite number of discontinuities and a finite number
of maxima and minima in one period of oscillation. Under
these conditions, known as Dirichlet Conditions, the
function f(t) may be represented over a complete period and
anywhere between t = — 0o and t = +o00o, except at the
discontinuities, by a series of harmonic terms. The
harmonic frequencies in the resulting spectrum are integral
multiples of the fundamental. The series is called a
Fourier series and may be obtained for any periodical
waveshape using numerical or other analytical methods.

A general trigonometric Fourier Series for a periodic
function may be written as [121]

o0

00
f{t) = aac + E: antosi{inu,t) + 2: basin{nwgt) (3.1)
n=1 n=1
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or simplified to

o0
f(t) = }_—_ Cocos(nuot + $.) (3.2)
=0
where
L7222
Cn = (a2 + b2 (3.3)
and
bn

) (3.4)

The coefficients C,, and &, give the amplitude and the phase
shift, respectively for the n*®"™ harmonic and wes is the
fundamental frequency. The Fourier coefficients are

obtained using orthogonality conditions and are given by

T/72
1
g = — \g fit)dt (3.5)
T
-T/72
T/72
2
apn = — ‘g f(t)cos(nugt)dt (3.46)
T
-T/2
T/2
2
by = ——— tJh f(t)sin{nust)dt (3.7)
T

-T/72
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Fourier Series, can also be expressed in an exponential

form thus

Jrnw, €
f(t) = zj Fne t<t<t, (3.8)
n=-w

wkere

Fn is given as

t=
1 S —JdnNnw, t
Fn = —————— fitle dt (3.9)
tz"t 1
t.
The Fourier series as represented by ean. (3.8) 1is

applicable to a periodic signal. The transiticn to an
aperiodic signal representation is obtained by making the
period approach infinity. This can be achieved by
considering initially the exponential form of the Fourier

series of a periodic function f+(t).

oo
ALl Y <
f+(t) = E: Fne (3.10)
n=—o
where
T/72

1 —Jnuot
Fon = — f{t)e dt (3.11)

T



In order that |Fn[ is convergent when T is increased, the

following conditions must be satisfied, 1.e.

Wa = NUe (3.12)
F(wn) = TF, (3.13)

Eqns. (3.10) and (3.11) may now be written as

ad 1

Jw, €
fv(t) = 2: — F(wa)e (3.14)
n=—w T
and
T/2
—_jul“t
Flwn) = \g fri{t)e dt (3.15)
-T72
If
21T
T =
Aw
then
2 Juht Au
fr(t) = E: Flwa)de (3.16)
= 2TT

In the 1limit, as T tends to infinity, Aw p»dw, the

infinite sum in eqn. (3.16) may be written as
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o

1 Jwy t
lim f+(t) = 1lim Flun,)e Aw (3.17)
T > 2IT n=w

and therefore becomes the Riemann integral [12] i.e.

f(t) = Flw)e dw (3.18)

Similarly eqn. (3.15) may be written as

i

—Jwt

F{w) f(the dt (3.19)

!

and is called the Direct Fourier Transform whilst eqn.
{3.18) is called the Inverse Fourier Transform.

The Fourier Transform pair is one of the integral
transforms that are commonly used in operational analysis.
The frequency distribution of harmonics in a Fourier
series is a line spectrum whereas in a Fourier Integral it
is a continuous spectrum. Therefore, spectra of
mathematically undefined and defined waveforms can be

examined.

3.2.2 Sampling in Frequency Domain

In the frequency domain the sampling theorem states
that if, a function f(t) equals zero outside the function

period T, [13] i.e.



f(t) = 0 for t>7T (3.20)

then its Fourier Transform F(w) is defined from its values
at F(nTT/T) equidistant points with distance TT/T apart. As

a result F(w) can be expressed as

A TT sin(wT-nTT)
F(w) = E: F61 (3.21)

wT — nTT

One method for evaluating the Fourier Transform is
based on a Fourier series approach. Considering eqn. (3.19)

let t.=-T/2 and t2=T/2. Then,

T/2
1 j; —gnw, € F(nwg)
Fon = — f(tle dt = ——— (3.22)
T T
-T/2

The eqn. (3.22) can now be expressed in terms of the
coefficients of the Fourier expansion i.e.

= sin(wT/2 - nTT)
> TF.

Flw) =

(3.23)
n=—=uw (wT/2 — nTT)

As a result the evaluation of F(w) is reduced to a simple
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problem of determining F.. This method can also be used to
give the Fourier transform, F(w), of an arbitrary function
f{t) not satisfying fiE)=Ff(t+T) i.e. a non—-periodic

function [ 121,

3.3 Fingerprinting of nonlinear devices

Many nonlinar problems can be solved through the use of
nonlinear differential equations. However, as their
solutions cannot often be written in a closed form,
development of other methods becomes necessary. A physical
system is usually too complex and its analysis is not a
simple process.

In the case of devices it is often necessary to
establish a relationship between parameters and
characteristics. A device is normally modelled into its
simplest form and with an acceptable accuracy so that the
performance of a particular circuit using this device,
operating under specific conditions, can be predicted.

Modelling is a procedure which 1leads to the equivalent
circuit of a device representing its approximate behaviour.
A given device is initially expressed in terms of physical
variables required for its design and the circuit
applications. There are suitable techniques available to
solve these problems and result in specific device
parameters. It is important to know the physical mechanism
of the operation of the device or a system so that

satisfactory modelling can be realised.
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The harmonic frequency spectrum generated by a
nonlinear device is a unique representation of the device
behaviour and therefore may be considered as its
fingerprint. The basic difference between fingerprinting
using harmonic spectrum and modelling is that the former
will give the true nonlinearity of the device under
particular working conditions. Modelling will always be
approximate while the harmonic spectrum will presicely
represent the device and its mechanism for particular
levels. Such fingerprinting, within the measurement errors
and perturbation effects, could provide a practical method
of device indentification.

Most manufacturers supply data sheets with inadequate
information. Quantities 1like noise figure,; r.f impedance
are usually given at a particular test frequency often
without specifying the operating levels. In many
applications sets or a matched pair of particular devices
are required. By comparing the spectra, "fingerprints®, of
the devices, the required matching for particular
applications may be achieved. It may also be possible, from

such spectra, to predict the performance of a circuit.

3.4 Varactor Analysis

For a back biased diode the incremental capacitance as

a function of voltage is given by [ 51
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Co
Clv) =
v B
@
where
¥ is the potential barrier,
¥ is an index whose value depends on impurity profile
of the diode junction,
and v is the applied voltage.
The current through the diode may be written as [5]
dv
i = C(v)
dt
or
3
Co & dv
i —
o - v dt
where
V = Vi — Vg + Vg ® v + Visinuwt
or

and

vy = input voltage

Vo = output voltage

ve = bias voltage

then
Co g wV; cosuwt - 6

i= X I = K (W, coswt) (1 — v,)
(G - vy) (1 — vy)
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where
, V1 Vg
Vy = —m———— sinwt = ———
((; - Vb) (ﬂ - Vb)
or
’ LA
vy = Visinuwt
and
¥
Co &
K = ——

Expanding binomially gives

JOI+Y) 9 FUI+BI(2+8) 3

i = KuwVyicoswt i + v; + —_— v, + vy + ... 00
2t 3!
Now [ 1431
1 n—1 2n 2n
sin®Nyx = (-1)n—k 2( ) cosZ{n—k) + ( )
2=n k=0 k be
and [ 141
i n—1 zn—1
sin2n—1yx = Z (—1)n+kx—1 ) sin(2n—2k-1)x
Z2n—= k=0 k

/
which on using for powers of v, in the equation results in

/
i = KwV 4 gvcosmt + V‘B cosutsinwt +

;2 [+ 1
+ V, ( ) — (1—cosZwt)coswt +

2 2
;3 2+% 1

+ V, ( ) — (3sinwt - sin3wt)coswt +
3 4

L] 3+ i
+ V, ( ) — (3 - 4cosZwt + cos4wt)coswt +
8
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N 4+ 1
( ) —— (10sinwt - 5sin3wt + sinSwt)coswt +
5 16
+ .. .m}
Using the following trigonometrical identities,i.e.
1

