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ABSTRACT

This
transmission

dissertation

documents

of picosecond

electrical

the

experimental

signals as they

study

of

the

propagate along

planar guiding structures and as they are switched by double-barrier
heterostructure diodes.

Applying advances in the field of ultrafast optics

to revolutionary techniques in the generation and measurement of short
electrical transients, a large contribution has been made to the growing
field of ultrafast electronics.

The progress of this discipline, which is

essential to the future progress of the communications and computer
fields, has to be furthered by the investigation of sources of high-speed
digital signals and the means of transmitting these signals.

An

algorithm

has

been

developed

and

used

to

model

the

propagation of picosecond and subpicosecond electrical signals on normal
and

superconducting

compulation of
modal

planar

transmission

a complex propagation

dispersion,

the

lines.

factor

frequency-dependent

Included

in

the

are geometry-dependent
attenuation

and

phase

velocity that arise as a result of the electrode material, and polarization
effects that

are displayed by the substrate material.

The results of

calculations are presented along with a comparison to experimental data
acquired through the use of an eleclro-optic sampling technique.

The effects of the modal dispersion of planar lines, the complex
surface conductivity of superconductors, and the dipolar relaxation of
substrates are demonstrated.

The transient propagation characterirtics of

planar lines were found to include an increased rise time, increased pulse
width, the introduction of ringing onto the waveform, and a novel "pulse
sharpening."

Additionally,

an

investigation

into the

switching speed

double-barrier quantum well resonant-tunneling diode produced

of

the

the first

observation of picosecond bistable operation in this device and added
necessary

information to the understanding of its transport mechanisms.

A rise time of less than 2 ps was measured for the resonant-tunneling
diode, again using the electro-optic

sampling technique.

This is the

fastest switching event yet observed for an electronic device.

These studies of extremely fast switches, as well a s transmission
lines

that

transmit

can,
the

appropriately

depending

outputs
designed

from

them

applications.

may

be

their

these

properties,

switches,

distort

have

or

faithfully

demonstrated

electrical elements can compare with

fastest all-optical systems.
about

on

that

even the

This alone indicates that the knowledge gained

very

useful

for

high-speed

circuit

and

logic
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CHAPTER I

INTRODUCTION

I.A.

Motivation

The advent of the field of ultrafast electronics has created a revolution in the way that scientists and engineers must view the future of
technology.

Communications,

computing,

instrumentation,

solid-state

electronics, superconductivity, and other fields will all depend to some
degree on the results of research in ultrafast science being done today.

Of

this research, the study of new devices and circuits that have unprecedented time responses1
importance.

-

on the order of a single picosecond

-

is of utmost

It is these diodes and transistors that must switch current in

extremely short times in order to generate the large bandwidths necessary for communications systems or the rapid repetition rates of signals
needed for computer applications.
quantum

mechanical

For instance, devices that rely upon

tunneling, the fastest electronic transport

mecha-

nism yet known, have been predicted to have an intrinsic traversal time
across their structure of as little as 100 fs.213

A time-domain study of these

devices reveals not only information on the technological aspects of their
application, but also insight into the physical principles involved with
their

transport

mechanisms.

Perhaps one of the most important considerations for the field of
ultrafast electronics is the investigation of the means with which very

broadband signals are to be transmitted.

All of the present and future de-

vices operating in the picosecond regime will be virtually useless if there
i s no efficient means to guide brief electrical signals t o and away from
them.

It is imperative that engineers understand the effects that con-

tribute to the degradation of transients as they propagate along various
transmission media, as well as the measures that can be undertaken to
maintain the fidelity of a guided waveform.

Successful development of

these transmission lines requires algorithms that simulate the evolution
of pulses with fast rise times and the comparison of these computations
with

experiments.

Apart from studying transmission lines t o learn how their geometry, electrodes, and substrate affect propagation, however, it can also be
useful to observe the evolution of a signal on a waveguide in order to discover something new about these components.

For instance, a large loss

observed in the high-frequency content of a signal could result from the
attenuation associated with a Debye relaxation occurring in the substrate,
o r the fact that the frequency exceeds that corresponding t o the energy
gap parameter o f a superconducting electrode.

In principle, after consid-

ering the frequency dependence of the attenuation and phase velocity of

a propagated waveform, spectroscopy could be performed on a dielectric
material o r a metallic electrode.

This investigation shows that informa-

tion acquired from transmission line experiments could be used t o increase the understanding of the physical

nature of a material over a

broad band of the spectrum extending into the terahertz regime, where it
i s currently difficult t o make measurements of permittivities.

Thus, it is for these reasons that this body of work was undertaken:
to

understand

the

high-frequency

propagation

characteristics of

non-

ideal transmission lines by considering all of the pertinent mechanisms
involved in distortion; to increase the knowledge of the components of
these lines; and to push the switching times of the resonant-tunneling
diode to shorter intervals in order to discover more about its tunneling
mechanisms.

Furthermore, each of these studies is necessary to the

advancement of the field of ultrafast science.

I.B.

Historical

overview

This dissertation represents one of the earliest efforts of its kind as
far as the use of electro-optic sampling techniques for the characterization and study of ultrafasl electrical components is c ~ n c e r n e d . ~ ~This
s
section provides some background on the topics of microwave transmission lines and two-terminal

tunneling devices.

The

various popular

transmission structures for the conveyance of RF and microwave signals
are reviewed, along with an introduction to their imperfections and the
use of superconducting electrodes to improve their performance.

In ad-

dition, the origins of the tunnel diode are presented, highlighted by the
proposal of ultrafast operation due to tunneling through a quantum well
grown by Molecular Beam Epitaxy (MBE).

I.B.1.

Transmission

lines

for

microwave

signals

The interrelationship of electric and magnetic energy along conducting and dielectric boundaries leads to the existence of waves that are
guided by these boundaries.

These waves are fundamental to the propa-

gation of electromagnetic energy from a source to a device or from one
place to another within a circuit.
the case of a sinusoidal oscillation

The waves may be pure in nature, as in

-

or analog waveform

-

at a single fre-

quency, or they may contain a broad range of frequencies of the spectrum, from dc up to even the terahertz (1015 Hz) regime for electronic
signals.

This latter type of signal is described in the time domain as a

pulse, transient, or impulse, and it might be said to have a particular
waveshape or envelope that can define it at a given point in time.

The

classic square or rectangular electrical pulse used in digital electronics
would be placed in this category.

It is the transmission of these signals

that contain features that change over extremely short time intervals
that is considered.

Many different schemes have been devised for transmitting these
short

electromagnetic bursts, although

they

can basically

down into single- or multiple-conductor structures.

be

broken

The former group

contains the hollow-tube guides of rectangular and circular cross section,
and while these maintain microwave frequencies, they d o not support dc
or static fields because of their single-conductor nature.

Because of this,

bollow guides are used mainly for analog signals which may have high
power

requirements,

but

not

tremendous

-bandwidth

requirements.

Therefore, for the transmission of the wide, baseband signals that are
characteristic of digital electronics, and that are mainly to be considered
in this body of work, multiple-conductor structures are used.

Cross-sec-

tions of some of the lines commonly used in microwave applications are
shown in Fig. 1.1.

While coaxial cable is generally most flexible and has a greater capability for handling propagation over long distances, it is lines that are
planar that

are employed in microwave circuits.

Planar transmission

lines are thin parallel strips that are supported by dielectric substrates

( E ~

in Fig. 1.1); they also have characteristics that can be determined by dimensions in a single plane.

Thus, the impedance of a line can be con-

trolled by the width of one metalization, and circuits can be fabricated in
a flexible

manner

using

photolithographic

adapted to changing specifications.

techniques

that

are easily

For microwave circuits, the use of

planar transmission configurations satisfies size constraints, readily

al-

lows devices to be connected in shunt and series, and provides for simple
transitions to coaxial systems.

Unfortunately, transmission o n all of the structures in Fig. 1.1
proves to be imperfect, and in general, the higher the frequency, the
greater the problem in maintaining the integrity of a signal.

The two

main factors affecting transmission quality are attenuation and dispersion.

The former is due t o the components of the transmission line, the

electrodes and the dielectric, and radiation, although the effects of loss
due to radiation are in general substantially less than those of the materi-

als.

Dispersion can b e defined as the effect of a frequency-dependent

phase velocity on a signal.

That is, if one considers a wide-band pulse

travelling along a microstrip, one particular frequency i n the spectrum
of the pulse does not necessarily propagate at the same speed as any other
frequency in the pulse.

Dispersion arises due t o the geometry of the

transmission line used,6 although, as we will see later, the lossy nature of
the materials can also contribute to its effects.

The consequence of these

properties is that the output of a guiding structure may b e lower in amplitude and significantly distorted when compared to the input.

The dif-

ferent structures in Fig. 1.1 influence short pulses to various degrees, and
so a comparison of a number of them is in order.

M i c r o ~ t r i ~ ' is
- ~ the most .popular of the transmission lines pictured
due to its geometric simplicity, the availability of its top electrode, and the
fact that dispersion does not arise as a problem until the wavelength of a
propagating signal becomes as small as the cross-sectional dimensions of
the line.

It was first studied in the early 1950's as tbe frequencies of in-

terest i n electronics were increasing.10

Dispersion is even less of an is-

sue for the ~ t r i ~ l i n e , l l -since
~ 3 its fundamental mode of propagation is a
transverse electromagnetic mode

(TEM). However, the absence of easy

access t o the center conductor for obtaining either shunt or series contacts has made this commonly used structure less desirable.

It was first

studied about the same time as microstrip.14

T h e Coplanar Strips ( C P S ) * . ~ ~and Waveguide (CPW), investigated
first i n the late 1960's when interest in integrated circuits was increas-

Microstrip Line
Coaxial Cable

St ripline

Coplanar Waueguide

Coplanar Strips

Slotline

h

l n u e r t e d Microstrip

Fig. 1- 1 .

2-

Suspended Microstrip

Microwave transmission structures.

ing, have an obvious advantage when one considers the mounting of
components along a transmission

line.

These structures are slightly

worse than the previous geometries in dispersion, power handling capability, and radiation loss, but because their configuration allows both
electrodes to reside on top of the substrate, digital integrated circuits are
now using them almost exclusively.

Coplanar geometries are also rela-

tively easy to test using electro-optic sampling, and because the critical
dimension of spacing can be made small using photolithographic techniques, these structures have achieved popularity among groups doing
optical testing.

Although they originally found uses mostly in specialty

a p p l i c a t i o n s , 1 6 coplanar lines are becoming extensively used in microwave integrated circuits, and the research discoveries accomplished
using them pertain in turn to all these other structures.

Another configuration that incorporates its electrodes in the same
plane is the s ~ o t l i n e , ~and
* ~ it~ too has found uses in specialty circuits.] 8
Extended application of this structure will not occur, however, due to such
disadvantages as high dispersion and radiation loss, very low power-handling

capability, and

Inverted

and

difficulties in

suspended

attaining

low

impedance

values.

r n i c r o ~ t r i ~ s ~are
9 * two
~ ~ other lines that e n j o ~ .

only limited use due to manufacturing difficulties.

The ability of these

lines to handle high-frequency signals can be excellent however, due to
suppression of higher order modes and the presence to a great degree of
air as a dielectric.

They could be of particular interest for studying mare-

rial

normal

properties

of

and

especially

superconducting

electrode s ,

because one could observe the effects on a signal due to the conductor*

rather than the geometry.

The attenuative effect of the electrodes has only been mentioned
briefly to this point, although it is the primary mechanism causing pulse
distortion in many transmission structures, and it will always be a factor
in

high-frequency

transmission

on

lines with

metallic

conductors.2 1

Loss due to the electrodes is also the most important contribution to distortion in long-haul lines and limits the use of high-frequency structures
for transmission over substantial distances.

Therefore, the use in guiding

structures of superconductors, with their low-loss nature below a characteristic energy value, has been the subject of several research efforts.

Figure 1-2 shows as an example the attenuation versus frequency
for several types of transmission media.

The open wire pair is only of use

for rather low-frequency signals, being limited by radiation at frequencies below the microwave regime.

The coaxial cables, of course, can be

used at much higher frequencies, but losses due to the conductors result
in very high attenuation when cables are employed over long distances.
Optical fiber transmission systems perform much better at frequencies up
into the gigahertz range, diminishing a signal by as little as about a tenth
of a decibel per kilometer.

Superconducting microstrips, however, have

the potential to out-perform all the other guides, as in the bottom right
corner of the graph it is seen that for niobium microstrips attenuation at
frequencies approaching 100 GHz is less than 1.0 d ~ l k m . ~ ~

I

RGIU 174/
coaxial

1 MHz

100 MHz

10 GHz

Frequency

Fig. 1-2. Attenuation vs. frequency for several transmission lines
including a multi-mode optical fiber.

T h e first published studies on superconducting transmission lines
were

undertaken

around

196023 as operating frequencies were moving

into the X-band (about 8-12 GHz) and attenuation over substantial distances o n conventional lines was becoming a greater prublcm.24p25
research

continued on into the

This

19701s, when pulse measurement tech-

niques with improved resolution were developed to study transient propagation.26

The most common superconducting transrnisslun structure in-

.

vestigated was coaxial c a b 1 e , ~ ~ ~although
28
work on planar lines was also
being carried out.29

It was eventually decided, however, that expensive

cooling systems using liquid helium would not be economical for transmitting signals over long distances, and the emphasis on superconducting
structures was shifted to planar lines.

In the late 1970's it was believed

that these would be needed in order to propagate picosecond pulses generated by superconducting Josephson junctions in systems such as the

IBM Josephson computer.

The technology needed for interconnects in

proposed superconducting circuits at these huge bandwidths was tested
primarily

through

the

use

of

computer

s i m u l a t i o n s , 3 0 ~ 3 1 as no

measurement technique with the required resolution was available until
just before the Josephson computer project was abandoned in 1983.

The speed of devices operating even at room temperature has improved markedly this decade, and considering the ease with which measurements may now be made in the sub-picosecond time scale, a renewed
interest

in

superconducting

guides has arisen.

Part of the allure has

been that the resolution of the electro-optic sampling technique would
allow spectroscopy to be done on superconductors at unprecedented frequencies.32133

Additionally, with the advent of new ceramics that behave

as superconductors at much higher temperatures than the ordinary mat e r i a 1 s , 3 ~ the possibility of new, highly efficient, and economical longrange transmission lines still exists.35

Furthermore, since the optimum-

temperature

superconductinglsemiconducting

performance

range

for

hybrid circuits lies between about 50-120 K, the use of these superconducting lines for subsystem interconnects is also of great i n t e r e s 1 . 3 ~

Voltage (V)
Fig. 1-3. Current-voltage characteristic for typical tunnel
diode showing negative resistance region.

I.B.2. T u n n e l diodes

One class of device which challenges the capabilities of these
transmission lines and helps to create a need for the efficient superconducting lines of the future is the quantum-mechanical-tunneling diode.
The first paper on the tunnel diode appeared in 1958.~' after tests on a degenerate germanium p-n junction

showed an anomaly

in the current-

voltage (I-V) cbaracteristic: a negative resistance region (see Fig. 1.3).
This characteristic, was explained by

the quantum-mechanical-tunneling

concept, and a reasonable agreement was attained between the experiments and the tunneling theory.
energy barrier,

which

The tunneling time through a potential

to the inverse of the quantum

i s proportional

transition probability per unit time, is short compared t o the standard
transit time computed from dividing distance by speed.

To exploit this

novel ability for device speed, many applications for the diodes were predicted, and investigations into uses for both the microwave38 and digila139 domains began.

Although devices were fabricated and have even

found their way into frequent application as oscillators and switches, as
in electronic sampling oscilloscopes, their popularity never reached its
imagined

potential.

Around 1970, a new type of tunneling device made from heterojunction

superlattices

posed.40t41

and

displaying

negative

resistance

was

pro-

The first observation of this feature on device I-V curves was

made in 1974 on a single double-barrier quantum we11.~2 This so-called
resonant-tunneling diode took advantage of the extremely smooth films
and interfaces produced by molecular beam epitaxy, and the carriers in
this case tunnelled through a structure consisting of alternating layers of
different

semiconducting

materials.

Typically, gallium arsenide would

appear as the lower band-gap, or well, material of the structure, while
higher band-gap semiconductors such as GaAlAs o r AlAs provided the
potential barriers around the well (Fig. 1.4).
quantum well would be o n the order of

100

The entire extent of the

A,

so that quantum states in

the energy range of 0.1 meV existed in the GaAs and created the high
tunneling probability needed to ensure rapid tunneling times.

L

0.2 e\'
Ga As

A1 As

+

40

GaAs

A+

40

A1As

A+

40

GaA s

A-4

Fig. 1-4. Conduction bands of a hypothetical resonant-tunneling diode
showing identical Al As' potential barriers and a bound quantum state in
the GaAs well.

It was in the early 1980's that improvements in the

MBE growth

process brought renewed interest to the field of resonant tunneling, and
better devices began to appear.

This was evident in the high-frequency

. ~ ~ exapplications that were suddenly able to be i n v e ~ t i ~ a t e d . ~ 3These
periments demonstrated that the double-barrier devices were indeed capable of attaining extraordinary levels of frequency performance (up to

2.5 T H Z ) , ~due
~ to the speed with which carriers could tunnel through the
structure.

As a result of this work, the static and high-frequency char-

acteristics of resonant-tunneling
tense

taken

quential,

in the

incoherent

device.53-55
a

recently

come

under

in-

e ~ ~ e r i m e n t a land
~ ~ t-h ~e o~r e t i c a 1 ~ ~ - 5 scrutiny,
2
with a particular

interest

of

diodes have

role of
tunneling

resonant,
in

the

coherent tunneling
transport

versus se-

properties

of

the

It is the study of these mechanisms through the application

double-barrier

diode

as a switching d e v i c e 5 6 ~ 5 7 that h a s been

undertaken in this body of work.

I.C.

Overview of

dissertation

Chapter I1 provides a theoretical

background

for the study of

transmission lines of all types. In the first section, two general methods
for studying the properties of transmission structures are presented: the
field analysis and the distributed-circuit analysis.

The result of applying

these methods to strip transmission lines is then discussed in Section II.B,
s o that the origin of the various distortion mechanisms may be discovered.

An introduction into the effects of higher-order mode propagation,

complex electrode impedance, and substrate permittivity is included.

Chapter 111 considers comprehensively how

each of the effects

mentioned in Chapter I1 can influence a signal as it evolves on a transmission structure.

Section 1II.A shows how the distributed circuit analy-

sis can be combined with the field analysis in order to include effects of
the geometry, the electrodes (normal and superconducting), and the substrate material

in a signal propagation

algorithm.

Meanwhile, Section

II1.B demonstrates how each of the distortion mechanisms acts upon various input transients.

A comparison is made between normal- and super-

conducting-electrode structures s o that the unique physical properties of
the superconductor and the overall

superiority of the

superconducting

line can be appreciated.

Chapter IV begins by discussing the optical and electro-optical
techniques

employed

to

make

measurements

of

very

s h o r ~ electrical

events on transmission lines.

This is followed in the second section by the

presentation of propagation data on both microstrip and coplanar transmission lines.

Experiments that investigated the effects on short pulses of

higher-order mode propagation, lossy dielectrics, and imperfect conductors are described.

The data in many cases are compared with the output

of the simulation algorithm

to determine which

mechanisms have af-

fected the signal.

Chapter V begins with an introduction to the theory of the doublebarrier

heterostructure

tunneling

diode as it pertains

to the current-

voltage characteristic and the basic mechanisms of tunneling transport.
The second section provides an explanation into the operation of the device as a bistable switch, and describes the circuit limitations to the
switching speed of the RTD. Also included in this section is a discussion of
the means by which switching times may be used i n an analysis of the
tunneling mechanisms of the device.

Section V.C describes the configu-

ration used for the testing of the RTD, as well as the method of signal extraction employed to observe the switching.
the results and notes their significance.
importance of
currently

Chapter VI summarizes all of
It also indicates the continuing

the work by relating the nature of

in progress.

the investigations

CHAPTER I1

TRANSMISSION LINE THEORY

This chapter is intended to provide a general, theoretical basis for
the development of a computer algorithm (in Chapter 3) that is suitable
for the computer-aided design and modelling of pulse propagation on
planar transmission lines.

It begins with a general treatment of the the-

ory of structures used for the transmission of electromagnetic radiation.
Two different techniques for analyzing transmission lines are considered.
One is based on Maxwell's equations and the relationship between the
electric and magnetic fields present on conducting structures, while the
other is based upon the consideration of a transmission line as a distributed circuit having a certain inductance, capacitance, resistance, and
conductance per unit length.

These analyses are directed specifically to-

wards strip transmission lines, and the distributed-circuit technique is
applied to the regime of relatively low frequencies where TEM-mode
propagation may be assumed.

The foundations for higher-order mode

propagation in both ideal and non-ideal structures are presented in the
next section.

In the last section of the chapter, the theoretical origins of the
material effects involved in pulse distortion on strip transmission structures are presented.

The materials represented include both dielectric

substrates and the normal-metal and superconducting electrodes.

Fig. 11.1

shows a block diagram of the theoretical properties used to analyze each

component of a strip transmission structure.

1I.A.

General

transmission-line

theory

This section provides a general treatment of the distributed-circuit
and field analyses for structures that guide electromagnetic signals.
structure that is considered is the parallel two-wire transmission line.

The
In

the directions transverse to the direction of propagation of a signal on
the line, electric field lines begin on one conductor and end on the other.
This defines a voltage between the conductors at a transverse plane.

The

magnetic field lines that encircle the conductors lead to current flowing
along each conductor, of equal magnitude but in opposite directions.

In

any one plane, these quantities are a function of time, and at any given
time, they are dependent on the distance from a fixed point along the
transmission line.

A guiding structure may be analyzed o n the basis of

these currents and voltages as long as the wavelength of the signals on
the line is large compared with the cross-sectional dimensions of the
structure.

Otherwise, to be more accurate, the effects of higher-order

mode propagation due to the geometry and the losses in the line must be
taken into account.

II.A.l.

Field

analysis

The field analysis of transmission lines shows how the information

of Maxwell's equations predicts the propagation of electromagnetic waves
on metallic structures.

It must first be assumed that the medium of

1 Quasi-static Analysis
(low frequencies)

GEOMETRY

Dispersion Models
(hi h fre uencies)

I

(all frtauencies)

1

CONDUflOR ANALYSIS

I

ELECTRODES

Complex Surface Impedance

I

e
GNormal Metals

Superconductors

F
Complex Conductivity

Real Conductivity

I
I
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(

Electrons

I

DIELECTRIC ANALY SlS
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1 Electrons 1
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r Polarization
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I

I

1 Conductivity 1

Fig. 11.1. Block diagram indicating theoretical properlies used in
analysis of planar transmission line components.

propagation i s isotropic, linear, homogeneous, and time-invariant.

Then,

from the definition of permittivity, the electric flux density D is related to
the electric field intensity E by D = E,E,E, where t o is the permittivity of
space, E,

is the relative permittivity of the dielectric, and

E

=E~E,.

Likewise, the magnetic flux density, B, is related to the magnetic field
intensity H, but by the permeability p,

It i s also assumed that the dielectric is lossless, or that the conductivity o f the propagation medium i s zero.

Furthermore, no free charges

o r currents are present in the medium so that the charge density, p , and
the current density, J , are zero.

An example

arbitrary

Maxwell's equations thus become

transmission

structure, parallel

conducting

strips, is shown i n Fig. 11.2, with the assumed direction of propagation i n dicated a s the z-direction of a rectangular coordinate system.

The electric

and magnetic fields for a sinusoidal signal are given as follows,

Fig. 11.2. Example parallel strips showing z-direction of propagation and
a differential length dz.

where i , j , and k are unit vectors in tbe x, y, and z directions, respectively, o is !he angular frequency, and each of the coefficients Ex,y,, a n d
H X,Y ,z are generally dependent on the components x, y, and z.

Also, the

time-dependence in the exponential is subsequently suppressed.