—_— (cos(A—B) + cos(A+B))
2

cosA cosP

and

1 .
cosA sinB _ (sin(A—B) + sin(A+B))

2
and collecting the coefficients at each frequency finally
produces

for the fundamental current i,

1 1+% 2 1 3+§ 2
Km(¢—Vb) il + -— ( ) V; + — ( ) Vi +
2 2 2= 4
1 S5+ g
+ — ( ) Vs + ...aa% coswt
23 &

for the second harmonic iz

1 ¥ 2 1 2+ b
2 1 23 3

1 4+ N
+ — ( ) Vg +  c..00 sinZwt

23 5

for the third harmonic is
1 1+ e 3 3+ :5

Kw(p-Vys) {-— _ ( ) Ve - — ( ) Vi — sceo0 cos3wt
2= 2

for the fourth harmonic ia

1 2+), M 5 4+ ) ,6
Kw(g-V,) - —_— ( ) VvV, - — ( ) Vi — sveo sin4wt
23 3
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for the fifth harmonic is

1 3+% ,5 1
Kuwi{@p—Vy? ( ) (VY + -

24 4

V: + ...00 cosSwt

for the sixth harmonic 1.

1 a+y 6 1 [b+) 8
Kw(@-—Vg) { —_— ( >Vt +  — ( ) Ve + ... sinéwt
23 5 27 7

The objective for the above analysis was to show that
2ven 1f the assumptions in the driving voltage function
VR vy + v, are made it produces still infinite series
euations for the harmonics. These equatiohs, depending on
the drive level, provide approximate expressions for the

actual current amplitudes of the frequency components.



CHAPTER 4

COMPUTER AIDED EXPERIMENTAL SPECTRAL CHARACTERISATION

4.1 Introduction

There are number of ways for evaluating nonlinear
devices and the choice will normally depend on their final
applications and operating conditions. Testing is
time—consuming and the required equipment 1is wusually
expensive and therefore there is a need to develop gquicker
and cheaper techniques for device characterisation. In
addition, to collect a comprehensive data over an extensive
frequency range, requires a lot of measurements which is
even more time consuming. The method of Numerical Fourier
Analysis under consideration in this project offers an
inexpensive means of assessing the devices in much shorter
time [151.

On energising, the signal applied to a nonlinear device
produces a distorted response which reflects the
nonlinearity of the device characteristic and contains all
the necessary information for its evaluation. The distorted
voltage developed on the output can then be Fourier—
analysed and hence provide the frequency spectrum for the

device identification. In order, however, to increase the



41

speed of analysis computer facilities were employed.
Furthermore, since the analysis in our project had to be
carried out at high frequency there was a need to use a
fast sampler for the distorted waveshapes with a low
frequency display for our guidance as a bonus. In the
following paragraphs, the method and the steps necessary to

achieve these aims are discussed in some detail.

4.2 The Method

4.2.1 General

The method follomed' here aims to examine a distorted
resulting response when a nonlinear system is driven by a
single frequency signal source. The main objective was to
determine the complete harmonic spectra of four nonlinear
devices, varactors, by means of Numerical Fourier Analysis.
Although, the amplitudes of the harmonics of a distorted
waveform can be measured using a Spectrum Analyzer there
are no high frequency instruments available which will
determine the relative phases of the generated frequency
components within the spectrum.

To carry out directly Numerical Fourier Analysis, on a
higﬁ frequency waveform becomes difficult because such
waveforms cannot be displayed. The method ivestigated in
this project was made possible because a high frequency
sampler manufactered by Bradley’s was available. Further
limitations would obviously be due to sampling techniques.

The accuracy of the sampling process used depended on
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the risetime of the sampling step generated by the
instrument used [16]1. The sampling points in one period of
the displayed waveform were read by a data acquisition
system and the information was fed into a microprocessor
for further analysis. The microprocessor was programmed to
work in "Fast Fourier Transform® algorithm obtained from
the computer library. Its purpose was to determine the
amplitudes and phases of the harmonic components of the
sampled data. To achieve this, the samples proportional to
the analogue input signal were digitised using an
analogque—to-digital converter, A/D, before being fed into
microprocessor. It was also necessary to produce the
external scanning voltage for the sampling wunit and this
was done by a digital—-to—analogue converter, D/A,
controlled by the processor. This divided the time-axis
into an equal number of intervals and synchronised the
reading of the sampled points. The resulting harmonic
spectrum represented the nonlinearity of the device and

could be used for its characterisation.

4.2.2 The Theory of Numerical Analysis

The response of a nonlinear device driven by a
sinusaidal signal will be a periodic distorted waveform.
This waveform can be subdivided into M equal sections over
the period, T, along the time axis. If each section is

represented by At, then [12]
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T=MAL (4.1)

and if t, be the time at the end of the m*® interwval, then

tm = mAt for 1<m<M (4.2)

and the ordinate at t.., may be denoted as f(t,) or fimAt)

In order to proceed with numerical analysis, the
distorted waveform is sampled at the points Awt, 2Awt,
3Awt, ... , mAwt, ..., up to MAwt = 2TT. Thus, there
are M points and the spacing between adjacent points is
uniform and equal to 2TT/M.

The approximate Fourier coefficients for a periodic
case can now be deduced from eqns. (3.5), (3.6) and (3.7)

and may be written as

M
1
de N — Z fim A t) (4.3)
M
m=1
M
2
an 8 — fmAt)cosin(mAwt)] (4.4)
M
m=1
M
2
b, ¥ — f(mAt)sinfn{imA wt) ] (4.5)
M

m=1
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where
277
Awt = ——

and At = — T is the period in seconds.

It can be seen from the above equations that the variables
involved are M, m, Awt, n and f(t,) with m representing
all integer values from 1 to M. The Fourier coefficients
numerically determined using the above equations and
measured ordinates are finally used to calculate the

amplitude and phase values of the harmonics from

172
A, = (aﬁ + bz) and
b,
g, = tan—2
an

It is obvious that the higher the value of M, the
closer is the approximation to the true values of the
coefficients and hence the waveshape. The evaluation of the
Fourier coefficients may be accelerated by using a

microprocessor facility and an "F.F.T." algorithm.

4.2.3 The Aims of Programming

One of the advantages of digital electronic circuits is

their ability to store and retrieve data easily. The
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experimental research techniques are frequently computer-
controlled in order to exploit +this facility and minimise
human errors.

It is convenient for a computer to use a binary, or
base two, arithmetical system because only two digits are
needed, i.e. one and zero. Since digital electronics have
only two defined logic states, i.e. high and 1low, it is
possible to let one state represent a binary one and the
other represent a binary zero, respectively [181].

The largest binary number that may be accepted here has
a decimal value of 256, which 1is the équivalent of an
8-bit word i.e. the computer is capable of reading from O
to 255 points maximum.

The process of describing a programming procedure, to a
computer is therefore based on a binary number sy« The
commands of a Fast Fourier Transform programme, *F.F.T.°%,
which was the only technique available for Fourier
Analysis, was obtained from a computer library, and used in
this project. The programme was stored in RAM memory and
was executed when needed by entering the data. The
procedure, initially, was for the programme to read the
data, i.e. 256 different sampling points of the waveform,
which were next stored in memory in the form of an array.
These sampling points were needed to operate the *F.F.T.°
algorithm and produce the fourier coefficients, as, an and
bn. From the coefficients the magnitudes and phases of the

harmonics were then calculated [191.
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4.3 Practical System

The block diagram of the practical system used in the
project 1is shown in Fig. 4.1 . It was decided, as the
impedance of the sampling adapter was 50 ohm, it would be
advisable to insert some attenuation in series with the
device under test to achieve a better match. The device
was placed in the inner conductor of a coaxial holder. The
experiment consisted of measuring the distortion of the

output waveform, caused by the device nonlinearity.