It is as-

sumed for a plane wave that there is no variation of the fields in the
transverse directions, so the derivatives from Maxwell's equations with
respect to x and y are zero.

From the curl equations for the electric field

and magnetic field density, it is discovered that the time-varying parts of

E, and Hz are equal to zero, and the fields of the wave are transverse to the
direction of propagation.

The plane wave considered up until this point has been propagating in an arbitrary material constrained by our assumptions.
sideration must also be made for the guiding medium.

Some con-

The conducting

planes, which we imagine t o have infinite conductivity, are assumed to
extend far enough in the y-direction that any fringing fields at the edges
are not important.

Since the conductor is considered to be perfect, we

may also assume from boundary conditions that the tangential electric
field at the electrode is zero, and that the fields enter normal to the conductor (Ey

=

0). This proves that for the wave studied thus far, the fields Ex

and Hy satisfy the boundary conditions constraining the electric field in
the parallel-plate

transmission structure, and thus the waves resulting

from the curl equations are supported by this line.

From this set of

equations, the one-dimensional wave equation may be acquired:

where a non-magnetic substrate is assumed (p,

To

demonstrate

propagation

on

the

=

1).

transmission

structure,

following electric field propagating in the z-direction is tested
solution in the wave equation,

the
as a

There are two functions in the solution, f and g, and they represent the
general situation of waves travelling in both directions, the positive z-directioa for f, and the negative 2-direction for g.

Differentiating equation

(II.A.8) twice, we have

a2., - a2f aZg
at2 at2 a?

---+-

and

a'.,
- ( P ~ E ~ [E a2f
~ ) +]
az2
az2 az2

--

(II.A.9)

and substituting these into Eq. (11.A.7), it is seen that the wave equation in
the microstrip is satisfied.

Furthermore, to maintain a position at a con-

stant point on a wave, the argument of f must be kept constant: [t
Z ' ( P o'o'r)

*I2]

=

constant.

Taking the derivative here gives us dzldt

=

l ( o o ~ r ) 1 ' 2 , which means that the velocity of the wave on the line is
given by

since it is known that the velocity of propagation in free space (with parameters p o and t o ) is the constant c.

This concept of the wave velocity on

the transmission line will be of extreme importance in this work as the
fringing fields at dielectric discontinuities create a need to consider inbomogeneous
permittivity,

dielectrics
E,.

and

the

frequency

dependence

of

the

II.A.2.

Distributed-circuit

analysis

While the last section showed that electromagnetic fields could exist
and propagate in transmission structures, this section deals with the voltages and currents that are present on conductive waveguiding structures.
In it are also introduced the distributed-circuit parameters used in an
equivalent-circuit approach to propagation.

It is this method that i s

found to be the most convenient in rhe analysis of transmission lines undertaken in this work, and the effects of the various distortion mechanisms on transmission are built onto the analysis in this section.

The

field theory, however, will still be alluded to and used to explain some
phenomena

II.A.2.a.

later.

Ideal

transmission

line

The equivalent circuit for a section of transmission line, dz, such as
that shown in Fig. 11.2, is given in Fig. 11.3.

Included in the distributed-

circuit parameters are the components representing losses, Rdz and Gdz,
although they will not be considered right yet.

The first concern is that

the line bas an inductance equal to the distributed inductance per unir
length, L, times the differential length, dz, and similarly a capacitance,
Cdz.

Across the differential section of the transmission line, the voltage

drop, o r the length times the rate of change of voltage, may be written as
the product of the inductance over that length and the time rate of
change of the current,

Fig. 11.3. Transmission line equivalent circuit for a differential
section of line, dz, including lossy components represented by
series and shunt resistors.

Likewise, the current change is the capacitance of the section multiplied
by the time rate of change of the voltage, or the current that is shunted
across the capacitor,

When the differential length is eliminated from these equations, we are
left with a set of differential equations that are fundamental to the analysis of lossless transmission lines. If the first is differentiated with respect
to distance and the second with respect to time, and then the derivative

with respect to both time and space from one equation is substituted into
the other,

This i s identical in form t o the wave equation from the field analysis, and
the solution to this equation, V(z,t), is also identical to the form of the solution to the previous wave equation, Ex(z,t),

This again demonstrates that waves are supported by and propagate on
our transmission structure.

Since the forms of the solutions are the same,

the propagation velocity for the ideal line can also be determined from
Eq. (11.A.14): v

=

(LC)-~".

From Ohm's law, it is known that resistance is given by the voltage
divided by the current.

S o the expression for voltage may first be i n -

serted into the voltage transmission line equation (II.A.l I ) , and then, secondly, this expression may be integrated with respect to time i n order to
find the current:

where f2(z) is a constant with respect to time and is ignored as a dc offset
term.

Equation (II.A.14) divided by Eq. (II.A.16) then equals Lv, or sub-

stituting for the velocity, L I ( L C ) - " ~ = (LIC)"~.

The ratio of voltage

across a line to current through the line also defines the characteristic
impedance of the structure (or here, characteristic resistance because the
quantity is real):

The characteristic impedance of a transmission line is perhaps the most
important quantity used to distinguish the line and the way in which it
may be applied.

II.A.2.b.

Non-ideal

transmission

lines

It is now necessary to consider the losses inherent to any general
transmission structure and how they are hand,led by the equivalent circuit.

Recalling Fig. 11.3, it can be seen that the attenuation due to the fi-

nite conductivity (and hence finite resistivity) of the electrodes translates into a distributed series resistance, while the loss due to absorption
in the dielectric is treated as a shunt conductance between the two elec-

trodes.

The voltage change determined from Eq. II.A.11 then must also in-

clude the drop across the resistor: -(Rdz).I.

Likewise, the current change

from Eq. II.A.12 is increased further due to the new pathway through b e
conductance, giving -(Gdz),V as the additional term.

It should also be re-

membered that the time dependence of I and V has been suppressed
throughout the previous analyses, and that if the derivatives with respect
to time are actually taken, a ~ l a tbecomes jol.

With the loss terms and the

time (frequency) dependence added to the current and voltage expressions, the transmission line derivatives in Eqs. II.A.11 and .12 become

av
az

-=-(R+joL)I

and

a1
-=-(G+joC)V.

az

(II.A.18)

It is common to group the series terms into a general distributed series
impedance Z per unit length and the shunt terms into a distributed shunt
admittance Y per unit length:

Z=R+joL

and

Y=G+joC.

To find the wave equation as was done earlier, the voltage differenrial
equation from Eq. (II.A.18) is differentiated again and a substitution is
made into the current equation to give

From this expression it is demonstrated that the product ZY is complex.

The solution of the wave equation can be written in terms of arbitrary voltage amplitude constants, V+ and V' for the positive and negative
z-directions, and complex exponentials:

The derivative of V can be evaluated as in the first part of Eq. (1I.A. 18). in
order to find I,

and the characteristic impedance can be given a s either the ratio of V + / I +
or v-/I-:

T h i s expression

shows the full complex nature

of the characteristic

impedance and how it is influenced by the loss components in the
distributed

circuit.

The solutions to the wave equation contain the product of a voltage
amplitude and an exponential as has been shown.

The argument of the

exponential was found to be - ( Z Y ) " ~ - Z , where the coefficient of z is a
most useful quantity known as the propagation factor, y

where y has been broken down into components, given as a for the real
p a n and f3 for the imaginary part.

Looking again at the wave solution,

just for the part travelling in the positive z-direction, the exponential
may be divided u p into parts with real and imaginary arguments:

T h e first exponential represents the attenuation o n the transmission line
and the fact that it increases with distance z, while the one with the
imaginary argument describes the changing phase of the
distance.

signal with

Thus a is the attenuation per unit length and is called the atten-

uation factor, and fl is the phase shift per unit length and is known as the
phase factor.

The components of the propagation factor together provide

a simple description of the basic, low-frequency, TEM-mode of propaga-

tion.

In practice, however, either this distributed-circuit technique must

be modified or a different one must be developed in order to deal with
signal propagation

at higher frequencies.

1I.B.

mechanisms

Distortion

The frequency dependences of both a and

b are of considerable in-

terest, because due to their effects, the distortion of signals on transmission lines arises.

While the nature of the influence of frequency on the

distributed parameters, and thus also on a a n d

B, is investigated in a later

section, the physical origins of higher-order mode propagation and the
mechanisms contributing to transmission losses are discussed now.

ll.B.l.

Higher-order

Higher-order

modes

on

ideal

mode propagation

transmission

lines

on a transmission structure may

arise on account of several different reasons.

On an actual imperfect

transmission line, the losses associated with the electrodes, as well as the
fringing fields at the conductor boundaries may lead to the presence of
non-TEM modes.

Before these causes are investigated, however, it should

also be indicated that an ideal transmission line with perfect conductors
may also guide higher-order modes.

If it is assumed that there is no component of the magnetic field
(for example) in the direction of propagation, Hz = 0, and that for the
parallel-plate structure there are no field variations in y (Ey

-0

because

a / a y = 0), then the boundary conditions require that the tangential electric field vanish only o n the surface of the perfect conductors. That is, E,
=

0 for x

=

0 and x

=

a.

Solutions to the Maxwell's equations are now found

to be harmonic functions over the dimensions of the structures8, containing terms in a product such as sin(k,x).

The eigenvalue k, is depen-

dent on the frequency, the substrate, and the geometry and properties of
the conductors; ir can only take o n discrete values.
boundary conditions at x
m is an integer.

=

a,

T o satisfy the

k, may therefore be given a s (mnla), where

T o insure propagation of the mode rather than rapid at-

tenuation, it is discovered thatS8

where c is the speed of electromagnetic signals in vacuum,
mittivity of the substrate, and f is frequency.

E~

i s the per-

This indicates that in order

to propagate a mode that has transverse components only of the magnetic
field (Transverse Magnetic, o r T M , mode), f has to b e satisfied with a
minimum value of m

=

1.

This demonstrates that the higher-order mode,

in this case the T M , mode, has a low-frequency cutoff, o r rather, the mode
propagates only for frequencies at or above this cutoff frequency.

Similarly, for the parallel plate system,

E, may be zero, and the

condition may be set that there is n o field variation in the y direction.

In

this

be

case,

the

exact

same

expression

for

cutoff

frequency

can

determined.

Therefore, the TEI mode begins to propagate r t the same freFor r line with a 200-

quency as the TM1 mode for the parallel-plate line.

p m spacing and an alumina substrate, the cutoff frequency for these
modes would be about 250 GHz.

This serves to demonstrate that even for a

structure which may be considered ideal, higher-order modes , which do
not necessarily have the same velocity as the fundamental TEM mode, may
propagate.

Of course, one way to propagate a signal without distortion on

this "ideal" line would be to keep the frequency content of the signal below the cutoff frequency.
transmit

high-frequency

However, in the case where one wishes to
information,

especially

on

lines

with

wider

spacings (larger a), distortion due to "moding" will take place.

II.B.2.

Higher-order

modes

on

imperfect

structures

This dissertation is concerned mainly with the realistic aspects of
signal distortion on strip transmission lines, including the means with
which

higher-order

modes

propagate

on

lossy

structures

uniform field patterns (i.e. those with fringing fields).

with

non-

The approach that

is taken is to observe what happens to the velocity of the frequencies in
the spectrum of the propagating signal when losses or fringing fields are
introduced into the structure.

The velocity of a constant phase point on a

waveform is known as the phase velocity, vp, and this quantity may be
frequency dependent s o that different frequencies have different velocities.

It is energy which is propagating in the higher-order modes at dif-

ferent velocities from the TEM mode that is causing this effect.

II.B.2.a.

Lossy

conductors

and

substrates

The phase velocity may be found in the following way.

The actual

voltage wave travelling in the positive z direction may be written as

which may be rewritten in terms of a trigonometric function as

~ ( 2 . t =)

[ v+ e-CrZ c o s ( o t - pz ] .

(II.B.3)

As i n the ideal case, we wish to remain at a constant point on the wave-

form in the time domain in order to find the velocity.

Therefore, the

cosine argument must be constant, and we find

o t - pz = k

so that

&
=
---pa .
p dt

v

After substituting the imaginary part of the propagation factor y, for the
phase factor

p , the frequency dependence of the phase velocity becomes

immediately

evident

If the loss terms R and G were not present, then the denominator would

become

I ~ ( - ~ ~ L C ) so
- ~ that
' ~ . the frequency dependence of the phase

velocity would be cancelled.

This, however, is no longer the case when

the losses are considered, and the presence of a variation of phase velocity with frequency indicates the existence of higher-order modes and
signal distortion.

Most importantly, it is discovered that not only do the

loss terms contribute to attenuation on the line, but they also contribute
to a frequency-dependent phase velocity and thus dispersion.

While this

effect on the phase velocity is relatively minor, it can become more important at higher frequencies and is included in all analyses.

II.B.2.b.

Dielectric

mismatch

and

surface

waves

Another consideration in the analysis of transmission structures,
and particularly planar lines, is that TEM modes may not be able to be
supported at all.

Figure I1.4(a) shows a cross-sectional view of a

microstrip transmission line, with the electric field lines emanating from
the top electrode and terminating on the ground plane and the magnetic
field lines encircling the electrodes.

The fringing electric field lines and

all the magnetic field lines experience both the air dielectric above the
top electrode, as well as the substrate dielectric between the electrodes.
The tangential components of the electric field must be continuous across
the dielectric boundary here, so that

-

Expair,where "sub" stands for

substrate and the x direction is in the horizontal plane, perpendicular to
the

propagation

direction.

Using

Maxwell's

curl

magnetic field on each side of the boundary, we get

equation

for

the

( V X H ) , ~ =a E-a , a i r
at
aE%.sub

(

)x,sub = 'sub

&

and since these electric fields are equal at the boundary,

Taking the derivatives from this equation and employing the condition
that magnetic field density is continuous across a boundary between two
media of equal permeability, w e arrive at

a H z,air
'sub-

ay

-

aHz.sub

aY

= ( e r - 1)-

a~

and since the dielectric has a permittivity not equal to that of air (about 1)
and since Hy is not zero, it can be inferred that the longitudinal component of the magnetic field is also non-zero.

By a similar analysis, it is

proven that there is always a longitudinal component of the electric field
also.

Observation of the field pattern of a coplanar stripline configura-

tion, as seen in Fig. II.4(b), also reveals that while the electric field
pattern does not traverse a dielectric interface, magnetic field Iines do.

Fig. 11.4. Cross-section of (a) microstrip and (b) coplanar stripline showing
electric and magnetic fields and their discontinuities at the dielectric interface.

These planar transmission lines, with electric and magnetic fields
that extend outside of the boundaries defined by the conductors or the
substrate, are considered to be in a class of structures known as openboundary waveguides.

These structures are also generally characterized

-

by having field lines that experience dielectric inhomogeneities, and the
modes of propagation supported by lines with a dielectric mismatch such

Direction of
energy flow

Fig. 11.5. TEM wave traveling to the right along the surface of dielectric interface.

as this are called surface waves.

This is illustrated by Fig. 11.5, in which a

side view of the microstrip transmission line is seen (minus the top conductor, to avoid confusion) where the electric field enters the substrate
from the air.

The average longitudinal component of the electric field re-

sulting from the presence of the dielectric interface is given as

E,, and

the new average electric field vector of the wave traveling along the dielectric boundary obtains a forward tilt.

The magnetic field, in this case

considered to be just transverse, is H,.

The direction and magnitude of energy flow density at any point in
space is given by the Poynting vector,

s o that in this case, due to the field discontinuity at the interface, the energy on average is not directed parallel to the surface, but rather inward

toward the higher permittivity material.

This effect tends to keep the en-

ergy in the propagating wave from spreading out, thus concentrating the
wave near the surface, end leading to the designation of the waves as surface waves.

The modes of propagation for the microstrip, with both elec-

tric and magnetic field discontinuities, and coplanar structures, with just
the magnetic field discontinuities,

are thus considered to be surface

modes.

Whereas for the closed-boundary waveguides the fields could be
represented by the sum of discrete eigenfunctions which corresponded
directly to the waveguide modes, the open-boundary planar lines require
a continuous spectrum of eigenfunctions.

The result has been described

as a hybrid mode7 which satisfies all the boundary conditions at all frequencies and can be considered to be a superposition of TM and TE surface
waves.5 9

Since there are field lines fringing outside the substrate in an

open-boundary structure, the permittivity experienced by the fields is
not uniform and is described as being an effective permittivity with a
value somewhere between the permittivities of the dielectrics involved.
As the frequency of a propagating signal increases, there exists greater
coupling to the higher-order surface modes, and thus more and more energy is confined to the dielectric.

Therefore, the effective permittivity

is

also observed to increase with frequency.

At zero frequency the propagation is always TEM, even for the
planar lines, and s o at low frequencies before there is appreciable coupling to the surface modes, the hybrid mode approaches the TEM mode,

1010

1012

1014

Frequency (Hz)

Fig. 11.6. Effective permittivity vs. frequency, showing the increasing
function due to the contribution from surface waves at high frequencies.

and the propagation may be described as quasi-TEM.

At high frequencies,

when the hybrid mode has extensive contributions from many surface
waves, all the energy in the wave is confined to the substrate (higher
permittivity material), and the effective permittivity reaches the value
for the substrate.

Many different determinations of the form of the ef-

fective permittivity versus frequency for microstrip have been made, i n cluding those stemming from the formulation of empirical relations fitted
to

exact

rtructure

a n a ~ ~ s e s , ~ the
* * ~study
~

of

a mathematically

manageable

resembling

m i c r ~ s t r i ~end
, ~ ~the coupling of TEM and TE

lines.63

In each case, the effective permittivity functions

transmission

appear to behave in approximately the same manner, that shown i n Fig

11.6 for Ref. 61.

For microstrip, the cutoff frequency for the TEI surface-

wave mode is positioned at about the inflection point of the effective permittivity function, indicating the strong contribution from this mode and
the surface waves in general.

1I.C.

Physical

origins

of

material

effects

In section II.B.2 it was shown that materials can affect the phase
velocity of a propagating signal simply due to the fact that they are not
perfect (i.e, through their lossiness).

The existence of any shunt con-

ductance and series resistance, even if constant with frequency, leads to a
frequency-dependent attenuation and phase velocity and thus distortion.
The combination of this distortion with that due to the presence of higher
order modes constitutes the extent of signal degradation discussed thus
far.

In addition, however, the complex, frequency-dependent nature of

these

individual components themselves contributes further to the dis-

tortion of waveforms.

For instance, one must be concerned with the at-

tenuative skin effect in lines having electrodes made of normal metals, as
the magnitude of this effect grows with the increasing frequency content
of a signal.

On the other hand, the fact that there is an imaginary com-

ponent of the surface impedance of the conductors also cannot be ignored, as this quantity has a contribution to the phase factor.

This section

investigates the origin of the various phenomena in the electrodes and
substrate that can influence the real and imaginary parts of the propagation factor, and hence, also the phase velocity and attenuation of a
signal.

II.C.l.

Electrode

effects

As mentioned earlier, an electrode made of an imperfect conductor
creates a distributed resistance in a transmission line.

As expected, this

resistance leads to ohmic, or conduction losses in a signal.

However, upon

considering the definition of resistance in the field analysis, the ratio of
the surface electric field (voltage per unit length) to the total current in
the conductor, it is discovered that the quantity is complex and that
impedance per unit length is a more accurate way to describe the effect of
the electrode.

This contribution to the series impedance due to the elec-

trode is described as the internal or surface impedance of the conductor.
The form of the surface impedance may be found upon consideration of
Maxwell's equations and Ohm's law, where the latter may be written to
give the electric field at the surface of the conductor

where J

represents the magnitude of the current density on the elec-

trode surface and a represents the conductivity of the electrode.

The total current in the line is the integral of the current density
over the thickness of the conductor.

The current density flowing in the

line can be found only after considering that the conductivity of the
medium containing the signal is no longer zero.
becomes

That is, equation (ll.A.6)

where we assume that the displacement current is negligible with respect
to the conduction current:

WE

<<

0.

If Ohm's law is assumed so that there

are no free charges present, then by taking the curl of Maxwell's electric
field curl equation and substituting Eq. (II.C.2) in the result, we are left
with

for the current density (after another application of Ohm's law).

This

assumes that the current density travelling in the z-direction only varies
in the direction normal to the surface of the conductor (into the conductor in the x-direction in Fig. 11.2).

The solution of this differential equa-

tion is found to be

when only the exponential with the negative argument is accepted since
there is no gain in the conductor.

Finally, the current in the line can be calculated from the integral

of the current density in Eq. (II.C.4) over the thickness of the conductor,
t, and the surface impedance found from the definition earlier in this
section

This expression indicates that the surface resistance is actually a complex
surface impedance, with the real part representing the resistance as the
energy dissipated in the conductor as heat, and the imaginary part describing the contribution of a reactance to the circuit due to the magnetic
flux in the conductor.

Therefore, the presence of the electrode in the

transmission line serves to create both the attenuation and phase shift of
a propagating signal.

The degrees of loss and phase shift, while obviously

dependent o n frequency, are also controlled to a great amount by the
conductivity of the electrode.

A detailed account of the nature of the con-

ductivities for normal and superconducting electrodes follows.

1I.C.l.a.

Normal

electrodes

/

skin

effect

Any normal metal has a resistance attributed to it and thus is the
source of some ohmic losses in a transmission line.

This attenuation is

one of the primary causes of distortion for ordinary guiding structures.
If the exponent in Eq. (11.C.4) is divided into its real and imaginary parts,

one is left with the following expression for the current density in the zdirection

where the first exponential
distance in the conductor.

indicates how

the current decreases with

That is, the signal becomes smaller than that at

the surface by a factor of lle in a distance given by

which is a quantity known as the skin depth or the depth of penetration.
The other exponential has an imaginary

argument and indicates that

there is another mechanism for distortion of current in the metal-electrode transmission line.

That is, the phase of the current (and the fields)

in the metal also lag the value at the surface by x/6 radians at a distance
of x into the metal.

One result of defining the skin depth is that the series impedance
may be simplified to Z,

-

( l + j ) (1108) c o b [( l + j ) (t/8)].

It becomes easier

to tell just how the presence of the conductor affects the line's resistance
and reactance, quantities which directly influence the attenuation and
phase shift of signals.

This expression is fully dependent on the thick-

ness of the electrode through the variable t , although the hyperbolic

cotangent term approaches unity if the conductor can be considered to be
somewhat thicker than the skin depth.

Then the current and the fields

decay exponentially to a small value before reaching the back surface of
the conductor.

(For example, a 100 GHz signal has skin depth of only 2000

A

In this case, the distributed series resistance reduces simply

in copper.)

to the inverse of the product of the conductivity and the skin depth, and it
is equal in magnitude to the reactance generated by the conductor.

So,

while the penetration depth becomes smaller a s the conductivity of the
material o r the frequency of the propagating signal increases, the resistance encountered decreases with the square root of the conductivity, but
increases with the square root of the frequency.

Two

final

considerations

for

the

transmission

normal-metal electrodes must be made before continuing.

systems

using

First, if the

frequency of a signal is low enough, the skin depth i s actually larger
than the thickness of the conductor, the loss is due to the bulk of the
metal, and the expression for surface impedance reduces to

1
opt
Zs = - + j T .

rn

Secondly, an assumption u p until now has been that the mean free path
f o r normal electrons i s short compared to the thickness of the electrode.
T h i s i s usually true f o r room-temperature operation of metallic conductors (at least up to several terahertz frequency), but the assumption fails
when the conductor is placed in a cryogenic atmosphere such as liquid

In this case, the simple local relation between current density

helium.

and electric field no longer holds, there is scattering of electrons off of
the surface of the conductor, and the penetration depth is described as
being an extreme anomalous skin effect.

This skin depth does not become

comparable to or larger than the mean free path until the frequency is
decreased as low as the kilohertz regime.

An expression for the surface

impedance of a normal metal at low temperatures has been 0btained,6~

where L

is the mean free path, and the non-local form of the relation

between J and E was used to find the electric field at the surface of the
conductor.