4.3.1 Sampling Adapter

For the sampling process , Bradley Sampling Adapter
type 158 was used capable of accepting signals with
risetimes just below 1 nsec. or an equivalent passband
from zero frequency to just over 1 GHz. The output from
this unit can be displayed on a monitor L[161.

In a conventional oscilloscope, the waveform of the
signal, which 1is observed, is drawn during a single
horizontal sweep in a time equal to the period of the input
signal. The sampler, on the other hand, builds the input
waveform up as a low frequency display by sampling its high
frequency value many cycles apart. The input signal is
applied to a sampling gate which opens for approximately
350 pS in each cycle by a sampling gate pulse. Each time
the gate is opened the sampler measures the input signal

and then generates an equal value at about the time the
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sample 1is taken. Aliasing errors could occur 1n this
process bue since we do not consider high order harmonics
then six the effects would be negligible according to the
formula n < M/Z.

The sampler has a memory circuit o that each sample
point, dot, is displayed during a small interval of Z PS
before the next sample is taken (161. It also provides a
scanning signal which places each dot at the correct
position on the horizontal axis. The gate opens at a
frequency lower than the input frequency so that each
sample represents.a different and latter part of th:. input
signal. Therefore the waveform is rebuilt from a number of
samples taken over a period equal to many cycles of the
signal. The principle of the reproduction process of the
waveform is illustrated in Fig. 4.2. The block diagram of

the sampler is also presented in Fig. 4.3.

4.3.2 D/A, A/D, Converters

Analogue signals via A/D converter were used as 1nputs
to a computer. Since a microprocessor could only handle
digital information, an analogue—to-digital conversion was
required for interfacing. Similarly, the digital—-to-
analogue converter, may deliver a current or a voltage
output that is proportional to the value of the digital
applied input. The information can be in a coded form and
may represent positive or negative quantities or both [201].

The ZIN425E is an 8-bit D/A converter, shown in
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Fig. 4.4 , whose major components are an (R-2ZR) ladder
network, an array of precision bipolar switches, an 8-bit
counter and a reference voltage unit of zZ.3 V. It gives an
analogue voltage output, and thus the wusual current to
voltage converting amplifier is not required. The accuracy
of the D/A converter depends on the components used in the
converter, and also on the electrical noise and leakage in
the circuit. A reason and an advantage of having D/A
conversion is to keep information in digital form, so that
it is independent of time and temperature [211].

An  A/D converter will read at various points the
amplitude of the signal and its value will be allacated in
a particular code using binary system. For this purpose
the IN427E was used, shown in Fig. 4.5 which is an 8-bit
bipolar Successive Approximation A/D converter. The term
Successive Approximation means that the operation of this

converter is based on "n® successive comparisons betuween
the analogue input, V,;,., and the feedback voltage, V.. The
IN427E consists of a fast comparator ({R—2R) ladder
network, analogue voltage switches, successive approxi-

mation register and 2.5 V reference voltage circuit. It

provides a fast conversion at a speed of 10 sec [221.

4.3.3 The Microprocessor

The initial waveform generated by the nonlinear
element, energised with a sinusoidal drive, was fed into

the sampler, and converted to a digital form. The
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microprocessor, loaded with the *F.F.T." programme (see
Appendix B) was then able to read the information and
produce an output of amplitudes and phases of constituent
harmonics 1in the distorted waveform. Here, a Commodore
Business System Computer was used , and peripheral devices
i.2. a printer and a tape reader were connected through the
IEEE 488 port. This was a bidirectional port which allowed
the peripheral devices to be interfaced simultaneously to
the computer.

The computer consisted of three self-contained units.
The first, was the central processor with all the
necessary arithmetic and logic operations. The second, was
the memory where the programme was stored and gives the
computer the ability to, temporalily, save the information
for future use. The third unit consisted qf peripheral

devices attached to the computer.

4.3.4 Diode holder

As the project involved the investigation of diode
properties, the construction of a proper diode holder was
essential. The holder was manufactured in a croaxial form
and adapted for use with General Radio (GR) system having
the characteristic impedance of 50 ohm. The main
requirement for a properly designed holder was to ensure
that it retained the characteristic impedance of the line.
It had to meet the test that when the diode holder was

short-circuited and terminated with the characteristic
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impedance it produced no or negligible standing waves.
Under these conditions, the dimensions of both the inner
and outer conductors of the diode holder would meet the
specifications required for matching purposes [11].

For a coaxial lossless transmission line, the

characteristic impedance is given by [ 23]

1 K a
la = 1n (4.6)
2717 € b
where
H = permittivity of the mer um,

¢ = permeability of
a = internal diameter o the ou.er conductor .

and b = diameter of the inner conductor.

It was found that the diode holder had a very satisfactory

VEWR of 1.02 at 1GH=z.

4.4 Testing

It was the intention that the spectra: .qiwrmation
acquired obtained by means of this method will be helpful
in the selection of nonlinear devices for the best
per formance in particular applications. Although, the
method was simple in principle, many practical difficulties

had to be overcome before reliable results were obtained.
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The experimental set up consisted of both analogue and
digital units. Its accuracy, therefore, depended on
precision of the measurements at the analogue stage and on
the performance of the intervening digital units. The basic
quantity to be analysed and displayed for information using
the sampling wunit, was the distorted output waveform from
the device. A low pass filter was inserted between the
source and the diode to ensure that the distorted
displayed output was the true waveform from the device. The
accuracy of the sampling unit was of the most importance
since the validity of the method AEpended to a large extent
on the sampling process. Furthermore, it had to be ensured
that there was no loss of information because of the A/D
and D/A converters.

The software, i.e. the programme, was tested by feeding
in the theoretical values of a known waveform and
comparing them against the practical observed values on the
output of the system. The theoretical values of an ideal
waveform were generated by a subroutine of the programme.

The accuracy of the complete system was also tested by
feeding directly known generated signals, square pulse and
triangular repetitive waveforms, and recording their output
spectra. The computed readings were then compared against
the expected theoretical values.

The validity of this technique was also partially
confirmed by means of another method. The spectrum analyser

was the alternative since it can measure the harmonic
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amplitudes, however not the phases.

An ideal square wave pulse 1s shown in Fig. 4.6 .
The first &3 points of the pulse represent the maximum
value 10, from the 64th to 190th the minimum value of 0O and
from the 191st to 253rd the value of 10. Since the ratio 1is
one—to-one the d.c. value should be half of the height of
the pulse. The "sine” components should be zero because of
the even symmetry and the “cosine” components only for odd
harmonics [ 24 1. Its Fourier Coefficients given by the programme

are shown in table (4.1).



59

Table 4.1
Ao = 5
Harmonics an ban Cn P, degs.
1 6.39 O 6. 39 0
b (K] o o {0
3 —-2.13 o 2.13 0]
4 8] o 8] 90
5 1.28 0 1.28 8]
&b 0 o o g0
7 | -0.91 8] 0.91 0
8 0 0 0 T0
? 0.71 o 0.71 o
10 0 o 0 f0
11 -0.58 o 0.58 o
12 a o o 20
13 0. 49 o 0. 49 o
14 4] ] o 20
15 -~0. 42 4] 0.42 0

A theoretical square wave is represented by the following

equation [251:

(4.7)

1 2 cos3t cos5t
f(t) = —— + =— cost - + - ...)
2 TT 3 5
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and the expected values X10 are presented in table (4.2).