The surface resistance can be more than two orders of mag-

nitude lower for a normal metal at liquid helium temperatures as compared to one at room temperature, depending on the frequency.

Later, it

is discovered that even this improvement is not as g ~ ~ as
~ , that
!
experienced with superconductive electrodes.

1I.C.l.b.

Superconducting

electrodes

For normal-metal electrodes at room temperature, attenuation and
phase factor have a square-root dependence with frequency over a large
pan of the spectrum due to the fact that the conductivity is simply a real
constant.

This is no longer the case for superconducting electrodes, as

the conductivity of a superconductor is not only a function of frequency,
but it is also complex.

The two-fluid

of superconductivity poses that part of the

conduction is due to electrons that are in their lowest-energy, superconducting state, while the rest of the current is due to electrons in a normal,
higher energy state.

At absolute zero temperature, the total

current

would be due to electrons in the so-called superfluid state, while at the
critical temperature of the superconductor, T c , the normal state of the
material would be attained, with conduction due to normal electrons only.
At temperatures

between

these two values, a combination of the two

electron "fluids" would be present in the ratio

The superconducting current is carried by electrons which are paired together and which do not experience any collisions as they travel, while
the

normal

current

is

unpaired

electrons

which

are

affected

by

collisions.

Upon studying the dynamics of the two fluids, the contributions of
the

normal

found,6

and

superconducting

components

to

the

current

can

be

-

where the conductivity is now given by a = a l j a 2 .

The superconducting

electrons are found to contribute only to a 2 , while the normal fluid is
involved in both parts of the conductivity.

In general, however, the in-

fluence of the momentum relaxation time of the normal electrons is very
small for frequencies below about 100 GHz, making the contribution of
normal current to the imaginary part of the conductivity negligible.

The

components may be written as

where a, is the conductivity of the superconductor in its normal state at
the critical temperature, and A ( 0 ) is the London penetration depth into
the superconductor at T

=

0 K.

These expressions indicate that the number

of normal electrons increases rapidly with increasing temperature until
the critical temperature is reached and all of the current is due to normal
electrons.

On the other hand, the amount of current carried by normal

electrons is constant with frequency in the two-fluid model, while the
supercurrent decreases as the inverse of the frequency.

A much

more complicated, but realistic theory for predicting the

behavior of the paired and unpaired electrons conducted in superconductors was developed as a microscopic analysis by Mattis and ~ a r d e e n ~ '
(hereafter known as the Mattis-Bardeen, or MB, theory).

This work more

closely follows the BCS, or microscopic, theory6* and its concept of cur-

rent with superconducting, paired electrons (Cooper pairs), and normal,
single electrons (quasiparticles).

The latter represent Cooper pairs which

have been broken when critical parameters proportional to the energy
gap of the superconductor, 2A, have been exceeded.

These parameters in-

clude the critical magnetic field and the critical current, but most importantly for this body of work, the critical temperature and the frequency
of an electromagnetic field which corresponds in energy ( h o 1 2 n ) to the
gap value for a particular superconductor.

That is, for a guided electro-

magnetic wave, the spectral content corresponding to energies below the
band gap would propagate via supercurrent, while the frequencies with
energies above the gap energy would generate quasiparticles and not be
conducted by superconducting

electrons.

The Mattis-Bardeen theory, like the two-fluid model, i s used to determine

the complex conductivity of the superconductor, but

terms of the energy gap of the electrode material.

now

in

The results are formu-

lated by considering an effect similar to that for the extreme anomalous
skin effect for low-temperature normal metals, namely that the penetration depth is small compared to the intrinsic phase-coherence length of
the Cooper pairs, or about 1 p m .
u p and written as follows:

The complex conductivity can be broken

Ol;r =

fio

A

g (El

&-A

0 1 , ~=

2 1R

)
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(U.C.13a)

fief-A2]lR
for fio < 26

O

d

=9j
fio

O 1 . ~

& [ I - 2 f ( E + fio)]

for fio

A-flu

A

d~[1-2f(€+fio)]

fio A - f i o , - A

where the lower limit of a 2 changes to -A if hf > 2 A , and where
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Fig. 11.7. Temperature dependence of superconducting energy gap for BCS
superconductor.

which is the Fermi-Dirac distribution function s o that k is Boltzman's constant.

Also, according to the microscopic theory of superconductivity, the

energy gap parameter is dependent on temperature (A = A(T)) as shown
in Fig. 11-7.

This indicates that the superconducting gap disappears as the

temperature approaches the critical temperature, and the material
to become normal.

starts

This effect has important ramifications on the con-

ductivities in Eq. (II.C.13) and therefore on the transmission of guided
signals.

The resuIting real and imaginary conductivities can again be broken

into

though

superconducting

and

non-superconducting

this time the supercurrent can be

components,

al-

directly attributed t o the

Frequency (CHz)

Fig. 11.8. Real and imaginary
conductivities for niobium at 2 K.

parts

of

the

frequency-dependent

imaginary part while the normal and quasiparticle current are described
by the real part.

Therefore, we have

where a l , T gives the current due to thermally excited normal electrons.

a 1 ,G represents the generation of quasiparticles by fields with frequencies corresponding to energies above the energy gap (and is thus zero for
hf < 2A), and a2 indicates the contribution due to supercurrent.

Frequency (GHz)

Fig. 11.9. Real and imaginary
conductivity of niobium at 9 K.

parts

of

the

frequency-dependent

The frequency dependence for the real and imaginary parts of the
conductivity at 2K is given in Fig. 11-8 for an example superconductor of
niobium (Nb), with Tc = 9.4 K.

Below the energy-gap frequency of 740

GHz the current is dominated by superconducting electrons, while the
thermal electron contribution of

is negligible on this scale.

As the

frequency approaches 740 GHz, the amount of supercurrent decreases,
and then above the gap energy the conduction due to broken pairs rises
until it quickly dominates the supercurrent.

When the temperature in-

creases towards the critical value for Nb, as in Fig. 11-9 where T = 9 K .
there is an increase in a ,T and a large change in the gap energy, 2A, as

would be expected knowing the temperature dependence of this parameter.

Although the normal, thermal current on the scale of Fig. 11-9 is still

small relative to the supercurrent, it will be seen in Chap. 3 to have a
pronounced effect on the attenuation of signals with frequencies below
the energy gap.
rameter, the

Along with the temperature variations of the gap pa-

contributions of

this current

significantly influence

the

propagation of electrical signals.

Dielectrics

II.C.2.

As with conductors, the presence of an imperfect dielectric substrate

(or

vacuum

superstrate) material

would

constitute

the

in
only

velocity dispersion and attenuation.

a transmission
perfect

structure

dielectric

-

-

where

causes phase

This time, however, i t is because of

the contribution to the shunt admittance of a conductance term, G (see
Fig. 11-3).

Again, like the series resistance, R, the shunt conductance may

also be frequency dependent.

Included in the shunt conductance are the

effects of many different influences that may be attributed to the substrate.

These include dipole moments, conducting particles, impurities,

radiation, electrostriction, and others.

Although for most materials over

most frequencies, the effect of these properties is negligible or small, the
origins of the most important ones are presented.

First, the permittivity of the substrate medium must be considered
to be complex: (

=

(

-jE

, where the electrical energy stored

per cycle is proportional to the real part of the permittivity, and the en-

ergy lost per cycle is proportional to the imaginary part.

The former is

the measured permittivity, while the latter is known as the dielectric loss
factor.

This permittivity is characteristic of a medium where there are

repeated reversals of a dielectric polarization with an ac electric field.
This contrasts with a conductivity, a, which is caused by the flow of free
charges through the substrate between the electrodes of a line.

These pa-

rameters describing the substrate are combined a s the coefficients of the
electric field in Eq. (II.C.2), where the ratio of real to imaginary components yields the useful expression of the loss tangent,

tan 6 =

0€"+0
9

W E'

where 6 i s the complement of the angle between the applied voltage and
the current through a capacitor containing the material as the dielectric.
The numerator is considered the total effective conductivity of the substrate.

The shunt conductance is found to be directly proportional to the

loss tangent, and therefore, any of the material properties that can be described through the permittivity are embedded in the loss tangent and
thus also in the conductance term.

The real and imaginary parts of the

permittivity are governed by the Kramers-Kronig relations, s o that the
loss tangent is actually relatively constant and very small (assuming a
poor conductor as a substrate) until the permittivity function begins to
change with frequency as in Figs. 11-10 and 11-11.

These figures demon-

strate the form of the complex permittivity for several effects: dielectric
relaxations and resonances.

Fig. 11.10. Effective permittivity of a hypothetical dipolar material versus
frequency, showing a dielectric relaxation and two resonances.

Il.C.2.a.

Dielectric

relaxation

Dielectric relaxation, also known as Debye relaxation, is the exponential decay with time of the polarization of a dielectric when an externally applied field is removed.

More usefully, this phenomena can be

conceptualized as the Iag of the orientation of a dipoIe behind an alternating electric field.69

When a field is present, the polar molecules in a

material rotate toward an equilibrium distribution so that they are oriented with a corresponding dielectric polarization.

If the dipoles are

9

10

11

Log frequency (Hz)
Fig. 11-11. Real and imaginary parts of the relative permittivity for a
hypothetical substance exhibiting a dipolar relaxation in the microwave regime.

large or the viscosity of the material great, or if the frequency is high
enough, the dipoles cannor rotate in time to attain equilibrium with the
applied field, and the result is thermal dissipation of heat and a dielectric
loss.

If the material has a single relaxation time given by T , the polarization decreases when the field is removed in a time proportional to exp(t / t ) , and the peak of the dielectric loss factor occurs at the frequency
given by l / t a s shown in Fig. 11-1 1.

The forms of the components of the

complex permittivity are given as the Debye expressions:

+ (El - Em)

E'=E

' (1

where

and c,

t

+0 ~ 7 ~ )

<<

e"=

(Er

- em)

(1I.C. 16)

'

(1+022)

are the real parts of the static and high-frequency rela-

tive permittivities, respectively.
that or

and

The former is valid for frequencies such

1, and the latter for frequencies where or

>>

1.

Under the low-

frequency condition, the dipoles reach their equilibrium position in a
time short compared to the time the field is present in one direction, the
maximum permittivity is obtained, and the absorption is small.

For the

high-frequency situation, no significant orientation of the dipoles with
the field takes place, and this polarization mechanism no longer contributes to the permittivity.

However, when the frequency approaches

the value where or = 1, the field changes direction in a time comparable
to the relaxation time and the polarization does not have time to build up
to a maximum.

The result is that the absorption and loss are greatest

around this point.

The frequency corresponding to this relaxation time

for water and other dipolar materials is in the high-end of the microwave
regime.

II.C.2.b.

Additional

absorption

mechanisms

Other processes of varying speeds may also also contribute to the
polarization of a material, and through resonance absorption, attenuate
tlectromagnetic fields.

Electronic polarization, due to the displacement of

the electrons in an atom relative to the positive nucleus, takes about 1 fs,
and would not affect a signal unless it had a frequency approaching that
A small atomic polarization resulting from

of visible or ultraviolet light.

the displacement of atoms relative to one another in a molecule occurs in
about 10 to 100 fs, or the frequency of infrared radiation.

In the far-in-

frared region of the spectrum, near the upper limit of the measurement
capability of current electro-optic techniques, is the polarization in ionic
crystals that arises from the displacement of ions of opposite sign away
from each other.

This takes on the order of a single picosecond or less.

Other resonance absorption mechanisms, such as the piezoelectric resonance in the radio frequency regime, have a relatively small effect on
the

permittivity

of

the

materials

in

the

transmission

structures

considered in this work.

Radiation can also be thought of as a form of leakage or as a loss in
a planar transmission structure.

Any discontinuity in the characteristics

of a line can lead to the loss of energy in part of the spectrum out into
space, although even for uniform lines radiation effects may be present
as the wavelength of the guided waves approaches the size of the separation between

electrode^.'^

When the electrodes, as sources of positive and

negative current elements and charges, are at a distance apart comparable or large with respect to a wavelength, the phase shifts of the fields
generated by the currents do not necessarily cancel at points above the
line.

In addition, when a component of the electric field is retarded to the

point where it is in phase with the current, due to delays with respect to
the current's phase, an energy flow takes place from the line into space.

That is, the voltage drop is not purely capacitive or inductive.

It has also

been shown that the leakage can be in the form of a surface wave, travelling away from the electrode on the dielectric layer, as well as a space
wave, depending o n the frequency of the signal.'

The effect of each of the above loss mechanisms is included in the
distributed shunt conductance term of the circuit analysis for transmission lines.

The means with which this and the field analysis for guiding

structures are combined to compute the evolution of signals on planar
lines is described subsequently.

CHAPTER 111

TRANSMISSION LINE COhlPUTATIONS

This chapter ties together all of the theoretical considerations from
the previous chapter in order to formulate an algorithm which is able to
compute the propagation of electromagnetic signals that are guided by
planar transmission lines.
with

a quasi-empirical

T h e distributed-circuit

analysis is combined

high-frequency approach that takes into account

the non-TEM nature of the high frequencies in order to include the influence on the propagation constant of higher-order modes, normal and
superconducting

electrodes,

and

low-

and

high-loss

substrates.

This

method has been found to be much more computationally manageable
than the

alternative

approach of the fullwave analysis,72 in which the

field theory exclusively is used to account for the hybrid nature of the
propagating

modes,

determining

the

propagation

constant

directly,

rather than the circuit parameters.

In the latter part of the chapter, the effects that each of the properties contributing to distortion has on the evolution of a pulse as it
travels on a transmission structure are demonstrated.

1II.A.

Computational

methods

This section establishes how the physical properties of a transmission line and an electrical signal are implemented into the propagation

model.

It also shows the way in which they interact in order that the

propagating waveform is influenced by the guiding structure.
tributed capacitance, inductance, resistance, and conductance

The diseach con-

tain information about a distortion mechanism that leads to the attenuation of certain frequencies or the phase shift of others.

For the capaci-

tance, for instance, the quasi-empirical approximation to the frequency
dependence of the line permittivity is introduced as the manifestation of
higher-order modes in the analysis.

The presence of this permittivity is

indicated as being the greatest contributor to one of the severe problems
that arises for pulse propagation on a planar transmission line, modal
dispersion.

III.A.1.

Waveform

propagation

The signals of interest for propagation along planar transmission
lines are those that are considered to be base-band, or that have a frequency spectrum that may begin at dc.

These signals, which are electri-

cal transients that could be travelling within an integrated circuit or out
of a computer, could have a broad spectrum extending up as far as t h e
submillimeter regime (> 300 GHz).

While these waveforms may end up

modulating a high-frequency carrier, they must first interact with planar transmission structures within circuits.

An algorithm that simulates

this interaction and the evolution of a waveform as it propagates is
described

here.

1II.A.l.a.

Inputs

The algorithm accepts a variety of waveforms as inputs to the
transmission line.

The most common waveform, as far as making com-

parisons to experimental data is concerned, is the step function.

An ultra-

fast experimental input to a transmission line is generally the output of a
semiconductor switch photo-excited by a Gaussian optical pulse of very
short duration.

The photoconductive switch behaves as an integrating

detector, and thus the electrical waveform consists of a rising edge that is
represented in the algorithm as the integral of a Gaussian, or an error
function.

The falling edge results from the recombination of the photo-

generated carriers, usually a complex, relatively slow exponential process, and is simply represented as an exponential tail.

This step-like

waveform may be used to simulate an experimental input, although the
best way to do this is to acquire a digitized version of the actual experimental input.

Although maintaining the temporal resolution of the rise-

time of a digitized signal may mean filling the ~ ~ - ~ o window
i n t
of a display with the waveform's risetime and neglecting the falling edge of the
transient, it is reasonably accurate again to add a long exponential tail
onto the end of the signal.

As a test electrical signal, a Gaussian profile is particularly illuminating, since the effects of the distortion mechanisms are quite obvious as
the pulse breaks up.

While the step-like function may be most accurate

for the sakc of experimental comparisons, phase-velocity dispersion is
somewhat lost in ihe bulk of the transient that follows the risetime.

For

the Gaussian pulse, however, the broadening of the signal is more apparent, with the dispersed part of the signal building up from the baseline
rather than from within the back of the step function.

An approximation

of this type of input can also be generated experimentally by using semiconductor switch materials that have been radiation damaged to induce
traps that facilitate the recombination time of the carriers.

For the

algorithm, the Gaussian input pulse is of the form

for propagation distance z

=

0, where r is the full width at half the maxi-

mum amplitude (FWHM) of the pulse, and p shifts the pulse in time so that
the peak is not at time t

-

0.

The rise time of the error function mentioned

above is given by the FWHM of the Gaussian.

llI.A.l.b.

Numerical

calculations

For an aperiodic temporal signal, the Fourier integral and the corresponding frequency spectrum that make up the transform pair can be
written

1

f (t) = - j g

2~

(o)dmdo

where F denotes the Fourier transform from the time t o frequency dom a i n . T h e inverse Fourier transform, the transform from the frequency
to the time domain, as in Eq. (III.A.2), is denoted a s F - I .

If each frequency

component of our input signal, V(t,O), is acted upon by the propagation
factor of the line, y(f), over a transmission distance, z, then the Fourier
integral can be written as

and alternatively, in a more compact fashion,

This
transformed
ponents

expression

indicates

that the

input

temporal

waveform

is

t o the frequency domain, where individual frequency com-

experience

the

complex, frequency-dependent

tor over the distance travelled.

propagation

fac-

Since the attenuation and phase factors

are frequency dependent, different spectral components may be attenuated and delayed in phase by differing amounts at any propagation distance, z.

Finally,

the

modified frequency-domain signal

i s invtrse-

transformed back to the time domain, giving the distorted transient wave-

form.

The propagation factor, which has been seen to be y(f) = ( z y ) 1 1 2 ,

is computed using standard complex arithmetic, and since the real and

,
PIimaginary parts of the characteristic impedance. 2, = ( z I Y ) ~ ' ~ were
ready being determined, the actual quantity computed was y = 212,.

In the propagation algorithm, subroutines that compute the Fast
Fourier Transform (FFT) variation of the discrete Fourier transform for
an aperiodic signal are actually used.73

The time interval that is used in

the analysis is defined by the temporal spacing between points of the
input, At, and the number of points chosen for the FFI'.

Since the FFT re-

peats the transient in each of these time intervals, an interval must be
padded with enough zero-amplitude points that a spread-out, distorted
waveform does not spill out of its interval into the next period.

Thus, it

follows that if there is dispersion spreading a pulse out as it travels on a
guide, then more points will have to be allotted as propagation distances
increase.

Typically, 212 (4096) points with a time separation of 0.1 ps, re-

sulting in a window of over 400 ps, is sufficient for most simulations, although when longer pulses are present or greater propagation distances
(10 cm) are required, 213 (8192) points are used.

III.A.2.

Frequency

This

section

dependence

of

demonstrates the

circuit

frequency

elements

and

geometry

depen-

dences of the distributed-circuit parameters, R, L, C, and G , which have
been shown in the previous chapter to lead directly to the characteristic
impedance and propagation factor of a line and thus the attenuation and

Fig. 111.1. Coplanar stripline with paramaters defined.

phase delay experienced by a signal.

The distributed-circuit analysis, es-

sentially a static and low-frequency technique, is combined with an accurate approximation for the high-frequency behavior of the permittivity
of planar lines that is derived from the computationally intensive exact
analysis.

When the high-frequency properties of the electrodes and sub-

strate are also included in the circuit analysis, a complete description of
the guiding structure over the spectrum from d c to the terahertz regime

is attained.

The analysis presented concentrates on the coplanar stripline configuration, although comparisons are made to the more widely studied microstrip.

Regardless, the analysis differs from one transmission structure

to another only by a geometric factor.

A three-dimensional view of the

coplanar stripline (CPS) configuration is shown in Fig. 111-1, with its

various dimensions defined.

III.A.2.a.

Capacitance

The distributed capacitance of the idealized closed-boundary balanced microstrip of Fig. 11.2 is simply that of a parallel plate capacitor
with the dimensions of the transmission line, but divided by the length of
the line.

For a microstrip of width w and separation h, containing a di-

electric of permittivity E , this capacitance is C
F/m).

-

~ w l h (with

dimensions

A quasi-static analysis of CPS can be carried out by using a confor-

mal transformation that maps the dielectric half-plane of the CPS into the
interior of a rectangle in the complex plane, where the electrodes are on
the sides of the rectangle and the dielectric-air boundaries are on the
top.8
system.

This is a closed boundary system like the idealized parallel-plate
The dimensions of this rectangle are set such that 2a is the spac-

ing between

the electrodes, and b is the distance between the

dielectric interfaces.

air-

The ratio alb in the transformation plane is given

by K(k)/K1(k), where K(k) is the complete elliptic integral of the first
kind, K'(k) = K(k'), and k and k' are given by

k=

S
S + 2W

and

The simple, accurate expressions used for the ratio of the elliptic integrals
in the algorithm are documented in Appendix A.

The distributed capacitance for the structure representing the dielectric half space is of the same form as the idealized parallel-plate
structure, C

cb/2a, and when the half space filled with air is also in-

=

cluded, the capacitance becomes

where for the quasi-static, or low-frequency case, it is assumed that the
field energy would still be equally distributed between the air and the
substrate (for a minimal surface wave contribution), and eeff is the effective permittivity for the coplanar stripline.

The last expression in Eq.

(III.A.7) is only approximately equal to the previous one because there is
a small geometrical correction factor that produces a deviation in the effective permittivity from the idealized value of the average of the permittivities of the substrate and superstrate at low frequencies.
sion

for

the

quasi-static

effective

permittivity

that

An exprestakes

into

consideration this geometrical correction for the coplanar configuration
has been developed74 and is given by

'r,efr

€efr c r + 1
_--- 2 [ tanh {

1.785 log (hlW) + 1.75

} + kW ( 0.04

0

- 0.7 k + 0.01 (1 - 0.1 c,) (0.25 + k) } ] .

(III.A.8)

This amendment to the effective value improves the accuracy by taking
into eccount the substrate thickness, although in general, when the sub-

strate is several times thicker than the strips are wide, the effective permittivity reduces to the average value anyway.

It should also be noted

that there is a correction factor for the strip width and separation that is
employed in the calculation of the static effective permittivity.
detail, it allows for the finite thickness of the conductors.

A minor

An expression

for this factor, as it appears in the ~ i t e r a t u r e , ~is found in Appendix B for
completeness.

For

higher-frequency

propagation,

the

presence

of

the

surface

modes forces more energy into the substrate, leading to a higher effective
permittivity, and thus a higher capacitance.

The variation of the effec-

tive permittivity (and therefore also the capacitance) with frequency was
shown in Fig. 11.6.

The expression for the permittivity which was fit to an

exact fullwave analysis for coplanar structures7S is reproduced as

where ErBeff(0) is the quasi-static value for the effective permittivity
given in Eq. (lll.A.8) and F is the frequency, normalized to the cutoff frequency of the lowest order surface-wave mode for microstrip as mentioned in Sect. 11.B.2.b,

F

=-

f

tTE

where

C

. ; .4

fTE=4h

'

The constants a and b were actually intended for an empirical analysis of
the coplanar waveguide structure, but owing to the similarity between
the two configurations and the field patterns that lead t o the surface
waves for both the coplanar waveguide and stripline, it is reasonable to
use the results for a and b that were computed in Ref. 75,

log a -- u log ( S W )+ v ,

where

the

dependence

on

the

substrate

(III.A.1I )

thickness enters

once

again

through u and v :

IJ = 0.54

S
- 0.64 log ($s + 0.015 {log ($1
'

S

v = 0.43 - 0.86 log ($ + 0.540 {log

S
(K)}
.

The quantity b has been found to be independent of frequency, with a
value of about 1.8.

The

frequency-dependent

behavior

of

Eq.

intuitively from the conduct of the surface waves.