Table 4.2

Harmonics an by,
1 b6.36 0
2 0 0
3 -2.12 0
4 o o
5 1.27 0
6 o 0
7 -0.91 o
8 0 )
9 0.71 o
10 0 0
11 -0.58 o
12 ) )
13 0. 49 1)
14 1) o
15 -0.42 0
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The values of an ideal sinusocidal waveform generated

within the program = are given in tables (4.3) and (4.4).
Table 4.3
ae = 0
Harmonics an bn Cn ¢~ degree
1 0 1 1 20
2 o 1) o 20
3 o 0 0 {0
4 Q o 0 90
5 o o 0 90
& 0 0 o 0
Table 4.4
de = 1
Harmonics an bn Cn ¢ degree
1 ) 1 1 90
2 1) o o 90
3 0 0 0 90
4 ) 0 0 90
5 0 0 0 90
6 0 0 1) 90




The values of an ideal
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triangular

waveform

within the program are given in table (4.5).

generated

Table 4.5
ae = 0
Harmonics an bn Cn ?n degrees
1 25.7 0 25.7 0
2 0 0 0 20
3 2.9 0 2.9 o
4 0 ) 0 0
5 1 0 1 o
13 a) 0 0o 70
7 0.5 o 0.5 0
8 a) o 0 20
9 0.3 o 0.3 0
10 0 0 o0 20
11 0.2 o 0.2 (]
12 o 0 o 0
13 0.2 0 0.2 ]
14 ) 0 4] 90
15 0 0 0 20
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A known sinusoidal waveform was fed into the system
and the results are shown in table (4.6). The tested
frequency is 0.5 GHz. The maximum value of the waveform is

2 and the minimum O.

Table 4.6
de = 1.004
Harmonics an bn Cn ¢ degrees
1 -0.0122 1.0058 1.0058 —-89.3
2 0 0 0 20
3 0 1] ) 20
4 0 0 ) 0
5 0 0 o 90

All the harmonics should be zero except for the fundamental
because if the waveform is a pure sinusoid. Also, a.=0
because it is sinusoidal signal and hence cosine components
should not exist. The overall percentage error was found to
be less than 0.5%.

To test the error of the diode holder a generated
sinusoidal waveform was applied through the empty holder at
a frequency of 0.5 GHz . The maximum value of the waveform
was 0.738 and the minimum O. The results are shown in table

(4.7).
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Table 4.7

da = 0.3362

Harmonics an bn Cn 9., degrees
1 —0.0248 0.35465 0.3573 -86. 0206
2 —0.0209 0.0189 0.0281 —42.12
3 ~0.0152 -3.2e-03 0.154 11.8886
4 1.2e-03 6.3E-03 6.4E-03 79.12
5 -3.4E-03 6E-03 3. 4E-03 -61.6

A square wave generated from a source was analysed with
this method. The results are shown in table (4.8). The
frequency tested was 25 MHz, the maximum value of the

waveform 10.336 and the minimum O.
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Table 4.8
Ao = 5.18
Harmonics an ban Cn ¢ degrees

1 -0.36 6.59 6.59 -86.88
2 -0.09 0.02 0.09 -12.53
3 -0.35 2.21 2.23 -81.01
4 -0.1 0.01 0.1 - 5.72
5 -0.38 1.32 1.37 —-73.95
6 -0. 41 ) 0.1 0
7 -0.1 | 0.88 0.97 -65.02
8 -0.14 ) 0.14 ")
9 -0.4 0.65 0.76 -58. 4
10 -0.12 -0.05 0.13 22.61

4.5 Summary

It was shown that the determination of the harmonic
spectrum generated by a nonlinear device, energised by a
high frequency fundamental source was possible. The method,
based on Numerical Fourier Analysis used a closed-loop
system incorporating a sampling unit which also translated
high frequency distorted waveform ¢to a low frequency
display. The process of the analysis would have been
tedious and lengthy but with the aid of a microprocessor it
was reduced to a simpler and qQuicker procedure.

Nonlinear devices are extensivly used in high frequency
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applications and it is an essential phenomenon to the
operation of many circuits. In these applications the aims
are usually to accentuate the nonlinearity of the device so
that the basic harmonic—-generated process is initiated. In
addition, the generated spectrum offers a means of
characterising the device, as fundamental V-1 plots, at
these frequencies lose their meaning. Spectral
characterisation represents the actual nonlinearity of the
device under normal working conditions. The method also
offers a possibility of comparison between the deyices of
the same type and their capabilities in particular
applications.

It was found that the errors in the harmonic
measurements were lower at frequencies below 1GHz. This was
because the sampling unit limiting frequency of operation
was about 1.2 GHz caused by a risetime of the sampling
pulse of about 0.5 nsec. Even in the case of a low
frequency, the errors were in the order of 104. To improve
the accuracy it was necessary therefore, to use a high
precision equipment and higher power source to cover a
bigger range of drive levels.

The resulting spectra or "fingerprints® of the devices
introduced a new method of characterisation. Evaluation of
devices may next be carried out by examining and

interpreting the patterns of the spectra.
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CHAPTER 5

MEASUREMENTS AND PROCEDURES

S.1 Introduction

The testing of the system and the behaviour of the
diode holder were considered in the previuds chapter. The
measurement procedures described here are connected with
the computer-—-aided experimental technique used in the
determination of generated spectra of nonlinear elements.
Since the nonlinear element response is dependent on the
input level there is a need first to decide, which
parameter should be chosen to represent the drive. The
difficulties involved in carrying out the measurements of
the input quantities forced us to consider the current at
the fundamental frequency measured in the load as the drive
parameter. The values of this fundamental drive current are
important and should be stated with any measurements of C-V
and Q-V characteristics. The available instruments and the
experimental arrangements for the measurements and the

results obtained will be discussed in this chapter.

5.2 Choice and Measurement of Drive Level

The characteristics of nonlinear diodes or elements
are level-dependent and therefore the actual drive
conditions must be specified. The quantity selected for the

drive level must be reliable and repeatable. Applied power,



68

voltage and current at the fundamental frequency were
considered for the representation of the drive level.
Voltage could not be used because no voltmeter of [117]
sufficiently high impedance was available. In addition, the
measurement of the voltage at the end of a mismatched line
creates problems because of the standing waves. Power was
not a suitable quantity because the power—-meter normally
employes a 50 ohm thermistor and there are no frequency
selective instrument available of high enough impedance.

It was finally decided that the drive level should be
represented by the current, I,, at the fundamental
frequency. The components of the generated harmonic spectra
can then be recorded with reference to this level. It was
also noted that the upper limit of the drive current should
be restricted to avoid the burn-out level of the diode.

The measurement of the drive current was carried out
by measuring the voltage on the ocutpute by means of a
spectrum analyser, assuming that the current at the input
of 50 ohm load will be the same as the current through the

diode.

5.3 Measurements with Slotted Line

A slotted 1line 1is a section of uniform lossless
transmission line with a longitudinally—oriented slot which
provides access to a pick¥up probe that detects voltage
variations on the line as it moves along it. The voltage

induced in the probe circuit 1is proportional to that
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existing between the inner and the outer conductors of the
line at any probe position [26]1].

One of the most informative measurements that can be
carried out on a slotted line, is the measurement of the
Voltage Standing Wave Ratio (VSWR). The block diagram of
the slotted line assembly is shown in Fig. 5.1. From the
value of the VSWR, the capacitance‘ of the diode can be
deduced, following a series of calculations. Knowing the
capacitance which is a function of the applied bias the C-V
characteristic of the diode may be obtained.

Using the VSWR, the impedance of a load terminating the
line may be calculated. In this case the 1load 1is the

diode, and its impedance is given by [27]

or

1 - jS.tan(PXman)
S. — jtan(BXmin)

27T
B = —— (5.2)

~®
I

phase constant,

S¢ = VSWR,



source

VSWR
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Fig.51 Block Diagram of Slotied Line Measurements
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a0
i

wavelength,

reflection coefficient of the line due to the

and F

diode.

From the impedance of the diode its capacitance may be

calculated [ 27 1.

Xe =
wl
or
1
¢ = —mmm (95.3)
ZTTfX

Knowing the capacitance and the applied bias voltage on the
diode its C-V characteristic can be drawn.
Using the obtained capacitance from eqn. (5.3) and the

following relation

o
1l

cv (5.4)

the Q-V characteristic of the diode can also be obtained.

A DC4303A GaAs No.3 diode was tested at D.45 GHz
and different bias levels. The C-V and Q-V characteristics
are presented in Fig. 6.1 in chapter &4.

The measurements were carried out according to the
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following steps:

(i) The frequency was verified by measuring the wavelength
along the slotted line,

(ii) Using a VSWR—meter the VSWR of the diode was measured.

(iii) The position of Xain was recorded,

(iv) Varying the applied bias voltage, via the bias unit,
values of VSWR were measured, together with the
positions of minima, Xminy Of the standing wave

pattern.

5.4 Spectrum Measurements

As the aim of the work is to assess the harmonic
generating properties of a diode, the method of spectral
chararcterisation becomes appropriate. The spectra of
interest will be those of the amplitude and relative
phases.

The quantities that can be determined are the voltage
measured across a known impedance at n*®™ harmonic and the
drive level which was stated earlier to be the current at
the fundamental.

For the Sampling Method Measurements, the experimental
block arrangement for the spectrum measurement is shown in
Fig. 4.1. It consists of analogue and digital parts. The
analogue part includes signal generator, bias unit, diode
holder, sampler and a display wunit. The digital part

includes A/D, D/A, converters, microprocessor and the
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peripheral instruments, e.g. printer, tape reader.

The signal source type HP3Z200P VHF oscillator used in
this method, covers the frequency range from 10 to 500 MH:z.
Its frequency accuracy is within 2%. Across the 50 ohm
external load it can deliver a maximum power output greater
than 200 mW in the frequency range 10 to 130 MHz, greater
than 150 mW from 130 to 260 MHz and greater than 25 mW
from 260 to 500 MHz. Initially, the frequency of the
oscil}ator was set accurately to 475 MHz by calibrating it
against the spectrum analyzer.

The bias unit type GRB74-FBL was connectéd between the
signal generator and the diode holder. This unit has
impedance of 50 ohm and a satisfactory VSWR of less than
1.25 between 300 MHz and 5 GH=z. It provided a reverse bias
voltage, necessary to set the operational point of the
varactor diode and comprised a blocking capacitor in series
with the line, an isolating choke, and a low pass filter.
The bias unit was inserted at the source end of the line,
in order to avoid reflections at the measurement
terminals.

Driving the signal from the source through the diode
holder to the sampler as it was described in chapter 4 the
amplitudes and relative phases for each harmonic of the
diodes were obtained. The V-1 plots of these results are
presented in Figs. 6.6 — 6.45 where I, is the drive current
and V is the voltage output of the diode developed across

the known impedance of the sampler which was 50 ohm [111.
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In order to confirm thesé results, another method had
to be wused. In this method a spectrum analyzer was
connected after the diode holder, in place of the sampler,
and the same sets of measurements were carried out under
the same conditions. The Spectrum Analyzer (type TR4131/E)
used in this method covered a wide frequency range from 10
kHz to 3500 MHz. The results are presented in Figs. &6.46 -
b.65.

The above results were obtained for the 2nd to &6th
harmonics. The experimental set-up for the V-1 characte-
ristics of the fundamental, is shown in Fig. 5.2. A high
impedance voltmeter was connected after the generator to
measure the voltage at the input to the diode. Measuring
the output voltage through the spectrum analyzer and
subtracting this value from the input voltage, the diode
voltage was obtained. The drive current was measured by the
method described in para. 5.2. The results are presented in

Figs. 6.2 - 6.5.
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CHAPTER &

RESULTS

6.1 Introduction

The results of the spectrum measurements carried out on
four diodes are presented in this chapter. As it  was
mentioned before these results are shown in form of graphs,
from which the diode harmonic generating properties can
be found. The experimental methods and procedures were
already discussed in chapter 5.

In order to overcome the need for a large number of
plots, an alternative method of representing the amplitudes
and phases of harmonics against the drive level  was
introduced. This was done by combining the harmonic spectra
of a diode at different drive levels on a single plot. Each
complete display contains therefore the “"fingerprint® at
every energised level which can be extracted at will. In
addition, the dynamic behaviour of the diodes may be

compared for different levels and particular harmonics.

6.2 C-V, G-V Measurements

Fig. 6.1 presents the C-V and Q-V characteristics of a
DC4303A GaAs Varactor diode which was tested at 0.45 GHz
and different biases levels at a drive level of 4.2 mA. The
lowest value of the capacitance at —-10 V bias was 0.48 pF

and at -1 V bias it reached 1.07 pF.
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6.3 1I-V of the Fundamental

The input voltage, VYin, of the diode is sinusoidal and
at the fundamental frequency, but in actual fact it may
contain some of the harmonics. On the other hand the output
voltage, V,, was at the fundamental frequency because it
was measured selectively using spectrum analyzer. The
voltage across the diode is the difference between the two
i.e. V4o — V, assumed to be at the fundamental frequency.
The plots representing the fundamental V-1 relationships
are shown in'Figs. 6.2, 6.3, 6.4 and 6.5. When the diode is
driven higher the error of the measurements increases as
the assumption that the diode voltage is at the fundamental
frequency may not strictly hold. The curves at higher level

may be extrapolated.

6.4 Sampling Method Results

The fundamental drive frequency chosen for the
mesurements was 0.475 GHz in order to maintain the maximum
power output from the particular source used. Four
diodes of the same type, DC4303A GaAs, were examined
against the drive current up to 16 mA, for three different
bias conditions, i.e. -2, -4, -6 volts. Comparing the
amplitude spectra it can be seen that the changes due to
different biases do not vary significantly. It was decided,
therefore, that only one plot will be adequate to show the
diode behaviour.

The patterns for the second and third harmonics appear
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to be similar for the four diodes as shown in Figs. 6.6,
&.11, 6.16 and 6.21. If the level 1s increased the input
pulse becomes narrower and most harmonics tend to occur in
the first 1lobe of the spectrum envelope. The theoretical
plot of the envelope is shown in Fig. 6.66. It was found
that the second harmonic has appeared in the first lobe for
all the used drive levels. Slight variations with bias are
observed for the second harmonic in all the diodes and the
plot drawn attempted to show the overall average tendency.

Similar behaviour was observed faor the third harmonic,
which increased witﬁ increasing drive level, as shown in
Figs. 6.7, 6.12, 6.17 and 6.22. It was also noticeable that
the slope for the third harmonic in diodes N= 3 and 4 was
smaller than in diodes N=® 1 and 2. The third harmonic for
all the diodes was of a lower level than the second
harmonic and still occurred in the first lobe.

The plots for the fourth harmonic amplitudes, in all
the diodes, had a dip close to around B8 mA of drive current
as shown in Figs. 6.8, 6.13, 6.18 and 6.23. The amplitudes
were found to be lower than those of the second and the
third for all the diodes. The dip indicated that the fourth
harmonic below 8 mA drive level occurs in the second lobe
and with increased drive level shifts into the first
lobe.

Similar pattern was also observed for the behaviour of
the fifth harmonic for each of the diodes. This is

presented in Figs. 6.9, 6.14, 4.19 and &.24. The values of
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the fifth barmonic amplitudes were slightly lower than
those of the fourth and there was a dip at arocund 10 mA
indicating the transition between the two lobes.

In the case of the sixth harmonic, presented in Figs.
6.10, 6.15, 6.20 and 46.25 it was found that two dips occur.
The first was between 5 and & mA and the second around 11
mA. This implies that the sixth harmonic at low drive
level occurs in the third lobe and then as the level is
increased moves into the second and finally into the first
lobe. The amplitudes are lower level than those of fifth
harmonic

The variations of the harmonic phases with respect to
the fundamental are presented in Figs. &.26—646.45. If the
distorted waveform was symmetrical, this would suggests
that the relation between the fundamental and the harmonics
can only be 0 or IBD deqrees, as only cosine components
would be present. If, however, the waveshape was
asymmetrical the phases would be within 90 degrees and sine
and cosine components would be present.

In the case of the first diode, the second harmonic
relative phase was found to increase with the drive level,
then had a peak and later decreased. On the other hand, for
the second diode, it started to increase and then remained
at the same level as shown in Fig. 6.31. The third and
fourth diodes behaved in a similar manner as in Figs. 6.34
and &6.41.

The remaining harmonics behaved in the same way and
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most stayed in the area betweeen —10 and +45 degrees.