(lII.A.9)

follows

At low frequencies,

the denominator of the second term of the equation is very large, leaving
the frequency dependent effective permittivity as the value of the firsr
term, the quasi-static effective permittivity.

At high frequencies, the

second term in the same denominator vanishes, the

static permittivity

values cancel each other, and the effective permittivity is the value of the
dielectric function of the substrate, as it should be if tbe energy of the
signal is in surface waves that are confined to the substrate.

109

1012
10'5
Frequency (Hz)

Fig. 111.2. Frequency-dependent effective permittivity
striplines: S = W = 50 pm; S = 5 pm and W = 10 pm.

for two coplanar

The importance of the size of the coplanar stripline is also made
evident in Fig. 111.2, where the results of a calculation for lines with different dimensions are shown.

Physically, for the smaller line, the con-

tribution of the higher-order surface modes to the hybrid mode arise at a
smaller wavelength and thus higher frequency than for the line with
larger dimensions.

In Eq. (III.A.12), as the separation, S, increases, the

coefficient, a, decreases, and in the expression for the effective permittivity, this causes the cutoff frequency to decrease.

This cutoff value for

the TEOl mode is thus the cutoff frequency for the microstrip modified by
the parameter a.

The larger line has a SO-pm width and spacing and a

cutoff frequency of about 1 THz, while the smaller line has a 10-pm width
with a 5-pm spacing to give a cutoff at about 10 THz.
recognize

that

the

effective

permittivity

It is most important to

functions

have

significant

variations over more than a decade of frequency on either side of this approximate cutoff value, s o that even for propagation below cutoff there is
serious distortion to broadband signals.

Also, over very long propagation

distances (meters), even very slight changes of the permittivity with frequency can cause dispersion in waveforms, s o to avoid distortion in this
case, the entire spectrum of a signal should be several decades of frequency below the cutoff.

The shunt capacitance is thus determined accurately over a broad
band

of

frequencies

analysis with

by

combining

the

quasi-static

distributed-circuit

an empirical technique for the region of the spectrum

where there existed significant contributions from surface modes.

The

algorithm may thus be set up t o compute the capacitance for various
open-boundary structures,

a s l o n g a s the permittivity

function, along

with a geometric function such a s the K(k)lK'(k) for the CPS, can be
identified.

III.A.2.b.

The

Conductance

shunt

conductance

term

arises

when

the

substrate

is

considered to be lossy, thus displaying a reasonably large conductivity
andlor a permittivity which is a complex number.

The total shunt cur-

rent in this case is greater than the displacement current associated with
the capacitance, due to the additional contribution of a conduction current.

For a lossy dielectric half-space mapped into the rectangle with di-

mensions 2a and b as in the last section, the total distributed capacitance,
denoted now by C', can be said to have a distributed admittance given by

Y5: j&'

= j

-

j

b
b
b
) = j w ' - + w"2a
2a
2a

where the second line shows that the conductance is directly proportional
to the capacitance and the loss tangent (the ratio of the permittivity components). Note that the conductivity that was discussed in Sect. II.C.2. has
been absorbed into the loss factor s o that the new loss factor is equal to
the sum of the imaginary pan of the permittivity and u l w .

When considering both the air and dielectric half-spaces in computing the capacitance, C attains the frequency dependence of the effective permittivity, and thus, as the surface waves lead more energy into

the substrate at high frequencies, the conductance increases proportionally with the effective permittivity.

The conductance is also proportional

to frequency, since the dielectric polarization effects influence loss on a
per cycle basis.

The resonances and relaxations are thus enhanced as

frequency increases, until they die away and the loss tangent retreats to a
small value again.

These phenomena would generally be the strongest

influences from the conductance on the propagation of signals at microwave frequencies and above.

The contribution due to a dielectric with

a large conductivity loses this frequency proportionality when it cancels
with the inverse frequency carried with the conductivity into the loss
factor term.

Despite its generally minor influence, the conductance is computed
in the algorithm and added to the susceptance, or capacitance, term in order to produce
structure.

the full

shunt admittance of the planar transmission

For most dielectrics, the loss factor is approximately constant

over the frequency range of interest, and s o this value or any another
experimentally determined function of the loss tangent are simply input
to the algorithm so the conductance may be calculated.

III.A.2.c.

Inductance

The distributed series impedance of a transmission structure contains an inductive impedance associated with the magnetic field in the dielectric.

This inductance may also have a contribution from the internal

inductance of the solid conductors making up the electrodes, although

this is generally much smaller.

Since its effects arise due to the elec-

trodes, the latter inductance will be covered in the next section on the
distributed

resistance.

If we return to the analysis of the capacitance in this chapter, and
assume that a non-magnetic dielectric is mapped into the closed-boundary
parallel-plate line of separation 2a and width b, the distributed external
inductance may be easily determined.

One of the plates can be considered

to carry a current density J1 (Alunit width) so that the magnetic field on
each side of the plate has a magnitude of H, = J1/2.

The parallel plate car-

ries the same density J1 in the opposite direction so that the fields add, and
then a flux density may be identified as B, = p o J 1 .

The magnitude of the

total flux between the conductori per unit length is acquired by multiplying B, by the separation 2a.

The external inductance of the line can

be defined as the total flux external to the conductors linking the circuir
per unit current, so when I = J1 b, the distributed inductance from the
dielectric-filled region is found to be:

Since the empty half-space plane is mapped into a rectangular area the
same as the size used for the dielectric half-plane, and the permeability of
this region is also p = p o , the distributed inductance that is contributed
from this empty rectangle is the same as that from the dielectric-filled
region.

When the two parallel inductances are added together, the total

external distributed inductance i s balf that of eitber rectangle,

From this expression, it is noticed that the external inductance has no
frequency dependence of its own, and that it is a simple function of the
geometrical parameter discovered earlier and the permeability of space.
Therefore, even more easily than for the capacitance, the inductance can
be computed for various transmission structures by identifying a geometrical factor describing the configuration.

III.A.2.d

Resistance

(internal

impedance)

The distributed resistance is actually considered to be a distributed
internal impedance for the transmission structure, due to the presence in
the resistive component of the complex surface impedance Z,, discussed in
Sect. II.C.l.

The real part of the internal impedance gives the ohmic losses

in the line, while the imaginary part gives the series internal inductance
contribution due to the penetration of the magnetic field into the conductor.

This can be described as a skin effect inductance and is thus in-

cluded in this section on the resistance, although it would be written in
the series impedance as

This skin effect inductance, which is usually small compared with the
external inductance, does have a frequency dependence, and its effect is
especially interesting for superconducting lines.

The determination of

the internal impedance is another example of the combination of the field
analysis with the distributed circuit analysis, where the former is used to
obtain expressions for the circuit components employed in the latter.

The form of the resistance is generally somewhat complicated due
to the fact that it is rather difficult to find the exact solutions for the
fields when the conductors have a loss associated with them.

Since the

electric field at the surface of the conductor must have a tangential component equal to the product of the complex surface impedance and the
surface

current

density,

it acquires

a

longitudinal

component.

The

Poynting vector thus obtains a component that is directed into the conductor, and, similar to the effect displayed in Fig. 11.5, additional energy is
confined within the electrode, leading to power loss.

The attenuation is

directly proportional to the power loss, which is a quantity that can be
computed using various theoretical means,1 6 * 1 7 and the series resistance
is directly proportional to the attenuation.

The series resistance includes

only the real part of the surface resistance in this situation, due to the
fact that it's derived from the real quantity, attenuation.

The full internal

impedance is found when the surface resistance is replaced by the complete expression for the surface impedance term, as shown below

As in a circuit where the power loss can be given by I*R, the distributed loss in a transmission line electrode may be considered as the

product of the square of the surface current density and the surface
impedance.
internal

In a simple case, the distributed resistance (including the

inductance) per unit width for two parallel-plane

conductors,

assuming the idealized fields of infinite planes, is given by Z i n t

-

22,1W.

The determination of the internal impedances for the coplanar structures
and the actual microstrip is carried out using a field analysis76 that results in the formulation of closed form expressions for the attenuation on
the line.8

These are of the same form as the previous expression for the

internal impedance: the product of the surface impedance and a geometrical factor that describes the interaction of the field with the conductor.
For the coplanar striplines, the propagation algorithm computes the distributed resistance as Zint = Z, g l , where g l , compiled i n Appendix C, represents this geometrical factor characteristic of the configuration of the
structure.

The results of the determinations of the field analysis are thus

available to the circuit analysis to contribute to the computation of the
characteristic impedance and the propagation factor.

III.A.2.e.

Normal

versus

superconducting

electrodes

The external inductance, the conductance, and the capacitance d o
not differ depending on whether the electrode is a normal metal or a superconductor, nor depending o n the temperature of the electrode (unless
there i s significant expansion or contraction of the materials with temperature).

The contribution to the distortion of a pulse due to the elec-

trodes arises purely due to the influence on the distributed resistance and
internal inductance.

More specifically, the behavior of the conductor

material is realized through the complex surface impedance of the electrode, given in Eq. (II.C.5), where it should be recalled that the conductivity of a normal metal is real, while for the superconducting electrode it is
a complex quantity.

For a planar transmission structure with normal-metal electrodes,
the computation of the surface impedance is not difficult.

In most in-

stances, the skin depth is much less than the thickness of the metalization, s o that the hyperbolic function in Eq. (1I.C.5) approaches unity.
However, the algorithm does not compare the skin depth with the thickness, but rather it always calculates the full expression for the surface
impedance, and thus the hyperbolic cotangent of an imaginary number
must be considered.

The computer model expands the function as follows,

coth (u + j v) =

sinh (2u) - j sin (2v)
'
cosh (2u) - cos (2v)

where for a normal metal u and v would both be the deposition thickness
divided by the skin depth.
thickness-electrode

This function multiplied by the infinite-

surface impedance,

( l + j ) l a 6 , gives the normal-metal

electrode surface impedance displayed in Fig. 111.3.

Again, the real part of

the surface impedance is proportional to the series resistance and the
imaginary part is proportional to the internal inductance.

The real and imaginary parts of the surface impedance for copper
electrodes at room temperature (p

=

1.7 x

f2-cm) are shown in Fig.

01

.1

1

10

100

1000

100

1000

Frequency (GHz)

.01

.1

1

10

Frequency (GHz)

Fig. 111.3. Real and imaginary parts of the surface impedance of coplanar
copper electrodes for (a) t = 1 p m and (b) t = 250 nm (at room temperature).

111.3 for conductor thicknesses of ( a ) 1.0 p m , and (b) 2500

A.

The real

components i n both figures remain essentially constant with frequent!
u p until the value of the skin depth is on the order of the thickness of the

electrode.

The resistance below this frequency is due to the bulk resistiv-

ity of the conductor, while at higher frequencies the current resides in
thinner layers of the metal and the resistance increases with decreasing
skin depth.

The bulk surface resistance is observed to be less than 20 mR

in part (a), while in (b), for the thinner electrode, the bulk resistance is
greater due to the smaller conductor cross-section; R > 70 mR. It is also
noted from Fig. 111.3 that once the skin depth is appreciably less than the
conductor thickness the resistance no longer depends on t, and that because the bulk resistance is greater in (b), the frequency dependence of
the skin effect doesn't arise until a much greater frequency.

This skin-

effect regime is also the region where the resistive and inductive components are equal because the conductor appears infinitely thick at high
frequencies.

The inductive component also maintains a frequency de-

pendence at low frequencies

due to the presence of the hyperbolic

cotangent term in Z,.

It is also interesting to compare the room temperature impedance
functions

with

the

results

impedance of copper at 4.2 K.

from

the

expressions

for

the

surface

Transmission electrodes of the same thick-

nesses as for the room temperature results are used to compute the surface impedance as shown in Fig. III.4(a,b).

At low frequencies, the skin

depth is greater than the thickness of the electrode, and the bulk resistivity of the copper determines the resistance.

The value of the conduc-

tivity for copper at liquid helium temperature is 500 times greater than
that at room temperature, which leads to lower attenuation due to this
cold, normal metal.

However, the bulk conductivity of the electrode must
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Fig. Ii1.4. Real and imaginary parts of the surface impedance of a copper
coplanar stripline at 4.2 K for (a) t = 1.0 p m and (b) t = 250 nm.

be replaced by a somewhat lower "apparent conductivity" value because
of the effect of the finite conductor thickness on the long mean free path
in the metal at this temperature (almost 20 p m for copper31).

A value for

this apparent conductivity

at low temperature has been published

as

0 . 1 3 0 , with o being the value for conductivity at 4.2 K ? ~ At higher frequencies when the skin depth is much smaller than t, and thus smaller
than

the

mean

free

path

also, Eq. ( C . 9 )

impedance in this extreme anomalous limit.

applies for the surface

In the regime of relatively

low frequency again, the bulk resistance is constant with frequency, although it is nearly two orders of magnitude lower than the room temperature result.

For the anomalous skin effect, the fields d o not drop off ex-

actly in an exponential manner, but the benefit of using a cryogenic atmosphere f o r normal

metals is still evident at

100 G H z where the

resistance is about five times lower than at 300 K.

The surface impedance of superconducting electrodes may be computed by employing the expressions for complex conductivity in Sect.
II.C.2.b in Eq. (Il.C.5).

Although not necessarily all of the superconduc-

tors considered here may strictly follow the BCS theory, it is assumed that
their

conductivity is much

more

accurately

Bardeen theory than the two-fluid model.

modelled

by

the

Mattis-

Therefore, the complex con-

ductivity used is the one with the components that account for the presence of an energy gap transition and that are connected by the KramersKronig relations: Eq. (111.C.13).

The temperature dependence of the en-

ergy gap, as introduced in Fig. 11.7, is a relation that is somewhat difficult
to evaluate, and thus forty equally spaced values from a published curve
of A ( T ) ' ~ were tabulated in a subroutine of the algorithm.

The value of

the energy gap parameter corresponding to the closest temperature in
the table was selected and applied in the expressions for conductivity.

Each of the integrals in Eq. (II.C.13) is evaluated in the algorithm
using a FORTRAN subroutine that subdivides the limits of integration into
a minimum of 500 intervals and then uses a 21-point Gauss-Kronrad rule
to estimate the integral over each of the intervals.*O

The results of the integrations were used to illustrate the behavior
of the conductivity with frequency in Figs. 11.8 and 11.9, and now they are
used to demonstrate the frequency dependence of the surface impedance
for the superconductors niobium and indium in Figs. 111.5 and 111.6.

The

normal values for resistivity of thin films of the superconductors at their
critical temperatures are 6.37 x
tively.

R-cm and 2.7 x

R-cm,

respec-

The values at the critical temperature are input, because these are

values that the superconductor attains when it is excited into its normal
state.

For the Nb, the critical temperature is 9.4 K and the value of its en-

ergy gap is 2A(0)
meV, respectively.

=

3.05 meV, while for In these values are 3.4K and 1.05
The actual quantity input is not the energy gap but

half that value, A(0), as the MB conductivities are in terms of this so-called
energy gap parameter.

Additionally, the gap energy at the superfluid

helium temperature of about 2 K corresponds to a critical frequency for
Nb of about 740 GHz and for In of about 250 GHz.

In Fig. 111.5, the surface impedances for a niobium electrode 0.25

pm thick at T

=

2 K and T

=

7 K are exhibited. The effect of the series inter-

nal inductance will be much more illuminating if it is considered as a
contribution lo the phase velocity in the next section.

T h e dramatic be:
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Fig. 111.5. Real and imaginary parts of the surface impedance for niobium
at (a) T = 2 K and (b) T 7 K .

havior of the surface resistance i s immediately obvious, however, as in
Fig. 111.5(a) it is observed to be about 0.2 pR at 10 GHz for Nb at 2 K. The
resistance i s very low due to the large supercurrent flowing at frequen-

cies below the energy gap, and because the contribution of the normal,
thermal current to the conduction is negligible at a temperature that is a
small fraction of T,.
rises just

At 100 GHz, the resistance is still as low as 5 p n , and i t

gradually with frequency until a large quasiparticle current

flows at a frequency corresponding to the energy gap. At this point, about
740 GHz, the resistance jumps from 25 p R up to around a tenth of an ohm,

the value a normal metal with the resistivity attributed to Nb would
exhibit.

In Fig. III.S(b), the effect of the thermal electrons for a temperature of 7 K and TIT, ratio of 0.75 is demonstrated.

The resistance is ap-

proximately three orders of magnitude greater below the energy gap frequency at this temperature, and the gap frequency has dropped to about
550 GHz.

As the temperature approaches closer yet to the critical temper-

ature, the surface resistance appears entirely as it would for a normal
metal, with normal-electron current dominating
ing electrons contributing.

and few superconduct-

An intermediate case for a superconducting

indium line 0.25-pm thick at 2 K, or about 60% of T,, is presented in Fig.
111.6.

Here the uansition from the superconducting to normal state, at 240

GHz, is more clearly defined than for the hTb at 7 K , but less so than for the
Nb at 2 K.

Comparing the superconducting resistance with that for copper, i t

is observed that despite the fact that the normal resistivity of the Nb thin
film is over five times as great as that of the Cu at room temperature and
three orders of magnitude greater than Cu at T

=

4.2 K , the real part of its
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Fig. 111.6. Real and imaginary pans of the surface impedance of indium at
T=2K.

=

2 K is over four orders of magnitude less than

that of the Cu at 10 GHz.

At 100 GHz for room temperature copper, the dif-

surface impedance at T

ference in surface resistance compared to the superfluid-helium-temperature for Nb is even greater.

Even as the temperature of the Nb ap-

proaches its critical temperature at 7 K, the surface resistance it presents

is nearly an order of magnitude better than that of the cryogenic copper.
The In line at 2 K also displays an improvement in resistance over the Cu
electrodes, by an order of magnitude at the lower temperature at 10 G H z ,
and by up to three orders of magnitude compared to Cu at room temperature over a broad band of frequency.

In every case, for temperatures up

to at least 75% T, and for frequencies below the energy gap, even 0.25 Prn
thick superconducting electrodes are found to provide a lower resistance

than 1.0 prn thick Cu at 4.2 K.

Funhermore, a much lower resistance is ob-

served for superconducting lines than for the room temperature normal
metals.

The effects of these surface impedances on the propagation factor

and the transmission of signals are investigated in the next section.

1II.B.

Computational

results

In the study of the time-domain evolution of electrical signals on
planar transmission

structures, the most

illuminating results from

the

simulations are actual traces of the amplitude of waveforms versus time.
Only from figures displaying the real, time-varying field amplitude is one
able to appreciate the effect of the conductor, geometry, and substrate on
the propagation characteristics of an ultrafast signal.
this section deals entirely with the transmission

The second part of
of example Gaussian

pulses of various durations (and thus various bandwidths) on coplanar
striplines exhibiting a variety of dimensional parameters, substrates, and
electrode materials.

Examples of the distortion mechanisms that arise due

to each of the physical mechanisms discussed previously are presented,
with emphasis placed upon the difficulty encountered in maintaining the
amplitude and fidelity of short electrical pulses.

Before the actual propagation is discussed, however, a quantification of the properties of the planar transmission structures is presented
in the first part of the section.

The propagation factor, consisting of the

attenuation and phase factors, fully describes the characteristics of the
transmission - line in the frequency domain.

It is particularly informative

when tbe phase velocity, which is inversely proportional to the phase
factor, is plotted along with the attenuation per unit length versus frequency.

These plots indicate how each of the frequencies in the spectrum

of a time-domain pulse are affected by losses and phase shifts as they are
transmitted along a guide.

It is from the behavior of these quantities that

the propagation has been computed.

III.B.1.

Propagation

factor

In each of the figures displaying the components of the propagation factor that follow, the effects of one or more specific physical mechanisms are investigated.

Since all of the effects are not necessarily pre-

sent at the same time then, there must be some adjustment of parameters
made to be able to eliminate from the computations the undesired attenuation and phase shift due to the electrodes, substrate, or geometry.

The

modal dispersion due to the dielectric mismatch was turned off by giving
the superstrate (normally air) the same permittivity as the substrate.

The

conductors were made lossless by setting their resistivity to an extremely
low value; and the substrate effects were eliminated by setting the highand low-frequency permittivities to be equal to each other and the dielectric conductivity to be zero.

III.B.1.a.

Attenuation

and

phase

velocity

Each of the computations that follow. have been carried out for
coplanar striplines, although similar results would be attained if other

planar geometries were considered, since the various configurations differ mainly in the geometric coefficients that originate due to the complexity of the field patterns.
throughout the analysis.

Some of the parameters are maintained

The thickness of the electrodes is set at 1.0 pm

and not varied, since the effects on attenuation of varying t were demonstrated in the last section.

In practice it is desirable to attain this thick-

ness for an electrode due to the ease with which wire bond contacts could
be made.

The electrode width and separation are kept at 50 pm, a typical

experimental value resulting from early photolithographic

attempts, al-

though they are decreased at one point to show the effect on the cutoff
frequency and attenuation.

The 50-pm line is also used because it demon-

strates the effects of modal dispersion better than very small lines.

The

relative permittivity is chosen to be 13.1 for the substrate materials.

This

value is taken as tbe permittivity for GaAs, due to the widespread use of
this

substrate

for high-speed

microwave

integrated

circuits currently

being utilized, and certainly for millimeter-wave circuits made in the
future.

For convenience, this is also the value that is taken for the static

permittivity of a hypothetical material used to demonstrate the effect of a
substrate exhibiting a dipolar relaxation at 10 GHz.

The high-frequency

relative permittivity for this material is taken to be 10.0.

Both of these

values are chosen purely for demonstration purposes and because of the
way they affect the propagation factor.

When a material with a flat per-

mittivity response is considered, the loss tangent is simply left at lom4s o
that the substrate appears to be lossless.

The normal-metal electrode is represented by copper (p

=

1.7 x

R-cm), and the environment considered is room temperature only, since
the effect of the cryogenic temperatures on the Cu would just serve to decrease the attenuation by up to a factor of 100, as seen in the last section.
Copper was used as an electrode in these computations due to the fact i t
had been used initially in some of the early microstrip transmission line
experiments, and because data was readily available for the resistivity and
the mean free path of the metal at T = 4.2 K.

Figure 111.7 shows the attenuation and phase factor when the modal
dispersion is turned off and the only effect on the propagation is that due
to the electrode.

As with the surface resistance in Fig. 111.3(a), the atten-

uation in Fig. 111.7(a) remains essentially independent of frequency until
the skin depth becomes less than the thickness of the electrode, and a increases as the square root of the frequency.

From Fig. III.7(b), it is seen

that the phase velocity is of a more complicated form than the attenuation, due to the dependence of the phase factor on the reactive parts of
both the surface impedance and the total series impedance.

At low fre-

quencies, the phase velocity increases with the square root of the frequency, until, as the skin depth became smaller and finally less than the
thickness of the electrode, it approaches an asymptotic value independent
of frequency.
faster

than

In this situation, the higher frequencies actually travel
the

low

frequencies, although

attenuation is much

likely to cause the distortion in a signal here than dispersion.

more

Fig. 111.7. Computed propagation factor for coplanar stripline having S =
W
SO pm with copper electrodes and no modal dispersion; (a) attenuation,
and (b) phase velocity.
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Fig. 111.8. Computed propagation factor for coplanar stripline with S = M'
50 pm and copper electrodes: (a) attenuation, and (b) phase velocity.

=

By adding the effect of the modal dispersion back into the computation, the full effect of

the

surface

waves becomes

evident.

The

attenuation in Fig. 111.8(a) is slightly less than the line considered to have

-

> 11.0V)

0

*

lE.5-

I-

6)

Z

10.0-

>

t,

9.5-

U

0

>

GI

k

9.0e.5-

xa
a 6.0

I
I

.1

1

'

' """I

10
FREQLIENC-

---

100

10a2

- 7 2)

Fig. 111.9 Computed propagation factor for coplanar stripline with copper
electrodes and S = W = 25 pm: (a) attenuation, and (b) phase velocity.

a superstrate (no dispersion), since the homogeneous dielectric u.nuld decrease the characteristic impedance somewhat, and the attenuation is in-

versely proportional to this quantity.