6.5 Spectrum Analyzer Method Results

It was mentioned in chapter 5 that there was a need to
confirm the validity of the sampling method. To achieve
this spectrum analyzer measurements were used. The results
obtained using this method were carried out under the same
circuit conditions and are presented in Figs. 4.46-6.65.
However, the verification could not have been complete
since spectrum analyzer can only measure harmonic
amplitudes and can determine théir relative phases. The
resulting graphs show a reasonable agreement between the
measurements obtained using sampling method and spectrum
analyzer. This confirmation justifies the use and the
application of the sampling method.

The shapes of the plots for different harmonics of the
diodes were similar to the once obtained in the sampling
method. Point by point comparisons has indicated in many
instances a very close agreement between the two
measurements as expected. The positions of the dips or the
transition point for higher harmonics have also occurred at
similar drive levels. All the harmonic amplitudes are

presented in Figs. 6.46—-6.65.

6.6 Discussion

An attempt has been made to give a simple and useful

picture of the behaviour of varactor diodes which may
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reveal a wealth of information necessary for their
applications. The results of the sampling and spectrum
analyzer methods have illustrated the general effects of
the diodes.

The curves of the harmonic voltages have been explored
over a wide range of applied drive levels which served as a
guide to experimental optimization to harmonic amplitudes
and relative phases and a satisfactory agreement between
the two methods was obtained.

An outstanding feature of the sampling method is that
the computation of the Fourier Coefficients may produce

information for many parameters of the diodes.



h

\ P \

\\ /[ \ /[ ,\\\
A \
\/
\ | \
}tg

n
T

5
=T f(w)

Fig. 6.66 Typical Spectrum of a Varactor Diode



16

CHAPTER 7

CONCLUSTIONS

7.1 Introduction

The techniques and fhe experimental procedures of the
sampling method and the direct measurements using spectrum
analyzer were described in chapters 4 and S5, respectively.
The amplitudes and phases of the generated spectra for each
varactor diode were presented in chapter &6, then followed
by a discussion of the harmonics’ behaviour. As the
measurements were made for four different diodes but of the
same type, the comparison of the results was appropriate.
The validity of the developed sampling method was confirmed
by the direct measurements for the same diode circuit
conditions using the spectrum analyzer. Typical estimated
errors for the amplitudes between the two sets of results
were about 3 to 4%Z for most of the measured harmonic
amplitudes with a maximum deviation of about 10%.

The harmonic spectra of amplitudes and relative phases
were presented as functions of the drive level. The
spectrum of generated frequencies at any excitation level
of the varactor and bias can be obtained by extraction from
the plots. The changes in the amplitudes of the harmonics
and their relative phases for different energising levels
represented the changes in the generating properties of the

nonlinear capacitance of the varactor diodes. The points of
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transition between the 1lobes of the harmonic spectra are
clearly seen to occur at particular drive levels. Such
knowledge of the diode behaviour and actual amplitude
values of the harmonics generated within it can be very
useful in the design of numerous frequency—converting

circuits which play an essential role in many applications.

7.2 Device Characterisation

It is evident that in any planned design undertaking
one requires as much measured data on the devices to be
used before a satisfactory performance can be achieved. It
is also necessary to establish relationships between the
device parameters and its dynamic behaviour. The
information supplied by the manufacturers has always been
limited and wusually carried out only at certain test
frequencies and at one or two points of the device
characteristic.

In order to overcome these serious deficiencies there
was a need to introduce a suitable method of classifying
the nonlinear properties of devices for frequency
converting applications. Spectral characterisation dealt
with in this project is such a method that can satisfy
these requirements. It is based on the fact that the
nonlinearity of the device must be reflecfed in the
spectrum of harmonics it generates. Such ®"fingerprinting®
of the nonlinearity of the device is only valid for a

particular drive levels which does not, however, diminish



18

its apparent advantages.
There are many benefits in being able to identify the
nonlinear devices by means of i1its generated spectrum, i.e.

its "fingerprint®. The main ones can be in

(1) the comparison of the devices of the same type,
e.g. quality test in manufacture,

{(1ii) the assessment of the device capabilities and
hence possible early prediction of its perform-
ance in a circuit by the customer,

(iii) for matching purposes in the design of multi-
device circuits,

and (iv) for the replacement of devices in complex systems

without the need of circuit redesign.

A practical device will normally be encapsulated in a
type of package which will inherently have parasitic
components. As a consequence of this the device nonlinear
characteristic under dynamic operating conditions at high
frequencies will depart widely from the static d.c.
characteristic. To represent such a device by an equivalent
circuit will be difficult and therefore the equivalent
"fingerprinting®™ can be considered as an alternative and
appropriate representation.

At high and microwave frequencies it is the harmonic
spectrum generated by the device that will give indication

of the degree of nonlinearity and device capability for use
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in frequency—converting circuilts. For experimental
verification and theoretical analysis 1t was decided to
consider current driven varactorsf It was assumed that the
energising level of the device may be accurately
represented by the current at the fundamental frequency
measured in the output load. As a reference, V-1 d.c.
measurements have also been carried out on each one of the
diodes under test.

The theoretical analysis carried out in chapter 3 had
shown the difficulties involved and the need for many
approximations to be introduced before the values .of
individual harmonics can be found. This conclusion
supported even more the necessity for an experimental
method which will overcome these problems. None of the
results of the analysis produced closed analytical
solutions that could be used in the prediction of harmonics
generated in the varactor. The reasons for this were
because the resulting expressions were of the series type
and sometimes did not converge rapidly. However, on
comparison it was found that the calculated values using
limited number of terms agreed within reasonable
tolerances with the results obtained experimentally.

Such verification was a proof of the method validity
and accuracy. The processes used in the sampling method
can be easily computerised and can provide a basic
technique for a wideband high frequency testing.

The availability of the sampling method or even a
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limited (because of lack of phase data) direct—measurement
method using spectrum analyzer for the purposes of spectral
characterisation of nonlinear devices could be very useful
when circuit designs are planned. This could be on the
grounds of economy as in many cases the prices of the
devices are high. Selecting nonlinear devices for a
particular frequency converting circuit is important if the
predicted performance is to be achieved. Use of unsuitable
devices can increase the cost of the design and
development. It is probably up to the manufacturers to
provide more data of the right kind to the customer so that
a correct choice can be made.

This new measurement method also offers a means of
determining a complete spectrum (amplitudes and phases)
generated within a nonlinear element over a wide frequency
range. The resultant spectra which are the "fingerprints”,
represent new forms of device characterisations. The
pattern may show a regular trend consistent with the normal
behaviour of the device. It may also display an anaomalous
trend which signifies the peculiarity of the device under
certain defined conditions. Regarding the accuracy, there
are no mathematical approximations involved except for the
experimental errors. It is hoped that this praject will
stimulate industrial interest because of its additional
facility of phase determination, not available in any

spectral analyzer.
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7.3 Future Work

This sampling method of characterising nonlinear
devices, i.e. varactors in this project, produced
reasonably good results. There is, however, a need for more
work to be done basically, first, to eliminate test circuit
and system imperfections and second speed up the

procedures. The areas needing improvements are as follows!

(1) it would be very useful to have a computer with a good
graphics display facility which would allow more precise
determination of the points on the waveform to be analysed.
As a result a comparison can also be made between the
sampler output and input waveforms in the system and hence

check on any distortions in the sampler circuits.

(2) a modern and higher precision sampler unit could be of
great benefit. The existing sampler we have used was the
weakest 1link in the system. It was very difficult to
stabilise the signal output because of sensitive trigger

controls.

{3) there is a need for another numerical method and
appropriate computer algorithm for calculating the Fourier
Coefficients and which can also account for the presence of
noise. Alternatively this may be achieved by inputing the
data a number of times and then averaging the values before

calculating the coefficients and hence reduce any random
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noise in the sampler—-interface connection. The result of
this, would be a more accurate determination of the low

level harmonics.

(4) a thorough examination of the input connections would
also be required. High frequency problems were occasionally
encountered when certain cable and generator power level
combinations were used. There is also a need to have a
higher power source to increase the drive levels and hence

measured harmonic spectra of fully driven devices.