The phase velocity [Fig. III.S(b)]

increases as the square root of the frequency as before, but reaches the
expected plateau at a higher velocity on account of the lower, quasi-static
effective

permittivity

experienced as compared with the full relative

permittivity found with the hypothetical superstrate, or overlay.

Most

dramatic, however, is the drop in phase velocity above 5 0 GHz associated
with the increase of effective permittivity with frequency that is predicted by the analysis of the surface-wave modes.

Since the highest fre-

quencies in a signal provide the sharp rise times as well as other features
evident in ultrafast transients, their slower propagation velocity becomes
obvious after only millimeters of travel.

Upon decreasing the electrode

separation to 25 p m in order to raise the cutoff frequency for the hybrid
surface mode, the dispersion begins to take place past 100 GHz [Fig.
III.g(b)], but only at the expense of increasing the attenuation by about a
factor of two [Fig. III.g(a)].

In order to consider just the erIcci.4 of a dipolar material as the substrate, the coplanar strips are again considered without the effects of
modal dispersion.

Here, the loss tangent peaks at approximately the in-

verse of the relaxation time of a hypothetical substance, arbitrarily selected as 10 GHz.

As in Fig. 11.11, the real part of the permittivity de-

creases over the same bandwidth that the loss factor changes.

The effects

on the attenuation and phase factor are shown in Fig. 111.10.

In part (a),

the attenuation increases by a factor of three over a broad band beginning at 1 GHz as compared to the situation of Fig. 111.7.

In Fig. III.lO(b),

the phase velocity begins to level off at about 8.2 x lo9 crnts, as in the case

FREQUENCY ( GHZ 1

Fig. 111.10. (a) Attenuation, and (b) phase velocity for a coplanar stripline
with a dipolar material as the substrate.

Fig. JII. 1 1 . Computed phase velocity
distortion mechanisms included.

for coplanar

stripline with

all

when the dielectric is not dipolar, but then increases nearly another 20%
from the influence of the decreasing relative permittivity.

At first, this

may seem like a possible means to counteract the drop in phase velocity
associated with modal dispersion.

However, just as when the electrodes

were narrowed to improve the cutoff character of the line, the introduction of a dipolar material to reverse the dispersion caused by higher-order modes results in excess attenuation.

Figure 111.11 demonstrates how

the phase velocity would behave if the contributions from the electrodes,

the higher-order modes, and a dipolar substrate were present.

This shows

that the dipolar material might have some success in correcting for the
geometrical dispersion (of course, ignoring attenuation), but that for this
relaxation

frequency,

the

modal

dispersion

still

dominates at

high

frequencies.

It was shown earlier in the chapter that the surface resistance of a
superconductor was lower than for copper at either room or cryogenic
temperatures.

The attenuation of a coplanar stripline with a uniform di-

electric and the dimensions of the Cu line already discussed, but made of
Nb and at a temperature of T = 2 K, is shown in Fig. 111.12(a).

Niobium is

used as an example superconductor here because of its relatively large
energy gap compared to other popular materials.

The form of the attenu-

ation is virtually the same as the surface resistance for the superconductor.

For a ratio of temperature to critical temperature as low as this, most

frequencies below the gap frequency of about 740 GHz experience quite
small attenuation (-

1 dBlKm at 30 GHz).

is only 3 x 1 0 ' ~ dB1cm.

Even at 700 GHz the attenuation

The phase velocity, shown in Fig. 111.12(b),

behaves in a fashion such that there is also dramatic behavior near the
energy gap.

The phase velocity is virtually independent of frequency up

to about 100 GHz in this case, since to first order the conductivities below
the gap at this temperature are inversely proportional to frequency so
that

the

surface

impedance

proportional to frequency.

and

phase

factor

are

both

directly

Just below the gap frequency, however, the

phase velocity acts as if on resonance, and drops until it reaches a peak
just past the gap frequency.

On close inspection of the velocity scale, i t is

Fig. 111.12. Computed propagation factor for a coplanar stripline with
niobium electrodes with dispersion removed at T = 2 K: (a) attenuation and
(b) phase velocity.

realized that the change over the entire frequency range is not very
great.

However, the highest frequencies in a very broad band pulse

would still travel more slowly and become delayed with respect to lower

Fig. 111.13. Computed propagation factor for a coplanar stripline with
niobium electrodes with dispersion removed at T = 6.5 K: (a) attenuation
and (b) phase velocity.

frequencies, while for a spectrum completely below
situation, there would be little dispersion at all.

100 G H z in this

Fig. 111.14. Computed attenuation for a coplanar stripline with niobium
electrodes with dispersion removed at T = 9 K.

As the temperature is increased up to T = 6.5 K, so that it is about
70% of the critical value, the effects on the attenuation and phase velocity
are immediately evident.

In Fig. 111.13(a), the attenuation increases more

rapidly to the energy gap frequency, which attains a value about 100 GHz
lower than at T

=

2 K.

The material begins to appear more like a normal

metal, as is further evidenced by an attenuation up to 1000 times greater
than in Fig. I11.12(a).

The phase velocity at T = 6.5 K [Fig. II1.13(b)J also

changes, as the resonant-like node occurs at a lower frequency and more
of the frequency dependence of the conductivity becomes evident below

-

Fig. 111.15. Computed propagation factor for a coplanar stripline with
indium electrodes with dispersion removed at T
1.8 K: (a) attenuation and
(b) phase velocity.

the gap.

The absolute changes in velocity are still small though.

Fig. 111-14 displays the attenuation for Nb at T

=

Finally.

9 K , to illustrate how the

superconductor behaves near its critical temperature.

The energy gap is

only barely recognizable at just above 200 GHz, and the attenuation appears essentially as it would have for a normal metal in the skin-effect
regime.

Considering that the normal-state conductivity for a Nb thin film

at cryogenic temperatures is about four times worse than that for Cu at
room temperature, the propagation of a short puIse would suffer severe
loss on this normal-state superconducting transmission line.

Additionally, the attenuation [Fig. III.lS(a)] and phase velocity [Fig.
III.lS(b)] for a coplanar stripline with indium electrodes at T = 1.8 K are
computed.

This situation was investigated because In was later studied ex-

perimentally at the superfluid temperature of

1.8 K .

The losses are

greater than for the Nb line at nearly this same temperature due to the
much higher energy gap of Nb.

The phase velocity is observed to have

the same form as for the Nb, although the behavior for frequencies above
the gap is more visible.

This relatively large increase in phase velocity

would not result in any dispersion on a waveform, though, as the tremendous attenuation above the gap would obliterate this fast-moving part of
the spectrum.

Figure 111.16 demonstrates the effect on the phase velocity

of the In line when modal dispersion is present and the surface modes
would again propagate.

As expected, the magnitude of the phase velocity

decreases across the bandwidth plotted.

In addition, the influence of the

superconductor o n the transmission velocity is no longer obvious, being
surmounted by the contribution from the modal dispersion.

With the su-

perstrate computationally in place again and the modal dispersion thus
removed, the dielectric is considered to be a dipolar material [Fig. 111.17].

ll.
11.
10.
10.
10.
9.
9.
9.

9.
8.

Fig. 111.16. Computed phase velocity for a coplanar stripline with indium
electrodes including dispersion at T = 1.8 K.

Fig. 111.17. Computed phase velocity for a coplanar stripline with a dipolar
substrate and modal dispersion removed at T = 1.8 K (normal electrode).

The large decrease of permittivity associated with the dielectric relaxation
is manifested in the rising phase velocity, although the effect of the

SU-

perconductor is not completely obscured this time, since a tiny dip in the
function occurred after the band gap frequency just below 300 GHz.

1II.B.l.b.

Correction

of

distortion

For the contributions to distortion due to dielectric inhomogeneity,
electrode resistance and reactance, and substrate loss, hypothetical remedies can be proposed.
perimental

These suggestions could potentially bring about ex-

improvements in the transmission of ultrashort signals, and

in some cases already have.

The contribution to loss and phase shift due to the substrate can be
eliminated by selection of a material that does not have large polarization
effects in the frequency range of interest, from dc up to roughly one terahertz.

A

dielectric or semi-insulating semiconductor that has a rela-

tively flat response for its permittivity across this bandwidth, with a loss
tangent on the order of

can essentially be considered to be lossless

unless the propagation distance is many centimeters.

Sapphire and fused

quartz are two dielectrics that appear to meet this specification, although
it is difficult to find wide band information on permittivities for frequencies approaching the far-infrared region of the spectrum.

GaAs, on the

other hand, has a loss tangent in excess of

The dielectric also plays a part in the mismatch in permittivity due

to the geometry of the planar transmission lines, and this has a tremendous influence o n the modal dispersion caused by the line.
can

be

somewhat

alleviated by

This mismatch

choosing a low-permittivity dielectric.

This, along with the use of lines that are fabricated closer together, can
improve the distortion situation by forcing the cutoff frequency of the
hybrid surface mode to higher frequencies.

An alternative approach is to

eliminate the dielectric interface, and thus the surface modes, altogether.
This is accomplished by employing a matched dielectric superstrate o n top
of the transmission line, s o that the fields no longer experience a dielectric inhomogeneity.

The overlay actually restores TEM-mode propagation

on the planar transmission structures, since there is no longer a highpermittivity substrate for the fields t o b e confined within.

The substrate,

in effect, encompasses the electrodes supplying the field lines with a uniform dielectric.
propagation

with

Experimental work to confirm the improvement in pulse
the

dielectric

overlay has now

begun

by

other re-

searchers.

There is very little that can be done to improve the attenuation
caused in a room temperature conductor at this time without involving
cryogenics,

although

increasing

the

electrode

separation

can

decrease

the ohmic losses somewhat at the expense of also decreasing the cutoff
frequency.

The best solution is to cool the conductor, or better yet, sub-

stitute for it altogether with a superconductor, where the calculations indicate that losses as low as 1 0 dB/km or less using N b at 2 K may be attained for

100 GHz signals.

This result actually justifies

setting the

resistivity of a conductor to a value as low as 1 0 - l o h - c r n in order lo

simulate a lossless electrode, as was done in the previous section.

The effects of each of the properties discussed above, good and bad,
are demonstrated on pulses propagating on coplanar striplines in the
next section.

III.B.2.

Time

domain

propagation

A series of computations has been made in order to examine the
propagation

characteristics of

short

pulses

on

coplanar

transmission

lines under the different possible experimental conditions already discussed.
tains

This algorithm for computing the propagation, which also consections

that

compute

the

surface impedance

and

propagation

factor, is listed in Appendix D.

The merits of superconducting lines are investigated first in Figs.
111.19-23, where the attributes of dispersion and loss can be introduced.
T o determine the amount of pulse distortion due to the competing mechanisms from the superconducting electrodes and the higher-order modes,
often two sets of calculations appear.

One represents the modal dispersion

and the energy gap effects considered together, the other only the energy gap effects (by using a dielectric overlay to attain
tion).

The superconducting transmission lines were considered to be Nb

at T = 2 K, 300-nm thick, on a substrate having h
the

TEM propaga-

parameters

for

an

example

transmission

-

I mm.
structure

For these results.
on

a

silicon

~ 11.8) with electrodes having small dimensions (S = 10 pm; W
substrate ( E =

FREQUENCYCGHZ)
Fig. 111.18. Frequency spectrum of a 2-ps FWHM Gaussian input pulse.

=

5 vm) were chosen so that the onset of modal dispersion effects did not

take place until around 100 GHz.

These parameters were essentially the

ones chosen by a group of researchers at IBM to study experimentally the
propagation effects of superconducting lines.33

Comparisons to their ex-

periments have been made previously. 2 2

An example of the frequency spectrum of what would constitute an
idealized Gaussian input pulse of approximately 2-ps FWHM is shown in
Fig. 111.18.

The frequency content is, of course, also Gaussian, starting at

dc and continuing into the millimeter-wavelength
amplitude past 400 GHz.

range with cignificant

When the phase velocity changes with frequency

and any part of the Gaussian cpectrum overlaps with the frequencies
where this occurs, phase velocity dispersion results.

Attenuation also di-

minishes regions of this spectrum, leading to additional pulse distortion.
The extent of the frequency content is especially interesting when considering

the

phase

velocity

and

attenuation

on

the

superconducting

transmission lines, since sometimes the cpectrum of a signal is completely
below the energy gap of the superconductor, while other times it may
extend into the regime where gap effects are dramatic.

The Nb lines at a

low fraction of the critical temperature are a n example of the former
case, while Nb lines at a high fraction of Tc or In lines are an example of
the latter case.

In each of the time-domain plots, time increases lo the

right, s o that the front of the signal and the earlier time are on the left
side of the time window.

For a 1.0-ps FWHM input pulse to the example coplanar line [Fig.
111.191, there is very little energy in frequencies above the energy gap of
niobium at T = 2 K.

There are, however, frequencies in the pulse that fall

within the portion of the effective permittivity function that rises with
frequency.

This portion of the spectrum thus propagates with a decreased

phase velocity, leading to the dispersion in Fig. Ill. 19(a).

The pulse also

has frequency content in the region of Fig. III.l2(b) that exhibits decreasing phase velocity, and this results in some of the dispersion Eeen in
Fig. III.19(a) and all of the dispersion in Fig. II1.19(b), where the overla).

is present.

As the pulse propagates through 1.0, 3.0, 5.0, and 10.0 mm, the

Fig. 111.19. Computed propagation for example superconducting coplanar
stripline with 1-ps FWHM input for 1.0, 3.0, 5.0, and 10.0 mm transmission
distances: (a) full calculation, (b) electrode contribution only.

higher frequencies travel more slowly, resulting in longer rise times, increased pulse widths, and a ringing effect on the trailing edge of the
pulse.

These effects increase with transmission distance and are more

pronounced for the case where modal dispersion is included.

The input pulse in Fig. 111.20 has a 400-fs FWHM and a frequency
content well past 1 THz.

In addition to dispersion, the traces now display

rapid attenuation above the gap frequency.

Again, the results of the cal-

culation with the example Nb lines and no overlay reside in Fig. III.20(a),
with those having the TEM-mode propagation in Fig. III.ZO(b).

The dis-

tortion takes place much earlier than in Fig. 111.19, and the strong contribution of the superconductor energy gap is observed.

With traces cov-

ering 1.0 and 3.0 mm only, the modal dispersion, which is the mechanism
causing the additional distortion in part (a), is seen to have a relatively
smaller effect than when the input spectrum was compl.etely below the
gap

frequency.

Tbe input to the example coplanar stripline in Fig. 111.21 is a 2.0-ps
FWHM Gaussian pulse, and the propagation is calculated for 5.0 and 10.0
mm in order to demonstrate the distortion to the pulse.

The calculation

for non-TEM propagation on Nb lines in Fig. 111.21(a) shows decreased
dispersion due to the diminishing bandwidth present on the rising part of
the effective permittivity function.

In fact, for the case with the modal

dispersion removed [Fig. 111.21(b)], the input has a bandwidth where virtually no frequencies extend to the energy gap, and the propagation is
nearly

dispersion-free.
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Fig. 111.20. Computed propagation for example superconducting coplanar
stripline with 400-fs FWHM Gaussian input pulse for 1.0 and 3.0 m m
transmission d i s t a n c e s : ( a ) full calculation, ( b ) superconductor
contribution o n l y .

Fig. 111.21. Computed propagation for example superconducting coplanar
stripline with 2-ps FWHM Gaussian input pulse for 5.0 and 10.0 mm
transmission distances: (a) full calculation, (b) superconductor
contribution only.

T h e advantage gained through the use of superconducting lines
becomes particularly evident in Fig. 111.22, where propagation is on the
example coplanar stripline made out of copper and operated at room temperature.

A 400-fs FWHM input pulse is supplied s o that the performance

for a broad band signal may be observed.

Tremendous attenuation is evi-

dent after only 0.5 mm, and by a propagation distance of 1.0 mm, all the
high-frequency content has been virtually lost.

This leads to a pulse with

diminished amplitude, elongated rise time, and extended width.

The losses

are s o severe that all the frequencies that contributed to the ringing as
seen previously for the superconducting line in Fig. 111.20 have been
suppressed.

For this stripline, it is irrelevant whether o r not an overlay

is placed over the substrate, since the frequencies that would have been
delayed are eliminated anyway.

Figure 111.23 demonstrates the effect of increasing the dimensions
of the example line (without an overlay) s o that W

=

S

=

5 0 pm. The effec-

tive permittivity function begins to increase at a lower frequency for the
structure with wider lines, s o that the contribution of the surface modes
t o the dispersion shifts another decade of frequency lower as compared to
the smaller line.

Since a I-ps FWHM input is used, the results may also be

compared with those of Fig. 111.19, where the dispersion due t o both the
geometry and the superconductor was great.

For the wider lines, the dis-

persion after 1.0 mm is actually quite small, although still obviously
present.

However, after 3.0 mm the ringing due to the delayed high-fre-

quency content o f the spectrum has become drastic, and rfrer several
more millimeters of propagation distance the signal would be totally

Fig. 111.22. Computed propagation for example normal-metal coplanar
rtripline with 400-fs FWHM Gaussian input pulse for 0.5 and 1.0 mm
transmission distance.

(a)

0 rnm

-

Fig. 111.23. Computed propagation for superconducting coplanar stripline
with S = W 50 p m and with 1-ps FWHM Gaussian input pulse for 1.0 and 3.0
mm transmission distance.

unrecognizable, having been pulled apart by the geometrical dispersion
effect.

When an overlay was used in this case, the influence of the super-

conductor was seen to be the same as in Fig. 111.19, indicating that the relative contribution of the energy gap to dispersion for the wider lines has
decreased.

In Fig. 111.24, a comparison between a planar transmission line
having superconducting electrodes and one with copper electrodes at liquid helium temperatures is made.

The lines in the comparison are identi-

cal structures with the typical experimental dimensions W

-

S

=

25 pm ,

propagation length 5.0 mm, and GaAs substrate capped with a GaAs layer
to allow TEM-mode transmission.

The propagation of a 2-ps FWHM input

pulses can be considered to be ideal except for the effects of the electrodes.

In Fig. I11.24(a), the Nb strips appear to have essentially no influ-

ence on the propagating pulse, as would be expected as long as the spectrum of the Gaussian has no components above the energy gap, the temperature is not a large fraction of the critical temperature, and the propagation distance is not many tens of centimeters.

The result from the

cooled copper stripline pictured in Fig. I11.24(b) actually indicates that
over 5.0 mm distance the transmission performance is quite good, although it has lost about 10% of its amplitude.

Compared with other struc-

tures, particularly room temperature normal metals, this is outstanding.

-

Even ruperconducting indium lines at a lower temperature (T
that T/Tc

-

-

3.0 K so

0.88), as shown in Fig. III.24(c), would not be preferred over

the cryogenic Cu rtrips. which are observed to have lower attenuation
and dispersion.

It can be concluded that the low-temperature normal

Fig. 111.24. Computed propagation of 2-ps FWHM Gaussian pulse o n (a)
niobium, (b) copper, and (c) indium coplanar stripline at liquid helium
temperatures.

metals are just as good or better than superconductors at T = 4.2 K, unless
the superconductor has a large enough energy gap that its attenuation is
still much lower than that of the Cu at this temperature.

Furthermore, for

the efficient transmission of electrical signals over substantial propagation distances, a superconductor such as Nb would still be the only possible choice of the materials discussed, since even at low temperature the
attenuation in the Cu is much too high for this application.

It is also interesting to observe the propagation of a short pulse on
a coplanar stripline when the substrate material has a dielectric relaxation that affects the frequencies in the spectrum of the input.

In this

case the input is again 2 ps in duration, the dimensions of the structure
are W

=

S = 2.0 pm, the propagation length is 5.0 mm, and the propagation

factor due to the electrodes and substrate behaves as in Fig. 111.10.
relaxation frequency is arbitrarily chosen to be 30 GHz.

The

The very small

lines are used to increase the cutoff frequency to a very high value, substantially above the relaxation frequency of 3 0 GHz.

In Fig. IIl.25(a),

where an overlay is assumed to cover the structure, the Gaussian is observed to have dispersed in such a way that the low frequencies are delayed with respect to the high frequencies.

This is due to the fact that the

content of the spectrum of the input pulse above the relaxation frequency experiences a lower permittivity and thus travels faster.

When

the dielectric cover i s removed, a s in Fig, 111.25(b), then a much smaller
band of frequencies propagates at the highest speed on the line and a
correspondingly rmaller precursor i s present as a "foot" on the transienr
(phase velocity as i n Fig. 111.11). The action of the modal dispersion is to

Fig. 111.25. Computed propagation of 2-ps Gaussian pulse on coplanar
stripline with dipolar-liquid substrate (a) without modal dispersion, and
(b) with modal dispersion.

delay the high frequencies with respect to the low, ro that a rituation is
created where a band of low frequencies travels at an intermediate speed,
a band of sornewbat higher frequencies that are below the modal cutoff
frequency travel most rapidly (but also suffer the greatest attenuation),
and the frequencies near and above the modal cutoff propagate the
slowest.

At some point, the velocities of frequencies at opposite ends of

the input's spectrum may end up being the same (see Fig. III.ll), as evidenced by the delayed, oscillatory part of the waveform in Fig. III.ZS(b)
that is superimposed on the low-frequency section of the signal that is
delayed in time behind the main pulse.

Many of the results from the computations of waveforms propagating along the planar striplines above have been observed experimentally, even though only recently have approximations to Gaussian input
pulses been generated.

This work is described in the next chapter.

CHAPTER 1V

EXPERIMENTAL OBSERVATIONS

In order to observe the degradation of very brief electrical events
as they are transmitted o n planar guides, a series of experiments have
been conducted that measure the propagation of these fast signals.

The

experiments have been designed to substantiate the computed behavior of
waveforms influenced by the presence of hybrid, higher-order

modes,

dipolar liquid substrates, and normal and superconducting electrodes.

The earlier experiments to observe the effects of modal dispersion
on electrical waveforms were carried out using microstrip transmission
structures that had dimensions on the order of centimeters, and the inputs to the lines were electrical impulses that had rise times of around 100
ps.

By using waveforms with relatively long rise times and striplines of

relatively

large dimensions, the skin-effect losses were minimized and

the observed effects could reliably be attributed to the geometry and the
resulting surface waves.

To observe the contribution to distortion from a dipolar substrate at
microwave frequencies, the additional bandwidth required was obtained
-

in an electrical signal with a 7.2-ps rise time.

Smaller microstrip dimen-

sions, on the order of a millimeter, were then employed in order to decrease the effect of the modal dispersion and the conductor losses al the
same time.

To decrease the-modal dispersion even further, and

to demon-

suate tbe optimum room-temperature operation, tests were also made on a
microstrip line that was isolated r o that air appeared as the dielectric
material above and below the top electrode.

In order t o separate the effects of the loss and dispersion due to the
electrodes, which are quite subtle in the case of the superconducting
lines for frequencies below the energy gap, the finest dimensions and
temporal response available have been used.

The generation, detection,

and analysis of the waveforms necessary t o conduct these experiments
are subsequentl y described.

1V.A.

Experimental

techniques

The process necessary t o characterize electrical transients of short
duration involves the generation of an input signal, as well as the detection of an output signal and the manipulation of this output in order that
it may be displayed in a manner in which the information may be rapidly
observed.

The measurement of electrical transients is most commonl).

handled in "real-time", or in a single shot, through the use of an oscilloscope, to which an output waveform is transmitted via a coaxial cable.

If

the coaxial cable and its connectors are small enough s o that their cutoff
frequency for higher-order modes is greater than the frequency content
of the propagating transient, and if they u e not s o small that the attenuation due t o the system distorts the signal appreciably, then a reliable
representation of the output reaches the oscilloscope.

This output voltage

resides across metal plates in the oscilloscope and deflects an electron

beam passing between them.

If an electron spends a short period of time

between the plates compared with the temporal variations of the voltage
on the plates, then the correct signal is reproduced on the display.
Otherwise, the electron experiences a changing electric field that it is not
able to resolve, and the response of the measurement is limited by the oscilloscope.