An improved system could probably have a very wide
industrial application in microwave testing: This will have
advantages over a single frequency measurements which would
normally be carried out using a slotted line assembly. The
method is much quicker and can produce the direct

information over a band of frequencies.
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APPENDIX A
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APPENDIX B

*FAST FOURIER TRANSFORM PROGRAM"
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READY.

19 FEMFESEEEEESEEEEEEESEEEEEESEEEEEE SRR P b E S RSP EF PSSR e ¢
28 REMEREfERddeEd FOURIER TRAHSFORM FPROGEAM $ffEdgddepg
48 FEMEEREREEEEEEEESFEEE SR E S SRS S EE SR SRR Epf kb
1298 DIM ACZaY Bo20) PO PSOZRn S0 2AaN  THO 28 (B0 3260
11&é DIM F(Tl;,HF(“l; ‘
126 DIM Lo2Saer Coz2Ssl Dozssr  J0258 0
Saa REM&EREEREEREEE INTRODUCTION #¥EfddsEss
516 PRINT" BRRRislerininlals]"
520 PRINT" FOURIER TRANSFORM PROGRAM!
5368 PRINT" "
S48 PRINT:PRINT :PRINT :PRINT
558 PRIMNTYCPRESS AMHY KEY TO COMTIHUE»"
566 GET Af:IF AfE="" THEH Se&a
5Va PRIWT"IOV
588 PRINT" PROGRAM NHC FLUOHHTIHGY
e8a GOSUBR caae
619 GOTO 14008
1aea REM******#### FPEAD IH DATA FTS. $eddrEdsss
1818 POKE S342¢.
182a FOPI—BTU"E.PGKESB 42
1838 POKES942¢6 .4 :FOEES34:
1948 Z=FPEEK 23457 2-138
1858 PRINT 2
186@ IF Z2=0 GOTO 1920
1ava IF 246 THEH 1a3a
1aza FOR I=a TO 255
1398 POKESS4el, 122 :POKESI4ES 224 sFPOKES 2426 ]
1198 K=PEEK{S34%7>
1113 LfI)-tk 12055, 25112725
1126 PRINT I:L< 12
1136 NEXT 1
1206 REM¥E¥xEEdddr¥ PRINT# ODATR READ IH 7 $$sEeedEds
1216 MF=18@6:REM MULTIPLYING FACTOR LWSED BELOW
1228 PRINT :PRIMT"OC YOU WISH TO PRIMNTE OATA HELD IH ARRAY oI ¢
1228 IWMPUT" 1=YES= a=ND "2
1z4é IF Z2=a THEH 14&8
1256 IF 2=1 THEN 1z2g8
12680 PRINT::PRINT" INPUT ERROR FLERSE TRY AGRINH"
1278 GOTO 12328
12868 OPENZ.4.0:CMD2
1298 FOR Y=a TO 25% STEP 4
1300 J{YO)=INT{MF¥L(Y))/MF
1310 JY41 0 INT CME L Ot ) X ME . o o e e e e+ s e+

6.1 :HEXT :FORK=1TO1 @& tHEXT
&.1 =

SZFOEESDYcR 224
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133 J

[l LTy s R

18z@a
1g328@
184@
1858
1360
1378
188a
1290
1508
191@
19za
1930
1935
194a
1945

1391

Jow+20=THT MF#L P20 o MF

3 =THT CMPREL CY 430 0 A MF
PRIMNT Y::JoYa, . Y+1::T09+10,
PRIMT Y+2::J00+20  Y+3 s T +30
HE=T
FRINT#Z
CLO=E 2
REM®$eedseds CAHLCULATE COEFFICIENTS #dddfddssd
FRINT

IHFLUT "HUMBER F HARMOMICS" :H

IMPUT"STRRTIHG POIWT" : 5

IMFUT"EMD FOINT" :E
PRIMT:PRINT"DOQ YOU WISH TO CHAMGE THESE YALUES 70
INPUT" 1=YESZ a=HNO " :R

IF B=1 THEH 141@

IF B=a THEH 158&
FRIMT"IWPUT ERROR FPLERSE TRY AGHIN" :GOTO 1468

IF =1 THEH 1%9sa

IF Sh=0E-12 THEH 1526
IF EX2ES THENW 1Sed

IF HI1 THEH 153a

IF Hx23 THEH 1532343

GOTO 1608

FRIMNT :PRINT"ERROR STHRET 1 EHOH 255 EHOSTART+1LY

GOTO 1416

FRINT :PRINT"ERROR 1< HUMEER OF HARMOHICS >Za"
GOTO 1418

FPEM*$¢$$$ THLCULATE RO $Esed
R=E-S:0T=2%n-"" F+1> :A=0

FOR I=% TO E

A=H+L {12

NEXT 1

AdD=R/F-C21Ta, S

REM*¥E¥* CRLCULATE AWM AHD BH $¥¥Es
FOR H=1 70 H

M=1

CiS—1or=@:0{S~1 =0

FOR I=5 TO E

Colo=CoI—1 2+ 0 0kC0s T HEMEDT 2

A DCIo=00T—10+LCT oS ITHCHEMEDT

M=H+1

HEKXT I

ACHI=COCED “RAC2TE, S0 2
EBEoHI=0CE)~"RAC2TR. D072

MEXT H
REME®shssbebes SCALE COEFFICIEHTS $#esessees

FOR M=1 TO H
ECHI=ABS /MY 2

MEXT H

GOSUE S2an

FOFR H=1 TO H
EfHr=RBZ B IHY 2

HEAT H

GOsE SZ2a8

IF RAR<18 THEHM T=18a
IF AR THEH T=1aa@
FOr M=1 T2 H

P=1

rR=1

IF R{MI<B THEHWH P=-1
IF B(N><B THEN R=-1
V?-HBS(T*B(H))

———— e ¥ SER e
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1355 ZZ2=RABSCTH#HH>»
196 1IF ZZ»xY THEH 1374
1262 AH»=1
{9e€S GOTO 2a8a
w=Zl-INT OS2
IF #=Ix=% THEH 1333
HiMHI=P$IWNT 220 T
GOTO 2a0d
ROH =FPE¥INT O Z2Z+1 0 AT
IF ¥%Y THEH 28324
BiHI=13
GOTO 2Zada
2838 Q=YY-INT{YY>
2048 IF c>x=Y THEN z2a7a
2058 B {MN)=R¥IHT YY" T
2868 GOTO 2824

N O e
UIO-OR VR RN T U]

- G000 0 )

DT ARNE D

20708 BiMI »=R&EINT oYY +1 0T

2888 SO HIY=IHTCTH#SORCACHI¥ACHI+E T H I #B O HY 20 T
299 IF AdH)=a THEHW 2126

2188 THOH =INT T#1Sa - " g#ATHOBECH Ao 00 T
2118 GOTOD 21z6

21268 THOM =98

2138 HEST M
2148 IF AQle THEMW O=-1
2158 HHE=ABSC THAGH

2178 Al=3
2128 GOTO 2z

2198 M=EE-THT O
22848 1IF Wo>=Y THEH 2
2218 AQ0=CO#IHT (=xr T
22z2a GOTO 2300

2228 AD=0FINT O+t 0 T

REME*EdEEd$%¥ PRINT COEFFICIENTS $#¥fdEsede
PRINT

PRIMT" FOURIER COEFFICIEMHTS®

PRINT

PRINT"ARO=" A0

PRINT

FOR H=1 TO H

PRIMHT"H=":H

PRIMNT"AHM=" sHH> " BH=" B H» " CH=" sSihobD
FRIMWT

HE®T H

2500 REM&EEEsEeeesd PRINTH COEFFICIEMNTS — $dddEddEed
2518 PRINT

2528 PRIMT"OD YO WAWNT TO PRIMT# ABOWE FESULTS Y
2920 IHFUTY 1=YES G=h0" s F

2548 IF PO=1 THEH Ze8@
25568 IF FPO=3 THEHM Z260a
2568 PRIMT:FRINMT"IHFUT ERFROR FLERSE TRY AGAHIHY

2578 GOTO 2538

26008 REM*¥$¥¥$ PRINTH# COEFFICIEMTS #¢&¢#

2618 OFEMZ . 4.8 :CMO3

2628 PRIMT :FPRINT :PRINT

2628 PRIMT" FOURIER COEFFICIEMTS!

2643 FRIMT" "ePRINT

2658 PRIMT" TONAOD=" A

2668 PRINT

2678 FOR H=1 TO H

2688 IF M=1@ GOTO 2754

26%8 PRINT® N=":H.