Typical apparatus would be able to accurately resolve signals

of 400 MHz bandwidth (= 1 ns rise time), with the upper limit of resolution
for this technique occurring at frequencies on the order of 6 GHz (c 100 ps
rise time).

If the transient to be measured is repeated at regular intervals,
then a sampling oscilloscope may be used to characterize it.

The signal

must still be transmitted to the oscilloscope and passed through connectors, but it is most likely that the electronic sampling process will still
limit the temporal response.

ID the sampling unit, an output pulse from a

tunnel diode circuit as short as 10 ps in duration is used as a gating pulse
so that the amplitude of the input signal is only measured when the gate
pulse is on.

Every recurrence of the input signal is electrically delayed a

fixed amount of time with respect to the gate pulse so that the entire signal may be divided up into discrete points or samples.

Once a fast wave-

form arrives at the sampling unit, the limit to the temporal resolution of
the signal is defined by the width of the sampling, or gating, pulse.

Brief electrical pulses from Josephson switching events in a cryogenic
-

i t r n o ~ ~ h e r ehave
~ ~ *only
~ ~ recently become available for use as

sampling pulses on the order of several picoseconds.

Otherwise there are

no other electrical means available for generating picosecond or rubpicosecond signals which could be used either as test inputs for elecuonic
components or as gate pulses t o sample the signals from the output of an
ultrafast component.

This void in the ability of the instrumentation to

measure short electrical events was filled by revolutionary applications
of optical techniques to signal sources
and to signal measurement

-

-

optoelectronic s w i t ~ h i n -~ ~ ~ ' ~ ~

electro-optic sampling.86*87 These methods

will be introduced in the next two sections.

IV.A.1.

Optoelectronic

Optoelectronic

switching

switches

exploit

the

photoconductive

effect

of

electrical carriers in semiconducting materials and are thus also known
as

photoconductive

switches.

A

switch

consists of

a transmission

structure such as the microstrip shown in a side view in Fig. IV.l(a), or
the coplanar stripline viewed from the top in Fig. IV.l(b), which are
fabricated on a photoconductive material and interrupted by a gap.

The

gap is illuminated by an intense laser pulse that is absorbed at the surface
of the

emi icon duct or if the photon energy is greater than the band-gap

energy of the material.

A

photogenerated electron-hole plasma then

forms a conducting path across the gap in the electrode, the switch
effectively turns on, and a fast current pulse is generated o n the line.

-

The time-varying resistance of the switch, R(t), is inversely proportional
to

the

number

of

carriers

generated,

n(t),

so

assuming

that

the

capacitance associated with the gap is not high enough to affect the pulse,
the rise time of the output will be the integral of the Gaussian laser pulse.

I-

laser pulse

semiconductor

output

I

semiconducror

-

output

-

clcctrod t

Fig. IV.1. Photoconductive switch geometries: (a) side view of
microstrip; (b) top view of coplanar stripline.

or an error function.

The recombination of the carriers i s generally a

combination of complex exponential processes, so that when the duration
of the laser pulse has passed, the output of the switch becomes a

rcousto-optic
mode-locker

-

polarizer
aperture
v

q-switch

back
mirror

\

r

output 4
coupler

\

cooling
bath

I1 - 1
I
power supply1
cooling unit

linear
translator
Invar rail

Fig. IV.2. Schematic of Nd:YAG laser system

prolonged tail lasting over the recombination time of the semiconductor,
or until all the charge available at the bias to the switch has dissipated.
When operating a photoconductive switch repetitively, it is imperative
that the recombination time of the switch material be shorter than the
repetition rate of the laser.

1V.A.I.a.

Laser

sources

The laser sowce for the earlier, long-pulse experiments was a cus-

tomized Quantronix continuous-wave Nd:YAG oscillator, which bas an
put wavelength in the infrared at 1.06 urn [see Fig. IV.21.

OUI-

This wavelength

corresponds to a photon energy that is greater than the band gap of
~ilicon. The CW beam was mode-locked intracavity with an acousto-optic

crystal driven at 100 MHz by 3-6 W of RF power (active mode-locking), and
the laser cavity was also Q-switched by a second acousto-optic crystal at a
100-Hz repetition rate.

The laser output was thus a 100-Hz Gaussian profile

of several hundred nanoseconds FWHM, which provided an envelope for
100-ps FWHM mode-locked pulses separated by 10 ns.

The mode-locked

pulses by themselves only contained about 70 nJ of energy per pulse, but
since the Q-switched operation defeats the cavity until the gain can be directed into the giant Gaussian pulse, the mode-locked pulse at the peak of
this profile had u p to 100 p J in energy.

This much energy is more than

enough to drive the large area switches used in the early experiments.

In order to select the peak pulse with the greatest energy from the
Gaussian profile, an electro-optic switchout system was employed.

The

switchout consisted of two crossed polarizers on either side of an electrooptic Pockels cell.

It essentially provided a 10-ns window

with the peak mode-locked pulse in the Q-switched train

-

-

synchronized

when the po-

larization set by the first polarizer was rotated to be parallel with the second polarizer.

The Pockels effect can be defined as a change in the opti-

cal dielectric properties of a material in response to an applied electric
field.

Therefore, a voltage applied to the Pockels cell creates an effect re-

alized as a change in the index of refraction of a crystal for a particular
polarization, and with the crossed polarizers, this change in index is
-

manifested as a change in output intensity.

The voltage t o the crystal was

provided in a rise time of several nanoseconds by a microwave tube triode, and then removed
avalanche transistors.

in a matter of nanoseconds by

a series of

The output polarizer rejects the portion of the Q-

Fig. IV.3. Q-switched, mode-locked pulse train rejected from polarizer at
outpul of Pockel's cell switchout.

switched envelope that was not synchronized with the voltage on the
Pockels cell, and this is shown in Fig. IV.3.
the

final

transmitted

output

of

the

The missing pulse would be

system

and

would

drive

the

experiment.

Another laser source used in some experiments that required considerably faster response times was a dye laser configured in a ring cavity and pumped by approximately 3 W of power from an argon ion laser

.

operating on its 5145

A

line.

This colliding-pulse, passively mode-locked

(CPM) type of l a s e P 8 is a workhorse in the research field of ultrafast optical elecuonics, reliably providing 100-pJ pulses of 80-fs duration at a
100-MHz repetition rate.

The laser, shown in Fig. IV.4, has a gain medium

--

CW Argon laser

1% Transmission
CPM
cavity

Saturable
absorber jet

\
Gain jet

Fig. IV.4. Colliding pulse mode-locked ring dye laser.

defined by a thin jet of Rhodamine 6G dye dissolved in ethylene glycol,
and a mode-locking medium given by another thin stream of dissolved
dye, DODCI (Diethyloxa-dicarbocyanine iodide), which acts as a saturable
absorber.

6200

As is typical of dye lasers, the output is at a visible wavelength,

A, which is convenient from the aspects that it is easy to observe and

its energy is above the band gap of semiconductors such as GaAs and InP.
These

semiconductors also have

a recombination

time

that

is much

shorter than the 10 ns between pulses for the CPM laser.

1V.A.l.b.

Switching

elements

The photoconductive switches used in the experiments employing
the Nd:YAG laser as a source were made of silicon and cadmium selenide
(CdSe).

The switches were typically 5 x 5 x 1 mm in dimension, and were

Fig. IV.5. 100-ps rise time output signal from CdSe switch activated by
Nd:YAG laser pulse. Horizontal scale is 100 psldiv and vertical scale is 100
mVldiv.

mounted on G-10 printed circuit board configured with a top electrode of
the correct width to give a 50-fi characteristic impedance.

The contacts to

the open ends of the gap in the top electrode were made with Dynalloy
electrically

conductive silver paint, which provided low-resistance con-

tacts and a mechanically rigid fixture when cured under a heat lamp at
approximately 100°C for 15 minutes.

The 5 mm gap on the CdSe was nar-

rowed to 1.5 mm also using painted silver contacts, and although these
contacts were undoubtedly

not ohmic, the off-state resistance of the

switch was maintained at 8 MR even with a bias exceeding 200 V was
applied.

It was necessary to efficiently couple the optical beam into the

relatively large gap of the switch, and this was accomplished through the
use of a plano-convex lens followed by a cylindrical lens.

As a result, the

typical switching efficiency was o n the order of 10% when 80-100 pJ of
optical energy was incident on the gap.

Thus a very large signal was

available at the input to the transmission structure s o that an exccllcnr
signal to noise ratio could be achieved.

A trace of m input pulbe, with a

100-ps, 10-90% rise time is shown in Fig. IV.5.

The trace originates from a

Tektronix 7S12 sampling oscilloscope plug-in module with an S-6 sampling head unit, and the noise and the dropped samples present on the
waveform are not due t o amplitude jitter in the signal, but rather to
timing jitter of the electrical signal used to trigger the sampling head.

The semiconductor switch that supplied the electrical input pulse
for the experiments conducted on the dipolar materials and the air-line
was a chip of InP with gold electrodes deposited on the surface and an interdigitated structure fabricated in the 6 - p m long gap.

The switch was

packaged in an alumina-substrate carrier, and contacts were made to the
Au electrodes on the chip-carrier using Au wire bonds as shown in Fig.

IV.6.

The interdigitated configuration, produced on this wafer at MIT

Lincoln Laboratory, provides a greater surface area for the gap in the
electrode and allows more efficient switching to occur when the relatively small 100 pJ of energy from an ultrafast CPM laser pulse is incident
on the gap.

At the same time, however, the extra area leads to a larger gap

capacitance, so that the rise time of switched signals are greater than for
straight gaps.

In this case a 5.0 V bias was applied to the switch and an

output voltage of 300 mV was observed after coupling the output through
semi-rigid coaxial cable to a bandwidth-limited oscilloscope

This perfor-

mance corresponded to a switching efficiency of at least 6%.

The rise

time was observed to be 7.2 ps, and while this was sufficient for the
current experiment, the full bandwidth capability using the CPM laser
was not being exploited.

t

alumina

a
side view

top view
Fig. IV.6. Side and top views of interdigitated InP switch in
alumina chip carrier

Rise times of a single picosecond and less have been
using

straight-gap

configurations

with

breaks

between

by
5 - 2 0 - p m long.

These have been fabricated mostly o n semi-insulating GaAs substrates.
Using the straight-gap geometry does not necessarily mean that the sensitivity gained with the interdigitated geometry

must

be sacrificed in

order to attain a faster rise time, since improved formulations for the deposition of metal electrodes have resulted in superior ohmic contacts to

the

semiconductors.89

greater than 10%.

These switches often display efficiencies of much

The switches are no longer packaged in chip carriers,

but rather are mounted o n a separate substrate along with the device or
transmission line to which they are to supply the input.

Most recently,

the photoconductive switches have been integrated onto monolithic slabs
of semiconducting materials that already contain devices o r circuits to be
tested, alleviating the need for wire bonds or other external connections
to the circuits.

The fast outputs of the switches triggered with the CPM laser, and
the transmission lines excited by these signals cannot be measured reliably even with the Tektronix electrical sampling system.

These must be

characterized using the unmatched temporal resolution of the electrooptic sampling system, which is discussed in the next subsection.

IV.A.2.

Electro-optic

sampling

The electro-optic sampling technique, first developed in 1982, is
the only means of measuring electrical signals with features less than
L

one picosecond in duration.

It is a novel union of the fields of optics and

electronics that allows the short time durations easily obtained for optical
fields to be used in the measurement of electrical fields too brief to be
measured electronically.
response of external

It is an i n situ technique that separates the
cables, and

in some

cases external connections

altogether, from the response of a device or circuit.

During the interaction of the fields of an electrical signal with an
electro-optic crystal, the optical properties of the transparent crystal are
changed.

In electro-optic sampling, these changes are then measured by

a part of the short-pulse laser output that is split off from the same optical
beam
switch.

that

generated

the

electronic

waveform

at

a

photoconductive

Of the two trains of sub-100-fs pulses at the beam-splitting output

coupler of the CPM laser [Fig IV.41, one is used to excite the carriers in a
photoconductive switch, while the other, the sampling beam, is used to
probe the change in birefringence of an electro-optic crystal due to the
presence of a changing electric field from the output of the switch.

Since

the probe beam acts as a very short gate pulse in the sampling process, a
very fast change in the index of refraction may also be measured.
generation

and subsequenr

measurement

of the high-frequency

The

electric

fields are accomplished in close proximity, and since the high-speed information acquired by the short optical pulses is not degraded due to
transmission or detection as it would be in an electrical system, the response of this sampling measurement is unmatched by others.

A schematic of the electro-optic sampling system that demonstra~es
the paths of the excitation and sampling beams is displayed in Fig. I V . 7 .
The sampling crystal for an experiment, almost always lithium tantalale
( L i T a O j ) , is a Pockels cell, with the interaction in the crystal of the electronic signal, crystal polarization, and optical signal described by the
Pockels effect, discussed previously in Sect. 1V.A.l.a.

The polarizer is sel

so that the phase of its transmitted beam is 180' from the phase that would
be transmitted by the analyzer.

The Pockels cell itself retards the phase

Fig. IV.7.

Schematic diagram of the electro-optic sampling system.

of the polarizer output (analyzer input) Borne, and the Babinet-Soleil compensator retards the phase further s o that when no electrical signal is
present on the Pockels cell, the output of the analyzer is 50% transmitted
and SO% rejected.

When this condition is achieved, the change in the

transmission function of the intensity modulator is virtually linear with a
change in voltage, or electric field, across the electrodes on the modulator
that is small in comparison with the half-wave voltage of the electrooptic medium, V n I 2 . The transmission function of the intensity modulator
is a sine-squared function and is shown in Fig. IV.8.

The transmitted opti-

cal beam out of the analyzer, which is the final output of the intensity
modulator, would thus increase or decrease with an electrical waveform
input to the Pockels cell, while the rejected beam would do the opposite.

The excitation beam follows a much simpler path, as its task is just
to illuminate the gap in the electrode on the photoconductive switch to
generate an input electrical signal to the Pockels cell modulator.

It re-

flects off of several plane mirrors in a delay line on its way to the switch
so that the sampling beam can be synchronized with the output of the
switch in the modulator.

The excitation beam is also retroreflected off a

corner cube mirror on a stepper-motor delay rail to provide an additional
variable delay that can be fine-tuned.

Furthermore, this delay rail allows

the probe beam to dwell at constant intervals in time along the electrical
waveform r o that the rignals from the PIN diode detectors at the outputs of
the analyzer can be integrated by the detection electronics to improve the
signal-to-noise ratio.
and (50%

-

Arignal

The outputs of the diodes. I50 % + d S i t n a l+ noise).

+ noise), are subtracted in the differential amplifier to

PHASE RETARDANCE, 6 (degrees)
Fig. IV.8. Output function of an electro-optic modulator showing output
intensity vs. phase retardance (or crystal voltage).

give 2Asig,alg

further improving the signal-to-noise ratio.

A lock-in am-

plifier is also used at the frequency set by a mechanical chopper, an
acousto-optic modulator, or the voltage bias to the signal source in order
to gain some immunity from the llf noise present i n the system and to
integrate the signal from the slow detectors at each interval the chopper

i s open.

Finally, the output from the lock-in is sent t o r signal averager,

where multiple traces of the same waveform may be averaged together on
a display, the signal-to-noise ratio increasing as the square root of the
number of averages.

A basic necessity in the sampling technique is that the c-axis, or

optic axis, of the electro-optic crystal be parallel with the electric field
lines that are to be detected and measured, since this orientation induces
the largest change in index of refraction in the crystal.

The greatest

change in polarization for a beam passing through the crystal is then
found to be in a direction perpendicular to the optic axis.

With these

premises in mind, many different modulators have been designed for
testing rapidly varying electric fields.

Several of these designs have

been used in the experiments in this body of work that required electrooptic sampling.

IV.A.2.a.

Substrate

probe

The first of these tlectro-optic sampling geometries could be described as a substrate probe, since the sampling crystal simply supported
the electrodes that carried the electrical waveform from the output of the
switch.

From Fig. 11.4, it is observed that much of the electric field resides

in the substrate for both the microstrip and coplanar geometries.

With

the microstrip, the probe beam would travel from left t o right through
the crystal, while for the coplanar stripline it would be focused from top
to bottom through the substrate as in Fig. IV.9.

While this is intuitively a

Fig. IV.9. Electro-optic sampling geometry employing coplanar parallel
stripline on a substrate probe.

good method for sampling the fields from the transmission lines, practically it suffers from the fact that study is limited to electro-optic substrates.

Circuits fabricated on arbitrary materials may be tested using a

L i T a O g wafer.

The wafer, coated with a highly reflective dielectric stack

on its bottom surface, is placed over the top of a circuit so that the probe
beam passes through the crystal and reflects off the coating.
shown in Fig. IV.10.

This is

The electric field that emanates from the electrodes

above the transmission structure passes into a crystal with its c-axis in
the horizontal direction and i s sampled by the probe beam incident from
above.

Many experiments that have been carried out in a cryogenic en-

vironment - were

conducted

using

this

reflection-mode

geometry. 9 0

Excitation

Fig. 1V.10. Reflection mode sampling geometry using superstrate
clectro-optic material overlaying an arbitrary circuit substrate.

IV.A.2.b.

Finger

of

probe

A fundamental problem with the use of a substrate o r superstrate of

-

L i T a 0 3 as a sampling crystal is that the relative permittivity of the dielectric up until approximately 10 THz is

E =

43.

This generally creates a

situation where there i s a huge mismatch in the permittivities between
the super- and substrates, leading to the contributions of hybrid surface

waves and excessive modal dispersion f o r electrical waveforms on these
guides.

Also, d u e to the large distributed capacitance contributed to the

circuit o n account of the permittivity of L i T a O j ,

the

characteristic

impedance of lines o n this material i s very different from similarly sized
lines on a substrate that would be likely to contain a switch or a device,
such as GaAs.
to

be

Therefore, it is difficult to couple a large amount of a signal

sampled into a substrate probe, and

since most electro-optic

materials have large permittivities at the frequencies of interest, the size
of the sampling crystal and its corresponding influence on the capacitance of a circuit have had to be diminished.

This has been accomplished by the use of a sliver of LiTa03, varying in size and implementation depending on the situation.

Before the

complexities of fabricating sub-100-pm pieces of L i T a 0 3 were addressed, a
5-mm long finger of the electro-optic material with a 0.5 x 0.5 mm cross
section was used as an external sampling crystal.

It was laid on top of a

transmission structure s o that approximately half of the width of the
sampling crystal rested on the electrode and half adjacent to the top electrode as shown in Fig. I V . l l .

The optic axis of the crystal was perpendic-

ular to the surface of the substrate so that the sampling beam was directed
parallel to this surface.

The crystal does not experience as large an elec-

tric field component in this direction as when the substrate sampling was
used, but enough field fringes above the electrode at its edges s o that a
strong signal may be acquired.

While there was certainly some reflection

o n the line due t o the presence of the lithium tantalate crystal on the
electrode, the smaller size of the crystal limited this, and the dispersion

sampling crystal

Fig. I V . l l . Electro-optic finger of lithium tantalate used as sampling
crystal o n top of microstrip transmission line.

due t o the crystal was mostly eliminated by sampling immediately at the
end o f the crystal where the signal arrived.

The crystal was physically

moved down the length of the transmission line t o observe propagation as
a function of distance, s o that the sampling could always be done at the
very beginning of the L i T a 0 3 .

T h e most advanced sampling embodiment involves the application
of an even smaller sliver of LiTa03, about 200-pm high and 5 0 p m on a side
at the square cross section o f its tip.

This "finger" of electro-optic mate-

rial w a s bonded with optical cement t o a transparent mount so that it
could be dipped into the electric field lines emanating from a uansmission line o r circuit at a point where it was necessary t o acquire a

electro-opti
probe

arbitrary
substrate

E-field lines

metal line

i

Fig. I V . 1 2 . Electro-optic finger probe sampling electric
field fringing from electrode above arbitrary circuit.

waveform.91

Figure I V . 1 2 demonstrates one means with which to couple

the CPM beam into and out of the finger probe, total internal reflection
o n three faces of the crystal.

A dielectric coating approximately one-

micron thick on the tip of the probe would also suffice t o reflect the
visible radiation back t o the polarizer, while it would not reflect the
microwave wavelengths s o that they could be sampled.

The c-axis of the

finger probe is generally in the x direction, and the field lines that
fringe from the side of the transmission-line electrode would again be the
ones that the sampling crystal is sensitive to.

While the surface area of

the probe is large compared to many circuits and their transmission lines,
the optical probe beam is focused to a beam diameter of less than 10 p m ,
giving this probe outstanding spatial, a s well as temporal, resolution.

The

finger probe contributes a minimal amount of capacitance t o the circuit,

and using it for electro-optic sampling provides a noncontact, relatively
non-invasive technique for making measurements on circuits.

1V.B.

Experimental

results

The results of several experiments, each of which demonstrates at
least one mechanism that contributed to the distortion of electrical waveforms as they propagated along planar transmission lines, are described
in this section.

One substantiates the effect of modal dispersion on a

microstrip line with a high-permittivity, thick substrate.

Another shows

how the effects of modal dispersion on a microwave signal propagating
on a line with millimeter dimensions can be diminished through the use
of air as a dielectric.

On the same line it is shown how the presence of a

dipolar material for the substrate contributes to the degradation of the
rise time of a signal due to modal dispersion and attenuation.

A third ex-

periment demonstrates that a substrate material with a strong polarization relaxation effect can distort a waveform significantly over a short
distance.

The first observation on a picosecond time scale of a high-fre-

quency precursor due to dispersion is also made.

The final experiment

was carried out o n superconducting transmission lines by a team of
c o l ~ a b o r a t o r s , with
~ ~ the results being analyzed using the pulse propagation algorithm described in Chap. 111.
.

A final measurement related at the

end of the section is made on an integrated circuit rather than a transmission line.

It demonstrates the first measurements of waveforms at in-

ternal

of

points

a microwave

integrated

circuit

using

developed finger-probe technique of electro-optic sampling.

the

recently

IV.B.1.

Observation

of

modal

dispersion

It is somewhat difficult to discern absolutely the convibution from
modal dispersion on an experimental waveform propagating on a planar
transmission

line of small dimensions, due to the influence of

frequency-dependent

attenuation of

the conductors.

If

the

the

high-fre-

quency content of a signal is attenuated more than the lower frequencies,
as with the skin effect, the rise time of a signal is degraded in a similar
fashion as when the high frequencies are just being delayed with respect
to the lower ones.

The difference is that the short-duration features

characteristic of the high frequencies still appear in a dispersed pulse,
whereas they are missing in a signal that has experienced a great deal of
loss in its high-frequency content.

Dispersion is manifested as a fall time

that is faster than the rise time, as a ringing that occurs after the initial
rising edge of a transient, or as a pulse sharpening effect.

When attenu-

ation is also present, these features appear only at shorter propagation
distances.

Over long distances, the high-frequency characteristics ap-

pearing after the rising edge are evident in a pulse experiencing only
modal dispersion.

A
.

unique opportunity to observe a pulse distorted almost exclu-

sively due to the propagation of a hybrid mode on a microstrip transmission line was afforded when a line was designed to stretch the relatively
long rise-time of a pulse by more than an order of magnitude.

The cutoff

frequency of the higher-order hybrid mode is inversely proportional io

the separation of the electrodes and the square root of the permittivity of
the substrate.

The design of a line with a low cutoff frequency for a 100-

ps rise time input transient thus called for a microstrip that was fabricated on a thick, high-permittivity dielectric.

The dielectric chosen was

titanium dioxide, a ceramic that when milled from rutile and molded in
the correct concentration can provide a permittivity of E = 104. In order
to make the most efficient use of the material acquired, two sections of
microstrip 10-cm long each and attached at the middle with a tapered section were assembled.

The first was of the dimensions h = 2.0 cm and M'

=

0.5 cm, while the second one had h = 3.0 cm and W = .75 cm. The ratio of
the dimensions were

kept

the same in order that the characteristic

impedance would be 50 R for each section.

This particular line was used in conjunction with an input signal
that contains a relatively modest 3-dB bandwidth of approximately 3.5 GHz
because pulses of greater bandwidth would tend to suffer attenuation that
would mask the dispersion.

For these lines, the attenuation at 3.5 GHz over

their total distance due to the conductors is calculated to be 0.12 dB, while
that due to the substrate is about 0.03 dB, giving a total attenuation on the
line of 0.15 dB.

Aside from losses coupling signals into and out of the

transmission line, the attenuation over the bandwidth of the signal is
very low, and the dispersion should be clearly evident in the output.

The Nd:YAG laser source was used to generate the 100-ps rise time
input signal to this microstrip, so the Tektronix S-6 sampling head was
used

to

make

all the

measurements o n this transmission structure.

Therefore, a connection to a coaxial cable with a SMA connector had to be
made at whatever points waveform acquisition was desired.

The only

practical locations for measurements in this case were at the output of the
switch

-

the input to the dispersive element

crostrip line.

-

and at the output of the mi-

The input has already been seen in Fig. IV.5, and the ex-

perimental output transient is given in Fig. IV.l3(a).

A much slower rise

time of 2.5 ns is observed at the output of the line, with the faster features
of the pulse delayed so that they appear on the falling edge of the signal.
An approximate calculation of the velocity of the pulse on the line from
the propagation distance and the time for the signal to travel from the
input to the output reveals that the permittivity of the T i 0 2 was about four
times less than the value for the pure material, or about 25.

Had the den-

sity of the ceramic bricks used for the substrate been greater, even more
pulse dispersion would have been present.

The value of permittivity for the substrate acquired from the experiment along with the dimensions of the line and the transmission distance were plugged into the propagation algorithm containing the geometric parameters for a microstrip line in order to compare the expected
dispersion with that observed.
Fig. IV. 13(b).

The output of the algorithm is given in

Qualitatively and quantitatively the agreement between the

two output pulses is excellent, proving the utility of the program and providing further evidence of the effects that
waveforms.

modal

dispersion has on

time (ns)
Fig. 1V.13. Experimental (a) and computed (b) waveforms for 100-ps
rise time input after 20-cm propagation distance on microstrip with
rutile dielectric.
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IV.B.2. Rise lime a n d s u b s t r a t e material

Several means to decrease the modal dispersion observed in the
previous section have been mentioned up to this point.

One is to decrease

the cross-sectional dimensions of the planar transmission line so that
they are less than, say, half the size of the smallest wavelength on the
line.

Another is to engulf the field lines from the electrodes in a uniform

dielectric, defeating the surface mode propagation
structure within a homogeneous medium.

by surrounding the

Since the contribution of the

dielectric to the loss is not always negligible, especially over long-haul
distances, the optimal limit of this tactic would be to suspend one or more
of the electrodes, depending on the configuration, so that the dielectric
for the transmission line could be uniformly air.

In order to see changes

in waveforms o n the picosecond time scale, the electro-optic sampling
technique has been used to measure the signals traveling on the lines in
this section.

A structure which allowed the top electrode of a microstrip transmission line to be supported by a 200-pm-thick microscope cover slip was
built in order that the increase in rise time of a signal with propagat'ion
distance could be observed.

The structure consisted of a plexiglas reser-

voir with a copper ground plane glued to the bottom and SMA connectors
affixed on the ends.

A cover slip was supported 3 mm above the ground

plane by teflon screws in the reservoir that were clear of the field patterns that emanated from the I-pm-thick,

I-mm

that wasattached to the top of the thin dielectric.

wide

copper electrode

At one end the covir

Fig. IV.14. Output of InP interdigitated switch activated by sub-100-fs
pulse from the CPM laser. The vertical scale is arbitrary voltage and the
horizontal scale is 5 pstdiv, to give a rise time of 7.2 ps.

slip also supported the InP switch, the output of which was electrically
contacted to the top electrode using silver paint.

The sampling crystal

was placed on the transmission line, as shown previously, and moved to
various distances relative to the switch in order to extract waveforms so
that the degradation of rise time with distance could be determined.

The

reservoir was left empty to conduct the experiment on the microstrip
with air predominating as the dielectric, although at other times ir was
also filled with r

umber of liquids exhibiting various permittivities and

frequency-dependent dielectric functions.

In this manner a study of the

rise times of pulses as affected to varying degrees by modal dispersion and
substrate loss has been conducted.

The output of the switch, as measured using the CPM laser and rhe

L i T a O j crystal (with one end of the crystal resting just on the alumina
chip carrier), is shown in Fig. IV.14.

The 10-90% rise time of the signal

generated using the CPM laser was measured to be 7.2 ps.

The crystal was

then moved to successively greater propagation distances so that the outputs could be attained at d = 2, 5, and 16 mm. These are shown on the same
time scale (5.0 psldiv) in Fig. IV.lS(a-c).

The rise time increases

immediately to 11.1 ps after 2 mm, but then stays relatively constant,
growing to only 13.7 ps after 1.6 cm.

The transition from baseline to sig-

nal is also observed to lose some of its sharpness, as part of the the lowfrequency content of the pulse arrives ahead of the rest of the pulse.

The quick jump in the rise time of the signal at 2-mm propagation
distance is not completely understood, although several factors may account for the unexpected increase.

The silver paint at the output of the

switch is potted with 5-minute epoxy to protect it from the chemicals that
were later inserted into the reservoir, and this dielectric would create a
mismatch that could give rise to some modal dispersion before the waveform cleared this area.

More likely, however, the connection between the

chip carrier and the electrode on the cover slip was not completely
smooth, and either radiation or higher-order modes that didn't contribute
to the observed signal were launched at this juncture.

Another importanr

point is that the rise time continues to increase even though the top

.

electrode is virtually surrounded by air.

This is accounted for in the

propagation algorithm if the permittivity 'of the substrate is considered to

be 1.5 instead of zero, indicating that either the 200-pm cover slip, the 1020 p m of LiTaOj that the propagating field passes through, or both,

Time (5 psldiv)
Fig. IV.15. Output of air-dielectric transmission line for
propagation distances of (a) 1.9mm, (b) 4.8 mm, and (c)
16.0 mm.

contribute just enough t o the permittivity that there is a slight increase
in the rise time with distance.

This gradual increase in rise time is observed to be exemplary compared to the situation where materials of high permittivity and loss factor
are utilized as substrate materials.

Four different liquids, octyl alcohol, i-

butyl bromide, methanol, and distilled water, were selected for use as substrate materials, being injected under the cover slip holding the top electrode with a hypodermic needle.

Although it is difficult t o know exactly

what the properties were of the grades of each of the chemicals purchased for use as lossy substrates in this experiment, approximate values
for the static and high-frequency permittivities, as well as the inverse of
the relaxation time for the materials used, are available from graphs of
permittivity
Availability

functions.92
of

These values are reproduced in Table I V . 1 .

information

concerning

the frequency

dependences of

the permittivities of these liquids played a large role in choosing them as
test materials, although they also displayed a nice variety in permittivities and relaxation times.

In the experiment, one of the liquids would be

added to the reservoir and the sampling crystal moved to various propagation distances on the line so that the waveforms at these points could be
extracted and the rise times measured.

After a propagation distance over

1.5 cm had been reached, the reservoir was emptied and a new substrate
was added.

T h e results of this experiment, where the 7.2-ps-rise-time waveform previously shown was used as the input to the transmission line, are

Substrate
Material

Static
Permittivity

HighInverse
Frequency Relaxation
Permittivity Time (GHz)

Distilled water

80

2-3

10

Methanol

35

3

3

i-butyl bromide

7

2

15

octyl alcohol

10

3

0.1

Table 1 V . I . Approximate values for static and high-frequency permittivities for four liquids employed as lossy dielectrics.

supplied in Fig. IV.16.

In all cases, as the propagation distance increases,

the rise times of the waveforms in the different microstrips increases.

In

comparison with each of the liquids having a rtatic permittivity of at least
7.0, the propagation on the air-line is observed to be almost dispersionless
as far as the rise time is concerned.

The rise times of the waveforms on

the lines containing distilled water and methanol both increased much
more rapidly than for any of the other lines, owing to the tremendous
dispersion generated due to their large rtatic permittivities.

The relax-

ation frequencies of these materials also peak at values that would lead to
l u g e losses at frequencies all across the microwave part of the rpectrum
of the input waveform.

The attenuation leads to ruch great pulse distor-

tion that it is difficult to measure the rise time of a signal; this explains

-

methanol

air
l

5

-

~

~

~

10

~

I

'

=

=

'

15

Propagatlon dlstance (mm)

Fig. IV.16. Experimental rise time vs, propagation distance for microstrip
transmission lines containing four high-permittivity dipolar liquids and
air a s substrates.

why the experimental propagation distances were so short for the distilled water and methanol samples.

It also explains why the transmission

structure containing the i-butyl bromide exhibited a more seriously degraded rise time than the one with octyl alcohol in it, even though i-bury1
bromide has a smaller permittivity.

While the octyl alcohol possesses a

loss tangent that is relatively high from about 10 MHz up to 1 GHz, the ibutyl bromide has a loss tangent that peaks at 15 GHz and thus it attenuates most of the frequencies that are contained in the rise time of the
waveform.

Therefore the rise time after 16 mm is almost 50 ps for the

latter substance, while just slightly greater than 35 ps for the former.

Of

course the air-line, with none of the loss and only a small fraction of the
dispersion, has a much smaller rise time after the same distance, 13.7 ps.

~

l

~

~

water

methanol
octyl alcohol
i-butyl bromide

0
0.0

5.0

10.0

15.0

Propegetlon dlstanco (mm)

Computed rise time vs. propagation distance for microstrip
Fig. IV. 17.
transmission lines containing four high-permittivity dipolar liquids as
substrates.

When modal dispersion only is considered in a calculation of the
rise time versus propagation distance for the four substrate materials, the
i-butyl bromide is seen [in Fig. IV.171 to cause less degradation to the rise
time than the octyl alcohol, as would be expected knowing their permittivities.

In the calculation, the propagation for longer distances can also

be investigated for the methanol and distilled water samples, and the rise
times are found to be considerably longer than for the other materials.
Tbe drastic effects of the attenuation due to the dipolar relaxation in the
materials is evident by comparing the experimental rise times with the
computed ones that exclude the losses.

The methanol and distilled water

samples exbibit much larger rise times when the attenuation i s present,
although perhaps most dramatic i s the faster rate at which the rise times

increase.

At longer propagation distances the behavior of the i-butyl

bromide also seems to indicate that when losses contribute heavily to b e
dispersion, the rate of increase of tbe rise time is much greater than
when just dispersion contributes.

In both cases, when the propagation

distances are great enough, the increase in rise times should level off due
to the fact that there is no more energy in the frequencies that are being
most strongly delayed or attenuated.
dielectric transmission

1V.B.3.

Material

This is the situation for the air-

line.

dispersion

It was observed in Fig. III.25(a) that computations can predict, in
the absence of modal dispersion, a prominent negative precursor due to
the decrease in relative permittivity and consequent increase in propagation velocity with frequency.

Furthermore, Fig. 111.25(b) still predicts

that the negative component in the front of the waveform can be observed even when modal dispersion succeeds in delaying some of the
high-frequency components in the signal.

In the experiment described in the last section, the CPM laser and
InP switch have provided a n input with enough bandwidth that this material dispersion has been observed for each of the materials tested that

.

exhibits a dipolar relaxation.
microstrip line

with

In Fig. IV.l8(a-c), the waveforms for the

i-butyl bromide a s the

substrate

at propagation

distances of (a) 1.9 mm, @) 4.8 mm, and (c) 16.0 mm are shown. After only

1.9 mm, the waveform appears with the same shape and nearly the rise

Fig. IV.18. Output of i-bufyl bromide transmission line for
propagation distances of (a) 1.9mm, (b) 4.8 mm, m d (c)
16.0 mm. The horizontal time scale for (a) is 5 psldiv, and
for (b) and (c) 11.7 psldiv.

time as the signal on the air-line.

However, when the propagation dis-

tance equals almost 5 mm, a small dip is perceptible at the base of the rising edge.

The waveform is also being affected to a great degree by the

losses associated with the dipolar relaxation, as the peak begins to roll off
at the top when some of the high-frequency content is attenuated.

At 16-

mm propagation distance, the precursor is plainly discernable in the figure, as is the lack of high frequencies in the rise time, which has now lost
even more of its high-frequency energy.

While part of it has been atten-

uated, part of it has also traveled faster than the low frequencies and
moved out in front of the pulse.

It was discovered that accurate simulations of this phenomenon
were

difficult

to

achieve, probably

due t o the fact that

materials

exhibiting a dipolar relaxation rarely follow the Debye equations exactly
and actually have much more complex behavior than that simple set of
Additionally, no other high-frequency analysis

relations can represent.

had been carried out on the samples used in this experiment, and
impurities
somewhat.
the

i-butyl

i n the liquid

could

have

altered

the expected

properties

Nevertheless, a computation was made for the structure with
bromide

substrate

including

the

effects

of

the

modal

dispersion and metal electrode, with the result being furnished in Fig.

IV.19.

The qualitative aspects of the experimental waveform such as the

negative precursor and the loss of high frequencies in the rise time,
indicate the delay of the low frequencies.

The experiments to measure

these precursors are believed to be the first observations of their kind
using broadband pulses on a picosecond time scale.

Fig. IV.19. Computed waveform propagating on microstrip with i-butyl
bromide substrate. Some high-frequency content is actually observed to
propagate faster than lower frequencies. The vertical scale is arbitrar),
voltage.

IV.B.4.

Superconducting

transmission

lines

In order to generate electrical signals with a bandwidth sufficient
to observe effects of the energy gap of a superconductor, the CPM laser
and electro-optic sampling system were again used to excite and measure
waveforms.

The experimental work, carried out essentially by collabora-

tors Dykaar and Sobolewski, was conducted on coplanar striplines with S =
W = 5 0 p m and t = 500 nrn. The electrodes were made of indium s o that the

energy gap would be relatively small (240 GHz), and the pulses that were
photoconductively generated would not have to be extremely short to
have their bandwidth approach this frequency.

A GaAs switch was used

to generate the 2-ps-rise-time impulse that served as the input to the line.
The superconducting electrodes were fabricated across the boundary between the switch and the 500-pm-thick

LiTaOj

sampling crystal that

served as the substrate for the propagation experiment.

The switch and

sampling crystal with the coplanar lines were attached to a probe and
immersed in liquid helium at the bottom of a storage dewar that had optical windows for the excitation and probe beams to pass through.
periment was carried out at a temperature of T
superfluid.

-

The ex-

1.8 K, where helium is a

This was necessary as long a s the helium level was high

enough that the laser had to pass through the liquid, since the bubbling
helium otherwise distorted the optical beams.

Since the optical windows

in the helium dewar are small, a maximum propagation length of only 1.5
mm could be studied, although this is long enough to observe a great deal
of distortion on an impulse with such a short rise time.

The

experimental

waveforms

for

propagation

distances

on

the

superconducting lines of 0.15, 0.3, 0.9, and 1.5 mm, as well as the input, are

-

shown in Fig. IV. 20(a).

The only contribution to distortion due to the sub-

strates in this case is that resulting from the dielectric mismatch, since
the influence of a loss tangent of approximately
considered to be negligible.

over 1.5 mm can be

Therefore, all of the dispersion occurs when

Fig. IV.20. Experimental (a), and computed (b) waveforms for superconducting copIanar stripline with modal dispersion and the effects of the
(c) gives the contribution to
electrode considered in the computations.
distortion due to the electrodes only.

high frequencies are delayed with respect to lower frequencies.

The re-

sults of this are evident in the waveforms, as the rise time increases with
propagation distance and a slight ringing occurs on the remnant of the
plateau of the input impulse starting at 0.9-mm distance.

An additional

phenomenon, and one that cannot be observed when a Gaussian pulse is
used as an input, is also demonstrated in the experimental waveforms.
That is the appearance of a pulse sharpening e f f e c ~ at the top of the rise

times of the transients.

It occurs because of a superposition of the high

frequencies from the input rise time that become delayed with respect to
the low frequencies on the slowly-varying top of the impulse.

That is, the

faster, low-frequency components in the signal "catch up" with the highfrequency components.

Often, the effect becomes more prominent as the

propagation length increases and more energy appears at the same point
at the same instant in time.

This occurs until attenuation or enough dis-

persion to move the high frequencies away from the top of the transient
cause tbe sharpening to disappear.

This effect never occurs in a Gaussian

pulse because the high frequencies are simply delayed onto the baseline
behind the waveform.

A11 of the effects of the dispersion and attenuation of the coplanar
stripline, qualitative and quantitative, are predicted by the propagation
algorithm, as demonstrated in Fig. IV.20(b).

Since the actual output of the

GaAs switch cannot be measured until it has been coupled onto the superconducting lines on the sampling crystal, the input waveform for the
program was taken to be the earliest one measured, or a waveform at 100p m propagation distance.

The remaining propagation lengths were mea-

sured from this original sampling location.

From the waveforms in Fig.

IV.20(b), the contributions to the distortion from the modal dispersion and
the superconducting electrodes cannot be determined.
done through

This can only be

an analysis using the computer algorithm in which the

surface waves are defeated by assuming a matched dielectric overlay to
cover the stripline.

The output of the program was then waveforms that

were

by the

effected just

superconducting

electrodes,

aild

these

are

shown in Fig. IV.ZO(c).

Since the 3-dB bandwidth of the input pulse was

only about 175 GHz, most of the input spectrum falls below the energy-gap
frequency of indium.

This is illustrated by recalling Fig. III.IS(a).

There was thus virtually no loss apparent on the transmitted waveforms, since the attenuation for the frequencies of interest was less than
one tenth of a decibel per centimeter.

There was, however, a small

amount of dispersion present on the computed transients, due to the nature of the phase velocity of the superconductor as pictured in Fig.
III.lS(b).

In this figure it was noted that between approximately 100 GHz

and the energy gap frequency .that the phase velocity drops significantly
with frequency.

This results in an increase in the rise time in Fig.

IV.ZO(c) after 1.5 mm of about 1.0 ps, although more importantly, the dispersion creating this effect also gives rise to a slight ringing on the top
of the signal.

This oscillatory behavior also appears on the waveform

from the full analysis, and represents an authentic contribution to the
propagation from the superconductor.

It also demonstrates the potential

utility of this analysis in spectroscopic applications for the superconductors, since it is obvious that larger energy-gap materials such as lead and
niobium would not have yielded the dispersion characteristics on waveforms with bandwidths as narrow r s the ones in this experiment.

This

was indeed verified by research at IBM using niobium transmission-line
e~ectrodes.~

This series of waveforms on a superconducting transmission line
proves that there is much more to be concerned about than the electrode

material when designing guiding structures for ultrafast electrical signals.

In fact for the line just described, the effect of the superconductor

on the transmission was very small, but the signal still a m v e d after 1.5
mm of propagation unrecognizable from the input.

This proves that

modal dispersion can dominate the propagation of a short pulse even
when an electrode is a superconductor at a temperature 50% of its critical
temperature.

One final observation was made on the In coplanar lines when the
helium in the dewar had boiled below the probe holding the sample and
the temperature had increased to 6 K.

This is shown in Fig. IV.2l(a),

where the propagation after 0.9 and 1.5 mm are displayed.

Despite the

short distance of transmission, the effect of the greater attenuation
the superconductor was a normal metal

- is now apparent.

-

as if

For the 1.5 mm

of propagation, the rise time at T = 6 K is found to be 4.8 ps, while over the
same distance at T = 2 K the rise time was 3.4 ps.

It is also seen that the

pulse is sharpened by a lesser amount, indicating greater attenuation to
Figure IV.21(b) demonstrates the

the higher frequencies in the signal.

output of the algorithm for a normal metal with the same resistivity as In
at T

-

This

exercise

4.2 K , with excellent agreement to the experiment again attained.
has

proven

the

superiority

of

the

superconducting

striplines over a reasonably good normal-metal transmission line even
.

for a very short propagation distance.
benefits realized

by

well-designed

It is accurate to say that the

superconducting planar transmission

lines over longer distances would be immense.

-25

-sp

-25

ps-

Time

Fig. 1V.21. Experimental (a), and computed (b), waveforms after 0.9 and 1.5
mm of propagation on normal In lines.

1V.B.S.

Integrated

circuit

measurement

The recent invention of the total-internal-reflection
probe, as described in Sect. IV.A.2.b.,

(TIR) finger

brings a whole new dimension to the

measurement of signals on transmission lines.

The sampling crystal may

simply be left in perfect alignment with the optical probe beam while the
transmission line o r circuit under test is moved so that a fraction of its
electric field lines from the desired propagation distance pass through
the tip of the crystal.

One of the first experiments done using this tech-

nique has been to measure the output waveforms at each of two stages of a
millimeter-wave Monolithic Microwave Integrated Circuit (MMIC).

The

circuit was a prototype analog integrated circuit developed by Texas
Instruments for use by NASA in a communications-satellite application.
The two devices in the circuit were 0.4-pm-gate-length MESFETs that were
designed as 100-mW power amplifiers over a narrow band of frequencies
centered around 32.5 GHz.

The I-V characteristic indicated linear behav-

ior u p until a drain bias of about 2.0 V, and complete saturation at around

3.5 V.

The switch, wire-bonded to the input of the MMIC, was fabricated

on a semi-insulating GaAs wafer, and the contacts were observed to be
ohmic u p to a bias voltage of 20 V.

At a gate bias of 0 V, a voltage was

applied as a d c bias between the drain and the grounded source, and then
the output of the switch was superimposed on this d c bias.

The response

of the device was then measured on top of the microstrip transmission
line at the output of the MESFET between the gate and source.

A substan-

tial field density was captured by the finger probe at this point as

drain
bias pad

photoconductive

-Fig. IV.22. Test geometry for 2-stage M E S E T MMIC, showing
tbe GaAs switch, integrated circuit, and finger probe sampling
positions at the output to each amplifier stage.

evidenced by

large deflections on the lock-in

amplifier, proving the

ability of the technique to make measurements on microstrip lines.

The

switch, integrated circuit, and the positions of the sampling crystal a1 the
output of tach of the amplifier stages Ire shown in Fig. IV.22.

The output waveforms from the second etage amplifier are pictured
in Fig. IV. 23.

In each case the vertical scale is arbitrary voltage.

As the

drain bias is increased from 0 V, at first an oscillatory behavior appears,
and then the magnitude of the oscillations become much more well defined until only a small increase is noticed above Vd

=

2 V.

The spectrum

of the waveform at this bias level has been computed and the peak response is seen to be at a frequency of 36.7 GHz, or within about 4 GHz of
the center design frequency.

Unfortunately, data from more conven-

tional measurements has not yet been made available from NASA for comparison with this electro-optic measurement.

However, to demonstrate

the flexibility of this measurement technique, a comparison can be made
between the output of the first MESFET and the output of the second when
the drain bias to each is identical.
furnished in Fig. IV.24 for Vd

=

The result of these measurements is

3 V.

The output of the first stage is the

transform of the product of the input spectrum and the system response
of the amplifier.

Neither of these is known, since an input cannot as yet

be accurately measured on account of the influence of the reflected signal from the amplifier on this measurement.

It is reasonable to presume

that the envelope observed on the oscillations, a sudden rise followed by
an exponential fall, is that which would occur in this instance.

The out-

put of the second stage is represented by another envelope around oscillations of the same frequency, where an exponential response is now

-

observed on the front of the waveform.

Using the electro-optic sampling technique with the finger probe,
contactless measurements on M M l C chips, at frequencies

previously

Time (24 psldiv)

;. IV.23 Output of second stage of MhllC two-stage amplifier
drain biases of 0, 1.0, and 2.0 V, as mear;wed using an elecI-optic finger probe.