2708 PRINT" AH=":ACHI " EM="E M2

2716 PRINT" "L CH="aSRCNY " FPHASE=" s TH{(N)
2728 PRINT
2738 NEXT M

DO

NG -3 - Q

VT PO R PO R R R N RS PSR
P AR NN NENRAENENEN.
[y
OO DOA
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2240 IF H<1e THEHM 2214

2756 FOR MH=18 TO H

PRIMT" M=" M,

2ve8
27V PRIMT"AM=" "Rt " BH="EBH>
2788 PRINT" L e © = ST € RO FHRZE="THoH"

IV IDIIIAIIARIAIAARAIIILOIIALIIAIAIANQEIALZIIGLC DD

PRINT

ME=T M

PRINTH#=

CLOSE =

FEME#seksdeds FRIMNTH GRAFPH 7 $sddddddd
PRINT

PREIWHT"DD YOU WAMT TO PRIWNTH# GRAFH TV
INPUT" 1=VES B=NO" W10

IF bO=1 THEMN =
IF WO=8 THEMN <49
FPEINT :PRIHT" IHPLT ERRORE FLEASE TEY AGHIM" :FRINT

SOTO 2838

REM#*#%%¥ PRIHNTH# GRAFH #*#¢¢

PRINT

IMPUT"HOM MAHY YERTICAL POIMTS OO0 YoU MANT O THE SRAFPH" :SF
IF SF<S THEMW 278

IF 3F:58 THEM 2574

SF=2%INHT.3F 2>

GOTO 35568

PREIMWT

PRINT"ERROR S OWERTICAL REAHGE St

GOTO 351/

FEM##kd® CHLCULRTE FoT 25 ddddd

=n¥2/78

FOR T=8 TQ 79

PS(a>»=06

FOR N=1 TO H

IF A{N><8 THEH 37Fzua

IF BiH>»=8 THEM 32748

PSOH =PSSO 0+ HOH TS O NS TES D+ B M S TR HE T

GOTO 3vVaes

PSCHY=5

A ANIDQIR 0 G000 -

AR = DO =D ORI ANEORN =S O NREWRN =G OONEAD D AT ANEQR =@ ST AND QR =GR =D

oo

FLTa=FSoH»+A0

NEXT T

REM#¥¥$# HORMALISE FoTaS ke
A=ABRSF.@> )

G=—73

FOR T=1 TQ 7a

IF A=ABSCF.T»» THEH ZSEH

A=ABSCF T

HEXT T

FOR T=& TO 7a

HF ST o=IHTCSF#F ST oA

IF Go=HFiT>» THEH =316

G=MF (T

IF MFcTa»3 THEH U=1

IF MFiT»<@ THEN D=1

MExT T

FEM##d%® PLOTH# GRAFH sk

OFPEM1 . 4.8 :0M0D1

PRINT :PRIMT :PRINT

FPRIMT" GRAPH COMSTRUCTED FROM FOURIER COEFFICIEMTS
PRINT" "
FRINT" STARTIHG POIMT=":5:" EMDO POINT="E
4860 PRINT

4878 IF U=8 THEN 425@

4886 FOR L=SF TO 1 STEP-1

4090 IF L<>SF THEH 4118

4188 PRINT" 1 1"::G0T0O 4170

- 411@ IF L<O(SF~3) THEN 4130
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4148
4158
41686
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41346
4130

=280
4218
422a
4230
42480
4250
4260
4278
4280
4296
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W00~ @ O B L) Ry

RO ¢ T U o I s R I )

Gt 0D L0 G G0 L0 L) G

R O U O O TR JR S %

470
4738
4748
4758
4500
a4S1 0

PRIMT" FoITx |"::GQTO 4174
IF LLESF-2 THEM 4168
PRINT" . 121"

GOTO 4178

PRINTY 1"

FOR T=a TO va

IF HF Toa=L THEH 42168
PRIMT" ":

GOTO 4226
FRIMT".":

NEST T

FPRIMT

NEXT L

PRIMT" I AL
FOR T=a TQ V&

IF HF{Ts=@¢ THEH 4:
PRIMT" _":

GOTC 4310
FEIMT",":

HE=XT T

PRINWT

FRIMT" "
FOR T=a T 7&

IF HF T I>—1 THEH 432=
PRIMT".":

GOTO 451/

IF T=17v THEH 4444

IF T=34 THEH 44c

IF T=43 THEH 44z2a

IF T=é% THEH 450a
PRINT" ":

GOTO 4516
PEIMT"q/ 2" ::T=13
GOT 4512

FPEIMT"q":

GOTD 4519
PRINT"Zm/2" : : T=52
GOTO 451
PRIMT"Za" : :T=712

NEXT T

IF 0= THEH 4748
PRIMT" "
FOF T=@a T0 7A

IF HFoTa=—2 THEH 4574
PEINT" "::50T0 45285
PRINT".":

HEST T

PRINT

FOR L=2 TO HBSOG?

IF L<3FA2 THEH 46838
PRINTY —1/2" G070
IF L<-5F THEHM 4458
FRIMT" =1 |[":203070
PRINT" '

FOR T=a T Ta

IF MFOTo=0-1%L>» THEH
PRINT" ":

GOTO 4710

PRINT".":

HEXT T

FRINT

HEXT L

PRIMT#1

CLOSE 1§

7t
el

o

W
o0
=
Ll

o
T
o
[x]

b
11
a4
[y}

5
-
fex]
[n)

T34

REM#eksiokgedkddk END PROG? skEpeesonkl

PRINT



4920
4330
4946
4356
438
4970
3380
43908
S2a
5210
5228
S238
52406
5256
sRBa
&a19
Sz

e e bt e e (O D S DR

B L3 Py = DD G0 T N QO
DO ORI B I O Ol IRl U

R
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&

Wy O I I O J N O O O
LT ORI TR PR TR PR PR LN R (S AN
LT A Y N S LN Ul IR A B Y (R

LW e I U o I e I o o I I Y

RERCY.

190

PRINT"ODO YOl WISH TO INFUT MORE ORTAR OR TO RE-SE ABOWYE DRTHY
PRINT"Y OF TO END PROGRAM ¢

INPUT"  1=MORE 2=RE—-IISE Z=EHOM :EF

IF EF=1 THEH Zo%

IF EF=2z THEH 1z8¢
IF EF=Z THEH 3333
FRINT"IHFUT ERROR FPLEASE TEY AGHAIHT :FRINT
GOTO 434a

FEM#E$®¥EE$sdd SUALITHG SUBROLUTINE ssdssdeeds
FOR H=1 TO H

IF EXM>»<{=RH THEH SZ4s

AAR=E <M

HEXT N

RETURH

REM PLOT SQUARE MWAYE

FOR H=1 TO 53

LiH»=1@:LiH+13@=13

HEXT H

OFEM4 .4 B :0M0 4
PRIMT :PRINT

—

FRINT” ODATA IH AREAY LOIli=i68t FOR (5=1<=g3"
FRINT"Y =i FOF &g =]I=133"
PRINT" =1 FOR 12@=1T=203&"
PRIHT#4

CLOSE4S

RETURHM

REM SIMEWMWAYE

REM S=1 E=255

DX=a-127:2=14

FOR H=1 TO 25&

LIH)=2%STIHCCH-1 2#0a

HEAT H

OFEM S.4.8:CMDS

PRINT :PRINT :FRINT

PRIMT" ORTA IH ARRAY Lol =1G0¢SIHCT HMHEFRE 1< =1« =z5%"
PRINTH#S

CLOSES

RETURH

REM O WAYE

FEM Z=1 E=12%

Ox=n"64

FOR k=1 TO 123

Lok »=COS 0k —1 00 +1
MEXT K

FRETUREH

EHO