Time (14.4 ps/div)
Fig. IV.24 Outputs of first stage (a), and second stage (b), of
MMIC a s measured using electro-optic finger probe.

unattainable with standard R F probing techniques, can be made.

These

measurements can be made over a broad band without the need to change
test fixtures, and thus it is even possible to imagine an electro-optic
network analyzer conveniently operating at frequencies in excess of
GHz.

I00

CHAPTER V

RESONANT-TUNNELING DIODE

In order for transmission lines that have been designed to faithfully propagate picosecond electrical signals to find applications, electronic sources of digital signals with short rise times and durations will
have to be discovered.

After the termination of the Josephson computer

project at IBM in the early 19801s, one might also add that the fast transistors, diodes, mixers, and other components to be used in logic or communications applications would have to operate at either room temperature, or at least a temperature higher than one that necessitates the use of
liquid helium as a coolant.

Resonant-tunneling devices, employing het-

erostructure quantum wells or superlattices of quantum wells, have been
proposed as the next generation of electronics, since they would have
gain over very broad bandwidths and be able to attain extremely short
switching speeds on account of their very fast transport mechanisms.

It

is thus appropriate to end this work on ultrafast electrical signals with a
chapter

that

experimentally

investigates

transport

in

these

unique

devices and reports on the fastest electrical switching event yet measured
for an electronic component.

The initial development of resonant-tunneling devices to exploit
their potentially

ultrafast

response

has

taken

place

in

two-terminal

devices, or resonant-tunneling diodes (RTD), also known us double-barrier heterostructure diodes (DBD).

A heterostructure is a series of junc-

tions formed between two dissimilar semiconductor materials.

In the case

of the DBD, the device consists of two heterojunctions formed by the presence of one type of semiconductor material grown on both sides of another semiconductor layer with a lower band gap.
troduced in Chap. I in Fig. 1.4.

This situation was in-

Careful measurements on this type of de-

vice not only provide technological information o n its switching operation and potential for high-speed

applications, but can also contribute

scientific knowledge concerning the mechanisms of transport that occur
on the picosecond time scale.

V.A.

Theoretical

Resonant

considerations

tunneling

occurs

in

the

double-barrier

quantum

well

when carriers from the Fermi sea of electrons in the bulk semiconductor
material o n either side of the structure are able to tunnel through one
barrier, find a n allowed state in the well

material, and then tunnel

through the second barrier to the bulk material o n the other side.

The

situation of tunneling through a barrier i s treated quantum mechanically
a s a beam of particles impinging on a rectangular region having a potential energy greater than the energy of the electrons.

A potential en-

ergy diagram for the rectangular barrier is shown in Fig. V.1.

An expres-

s i o n f o r the transparency of this region, where classically an incident
wave would be totally reflected, is given by

1
-= 1+

T

vL
4 E (V - E,)

2

sinh ( 2 ~ a ),

E-V

E-E,

-----

I

E-0

Fig. V.1. Conduction band diagram of rectangular barrier showing
an electron beam with energy below the top of the barrier.

where V is the barrier height, E, is the energy of an electron, and a is
half the thickness of the barrier.

The energy difference E,

-V

is the

kinetic energy of the electron in the barrier, and its momentum is given
by bw12n.

The transmission coefficient is thus proportional to the inverse

of sinh2wa, but even though as the barrier decreases in site, the transmission through it increases, T for each of the barriers is still only on the
order of 10'~. The transmission coefficient for the complete double barrier structure, approximately given by the product of the transmission
coefficients for the left and right barriers, is thus extremely small.

However, in a semiconductor there are no bulk states in which
electrons may exist, but rather there are allowed energy bands with forbidden gaps between- them.

A single layer of semiconducting material

grown between two layers of another semiconducting material, where the

Fig. V.2. Bound energy levels and electron wavefunction in a finite
double-barrier quantum well.

embedded layer has a lower bandgap than the surrounding layers, would
also exhibit these allowed, or bound, energy states.

In the case of an in-

finitely deep well of finite extent, the wave function of an electron in one
of these states is found to be zero in the confining layer.93

However, for a

finite quantum well, an electron's wave function i s not absolutely confined between the barriers, but rather it i s discovered to decrease exponentially i n the barrier regions due to the evanescent states in each of
t h e layers.94

This situation i s depicted in Fig. V.2, where k and K are

momenta terms for the electrons in the two layers.

It should be noticed

that as the size of the structure decreases, it i s possible for the electron
wave function to be transmitted through the entire double barrier struc-

ture.

Since this can only occur when a n electron i n an emitter on the

other side of a barrier from the well is at the energy of a state in the well,
the condition i s considered to be one of resonance, and hence the term

resonant

tunneling.

The global transmission coefficient for the finite double barrier
quantum well structure has been derived and is reproduced49 below in
order that the resonant

aspect

of this phenomenon may b e further

clarified:

where the subscripts 1 and r identify the left and right barriers, and the
C,

coefficients are phase factors that to first order may be considered to

be constant and of the same order of magnitude.
the

magnitudes of the individual

As discussed previously,

barrier transmission coefficients are

considered to be much less than unity, so when the energy of an incident
electron does not correspond to an energy state in the well, the global
transmission coefficient reduces to

The global transmission i s small, and the well would have an effect only
o n the phase of an electron.

If the phase factor C4 goes to zero, bowever,

as happens to be the case when an electron is at an energy corresponding
t o a level in tbe well, the global transmission coefficient peaks:

where the T in the numerator would represent the barrier which exhibited the smaller transmission coefficient.

This corresponds to the reso-

nant condition described earlier, and depending o n which barrier had
the maximum and minimum transmission coefficient, the global expression could be written as

min

T ~rcs,= Tmax

This demonstrates that even if the individual barrier transmission coefficients are very small, as long as the energy of an electron matches that of
the bound state, it has an excellent chance t o be transmitted through the
entire

V.A.1..

structure.

Current-voltage

characteristic

The current-voltage (I-V) characteristic of a tunnel diode, as introduced in Fig. 1.3, is interesting and useful due to its negative differential
resistance (NDR) region.

The RTD also exhibits an NDR region, and thus

may eventually find applications a s an oscillator, mixer, and fast switch.
A n explanation for the existence of NDR in this device follows. referring
t o Fig. V.3.

The layers !hat the double barrier structure are embedded
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Fig. V.3. Schematic band diagram and current -vol tage characteristic for a
hypothetical resonant-tunneling diode.

between are heavily doped semiconductor (GaAs doped l o l o 1 *
cally) material, and they act as the contact electrodes

10

typi-

the RTD, although

there would actually be ohmic metal contacts outside of these heavily
A voltage bias is applied across the RTD through the

doped regions, too.
use of these contacts.
of Fig. V.3.

The equilibrium, zero-bias case is shown at the top

Only the first allowed state in the well material is given, and

the Fermi level is indicated by the shaded area in the bulk material.

At

the very bottom, the I-V curve indicates the amount of conduction for the
given bias voltage, where at V

=

0 volts the current is also at the origin.

As the bias voltage is applied to the RTD, the resonant state is pulled
down in energy with respect to the more negative electrode, and when
the Fermi level in this electrode is at the same energy as the bound state,
enhanced conduction occurs and the I-V characteristic peaks.

In our

schematic drawing, this has happened at V = V l , which can also be given
by V

E

2 Elle, since the applied voltage is split into two equal voltage drops

at each barrier.
conduction-band
current decreases.
of V

=

When the resonant state is pulled down below the
edge

of

the

heavily

doped

material, the

tunneling

The resonant state is well below this point at a voltage

V2 in the figure, where the current is seen to have attained a

minimum.

At bias voltages greater than this value, there is significant

current flow of electrons from the Fermi sea that have energies above the
top of the potential barrier, and the characteristic i n this region appears
similar to that for a p-n junction as it begins to conduct.

.

The rise in con-

duction to the peak of the I-V curve is reasonably gradual at room temperature, as the tunneling current depends on the density of occupied
states in the electrode as determined by the Fermi function.

This p e a k

should therefore become quite sharp at very low temperatures.

. O f course,

if tbere are more allowed rtates in the well, the I - V characteristic would
have multiple peaks, and these have been observed by a number of in~esti~ators.95

V.A.2.

Coherent

vs.

sequential

resonant-tunneling

The global transmission function at the resonance condition, as described earlier in the chapter, i s observed to achieve a maximum when
the transmission coefficients of the two barriers are equal to each other.
This transmission exhibits a resonant enhancement that behaves much
like that in an optical Fabry-Perot resonator.

This assumes that tbere is

negligible scattering of the electrons in the well, which is not actually
the case in the vicinity of room temperature, but even at non-cryogenic
temperatures there i s some

enhancement

in transmission

due t o the

resonance.

With the barriers behaving like the mirrors of a cavity resonaror,
the electrons incident on the well from the emitter at the energy of the
bound state experience multiple reflections in the gap between the barriers.

When a small amounr of the wave function leaks out of a barrier

upon each reflection, it i s i n phase with the other transmitted waves
(they exhibit phase coherence), and out of phase with

.

waves.

the reflected

From the theory of the resonance properties of passive optical

cavities, it is known that the amplitude of the electron wave function circulating between the barriers would build up inside the well. and, depending on the transmission coefficients of each of the barriers, eirher

enhance the transmitted waves or the reflected ones.

As indicated in Sect.

V.A, when the .transmission coefficients of the barriers are matched, it is

the transmitted waves that are enhanced and the reflected ones that are
cancelled on resonance.

This is analogous to an impedance matched con-

dition on an ordinary transmission line where the load and characteristic
impedances are the same so that there are no reflections.

The initial belief was that the peak in the transmission of current
through the double barrier structure was entirely due to this coherent
tunneling process that occurs when electrons in the Fermi level
aligned in energy with the bound state.

are

Theoretical calculations have

consistently proven to overestimate the peak-to-valley ratios of the I - V
curve,

however,53 with a logical conclusion being that as an electron

scatters off other particles in the well material, the collisions randomize
the phases of the electron waves and prevent the build up of the amplitude of the wave function in the well due to the multiple reflections.
Since there would be no resonant enhancement of the transmission, the
electrons would tunnel through the region without maintaining the coherence of the incident wave, sequentially scattering until they reached
the extent of the structure at an amplitude lower than that expected from
the resonance condition.50

While this would indicate that coherent reso-

nant tunneling was present just because there was a peak in the I-V

.

characteristic, it

would

also substantiate

the

existence of

incoherent

resonant tunneling due to the diminished peak in the conduction.

Further

theoretical

work, however, has suggested

that

although

the scattering destroys the phase coherence and strongly reduces the
probability for coherent tunneling, the tunneling current does not depend on whether the resonant tunneling is coherent o r requential, but
only on the alignment of occupied states in the emitter with the bound
state.

This is an indication that it may be necessary to concentrate on the

time response of the tunneling process rather than the dc rtudies of the 1V curve in order to determine which tunneling mechanisms dominate, or

whether

there

is

actually

any

contribution

from

coherent resonant

tunneling to the current at all.

A study of the time it takes an electron to traverse the double barrier structure is useful because there is a difference between the build-up
time of the amplitude of the wave function in the well due to the multiple
reflections of the electron and the time for the electron to scatter across
the region.

The duration of time before the interference produces a high

transmission on resonance is on the order of b l ( 2 x r r ) , where T r is the

FWHM of the energy interval over which the resonance occurs.

This

time, t r , can be considered to be a quantum mechanical time delay for the
onset of the coherent resonant tunneling current.

The energy line

widths for several RTDs with different AIGaAs-barrier thicknesses and a
5-nm GaAs well width arc given in Table V.1 at the end of the
along with the approximate time constant for the build-up time for the

-

coherent wavefunction at the output of the device.
to vary from over 50 ps for the barrier width of 70
tbe bamier width of 20

A.

These times w e seen

A

to about 100 f s for

When collisions in the structure interrupt the development of the
coherence of the wavefunctions, the resonance does not occur.

In terms

of timing, the scattering time, or time between collisions, T,, is less than
the build-up time of the cavity, and thus the probability is greater that a
collision occurs

than

that

interference between

wavefunctions occurs.

These collisions may be elastic, such as scattering between carriers, carriers and impurities, or carriers and poor layer interfaces, or they may
also be inelastic, such as when phonons carry away energy towards the
other side of the structure.

These collisions provide alternate channels

for current that may compete with the coherent transport.
the total resonance energy width of the system,

Regardless,

TT, becomes equal to T,

r , , so that the resonance is said to be collisionally broadened.
device response time,

7,

+

The total

is thus observed to become shoner on account of

scattering contributing to the transport of the carriers before the slower,
coherent transport has a chance to dominate.

Calculations on the example

AlGaAslGaAs R T D S , ~which
~
have a mobility of about 7 x lo3 cm2/s, indicate that

r,

broadens the resonance energy width of any of the structures

in Table V.1 by approximately 2 meV at room temperature.

This does not

A bamers, as it decreases the

have a great effect on the RTD with the 20

response time from about 100 to 75 fs, but it makes a large improvement in
the response time of the RTD with the 70

A

bamers s o that its tunneling

time decreases by over two orders of magnitude:

Therefore. at room temperature, the response always appears t o k subpicosecond for the example RTD, either because of the small barriers and
large

coherent

broadened

tunneling

linewidth,

or

because

of

the

collisionally

resonance.

At lower temperatures, such as 77 Kelvin for a liquid nitrogen bath,
scattering can be frozen out and markedly decreased s o that the mobilities
may exceed 10'

cm2/s and the time between collisions riser above 1 pr.

The broadening now would be less than 0.5 meV, which would decrease
the response for the 20-A-barrier RTD by only by about 86, but would still
diminish the tunneling time for the 70-A-barrier device to between 1 and
2 ps.

An observation of a response on the order of a single picosecond

from the former device would signal the definitive presence of coherent
resonant tunneling, while the picosecond response in the latter RTD,
rather than the 5 0 ps expected if there were no broadening, would lead to
the conclusion that sequential tunneling still dominated.

The connection

between this tunneling time and the actual observed operation of an RTD
are discussed in the next section.

V.B.

Tunnel

diode

operation

Part of the usefulness of the I-V characteristic of any device is that
the operating behavior of the component may be deduced from the interwction of h i s curve with a load line.

The load line is simply r plot of the

current through the load versus the voltage across the device, and so for

resistive loading it is a straight line whose intercept with the voltage axis
is the input voltage to the circuit and whose intersection with the I-V
curve gives the operating voltage and current.

It is particularly useful

when applied to drastically non-linear devices such as the tunnel diode.
By placing load lines on the I-V curve of Fig. 1.3, the various useful operating regimes of the tunnel diode can be identified in Fig. V.4.

A potential

dc load line may be considered whereby the absolute value of the negative
resistance is greater than the series resistance present in the circuit.

If

the circuit containing the diode can be tuned so that the parasitic circuit
parameters attain such values that the impedance LlRC is equal to the
magnitude of the negative resistance, then stable sinusoidal oscillations
are output from the circuit.

Qualitatively, it should be remembered that

all conventional circuit components have positive

resistance and thus

dissipate power; but when a tunnel diode contributes its negative differential resistance to a circuit s o that the net resistance vanishes, n o power
loss results and the circuit oscillates at its resonant frequency.

If the

magnitude of the tunnel diode's negative resistance is greater than the
impedance, then the load line is steeper than the slope of the NDR region
and the oscillations are damped.

However, when this magnitude is less

than the impedance, such as when the circuit has a large inductance and
a small capacitance, the slope is more shallow than the NDR's slope and a
bistable, or switching, mode is realized.

Bistable operation results when there are multiple intersections of
the load line and the I-V curve.

In Fig. V.4 there exist three intersections,

two of which are stable, and one, point 3, which is considered to be in a

C (stable oscillations)
Irl > fVLC (damped oscillations)

Irl

> R (dc load line)

A

0

0.2

0.4

0

Voltage (V)
Fig. V.4. Hypothetical resonant tunneling diode I-V curve with
load lines indicating operation as switch and oscillator.

region of unstable equilibrium.

If a circuit is brought to this point, the

current immediately begins to change until it settles at either point 1 or
point 2, the two stable operating states of the circuit.

The circuit may be

switched from one of the points to the other by the application of a voltage.

This process serves to change the intercept of the load line with the

voltage axis, but since the impedance does not change when this occurs.
the load line is simply shifted to a position parallel to where it started.

For

instance, if the circuit begins at point 1, and a voltage is applied such that
the load line rhifts to exceed its intersection with the current peak, the
operating point shifts to the other branch with positive slope until the

Fig. V.5. Simplified resonant tunneling diode equivalent circuit.

voltage is removed and the load line shifts down until it intersects the I-V
curve at point 2.

The speed with which this switching action takes place

and the relevance that this has to the tunneling mechanisms are to be
discussed

presently.

The switching speed of the RTD is constrained due to the fact that
for any logic application, or even any measurement in a practical situation, the device exists in a circuit.

A simplified version of the RTD equiv-

alent circuit, a device capacitance, C, in parallel with a resistance that includes the negative differential resistance, is displayed in Fig. V.5.

The

switching would occur when a current step, AI, is furnished to the RTD so
that the load line exceeds the peak of the I-V curve.

When the capaci-

tance is considered to be constant during the switching, the switching
speed from points 1 to 2 in Fig. V.4 only depends on the time it takes to

charge tbe capacitor from the voltage corresponding t o the point marked

1 to the voltage at the point marked 2.s6

The rise time of the twitching

event can be estimated as

(V.B. I )

where V2 and V 1 are the voltages corresponding to the points 1 and 2, and

I

P

and I,

represent the peak and valley currents as indicated on the I-V

curve in Fig. V.4.

More accurately, a load resistance, R1,would also be included in the
circuit, so that the A1 would have to be large enough so that it was greater
than the peak current plus the peak voltage divided by the load resistance, or if there i s a constant bias with the step superimposed on top:

in order to cause switching in the RTD circuit.

It would then be more

accurate to write the expression for switching time as56

where V is the voltage across the RTD.

Typical values for the rise time of

the switching event can be on the order of 100 fs if the capacitance is not
large and the peak current can be kept in the milliamp range for a large
load resistance.

More commonly the switching time is in the single-pi-

cosecond regime, but if a large device capacitance is present, switching
takes place in the range of tens of picoseconds.

In the experiments conducted on the RTD, the physical quantity
measured has been the time for the current to switch from a high value at
the peak of the I-V curve to a lower value in the valley.

As just discussed,

this is not necessarily the same as the tunneling or response time of the
RTD, due to the presence of the device capacitance in the circuit.

In this

sense the capacitive effects are the ones that are measured, so that the
switching time is an upper limit of the tunneling time.

That is, we mea-

sure a time that the tunneling time could not exceed, since if the tunneling time were longer, it would be measured instead of the parasitic response.

If, because of the presence of a narrow resonance energy width,

the tunneling time were t o be o n the order of tens of picoseconds, and the
capacitance of the device set a lower limit o n the measurement response
to a time o n the order of a single picosecond, then the response measured
would surely be the one resulting from the tunneling.

12-rm dirm Au-plaled

wttiaer

Fig. V.6. Cross-section of AlAslGaAs resonant-tunneling diode.

V.C.

Switching-time

measurement

The resonant tunneling diodes used in the experiment discussed
here were developed and fabricated at the Lincoln Laboratory of the
Massachusetts Institute of Technology.

They were grown by molecular

beam epitaxy to have two barriers of

1.5-nm-thick aluminum arsenide

(AlAs) separated by a GaAs well 4.5 nm thick.

The outer regions of the

GaAs contained silicon doping to an electron density of 2 x 10''

cm- 3 .

These material parameters resulted in a peak-to-valley ratio at room temperature for the I-V curve of 3.511, and the peak current density was 4 x

lo4 ~ l c m ~Although
.
grown on a large substrate of GaAs, the tiny device
is isolated on a mesa of 4 - ~ mdiameter.

This is depicted in Fig. V.6, where

an ohmic contact of gold/nickel/germanium resides on a layer of n+-Ga As
on the top of the mesa, m d mother ohmic contact is present on the back
of the heavily doped substrate material.

Since the charge storage in the

device occurs predominantly in the areas just outside of the double-barrier region, by making the cross-sectional area small, the capacitance
can also be made small.

The barriers were fabricated of AlAs in this instance rather than
AlGaAs to maximize barrier heights up to

-

1.0 e

~ This
. reduces
~
~ the

thermionic emission of electrons over the top of the barriers and can
therefore increase the peak-to-valley ratio.

The AlAs barriers could also

be grown at the relatively low temperature of 560 OC, helping to yield
smoother

heterojunctions

and

fewer

traps.96

The barriers have been

made to be only 1.5 nm thick mainly for reasons associated with the analog applications of the device.

The current density is greater for thinner

barriers, and the higher current density results in a higher output power
for the device when applied as an oscillator.

The doping density of the

bulk GaAs regions just outside the double-barrier structure has been chosen to help minimize the capacitance while maintaining the GaAs as an
emitter.

Due to the presence of the potential barriers, charge accumu-

lates on the left side of the structure and is depleted on the right side.

A

lower doping density reduces the capacitance by increasing the width of
the depletion region and lengthening the distance between the plates of
the capacitor.

The depletion width into the doped collector region was ap-

proximately 70 nm, and using a relative permittivity for GaAs of 13.1, the

-

capacitance was found to be about 20 fF, or the same as the measured
value.

The series resistance was measured to be 15n.

The estimate o f the rise time from Eq. V.B.3 returns to the more

simplified estimate of Eq. V.B.1 when the load resistance is l u g e with respect t o the voltages V 1 and V2, as is the case in this experimental work.
The values of the voltages before and after switching, as well as. the peak
and valley currents, have been measured from a curve tracer in order
that we may get an idea of the switching time.

-

V2 - V1

0.44 V and I,,

- 1,

-

These measurements gave

3.0 mA, and the rise time was thus computed to

be 2.9 ps.

V.C.I.

Test

environment

With switching times on the order of a single picosecond, it once
again is necessary to use the electro-optic sampling system in order to resolve an electrical event of short duration.

Instead of the signal at the

output of the photoconductive switch being guided onto a transmission
line, it is coupled into the device and then the output of the device
appears on the transmission line.

The test geometry is demonstrated in

Fig. V.7, where the two optical beams and the electronic connections between the electrodes and the device are shown.

A GaAs wafer with copla-

nar electrodes, one with a 20-pm long switch gap near one end, was used
as the source of ultrafast-rise-time electrical impulses to the device.

The

sampling crystal also had a coplanar stripline with 20-pm-wide lines sepmated by 20 k m deposited on it.

.

The device wafer, diced into small chips of

approximately 0.025 x 0.025 x 0.010-cm size, contained an u r a y of tunneling diodes on one of tbe larger faces, and an ohmic contact on the
otber large face.

The chip was mounted on the LiTa03 sampling crystal on

one of its sides so that the array of mesas faced back towards the s u i ~ c h ,as

196
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1 \
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7
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/device',

1
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Fig. V.7. Experimental test geometry for electro-optic sampling of signals
from the resonant-tunneling diode.

shown in Fig. V.7.

The back of the chip then was connected to an elec-

trode on the sampling crystal using highly conductive epoxy

H20E silver-filled epoxy with p

= 100 pf2-cm.

-

Epo-Tek

The sampling beam passed

between the electrodes of the bulk elecuo-optic sampling crystal in order
to measure the field on the transmission line at the output of the device.
A wire bond connected the ground electrode from the GaAs to the LiTa03,
and a provision was also made for a d c bias t o the diode through a looping,
inductive wire bond that connected to the electrode on the output side of
the switch.

The electrical output from the sampling crystal was coupled to

S M A connectors and through coaxial cable so that it could be monitored
o n an oscilloscope.

The contact t o the top of the mesa containing the diode was made
using the only technique for connecting externally t o a pad of such small
area

-

a whisker wire.97

The whisker was a 12-pm-diameter

wire

of

phosphor-bronze, o r C-bronze, which was sharpened down t o approximately a I-pm-diameter at its tip and then plated with gold in order to reduce its resistivity to less than 10 pR-cm.

The wire was rharpened using

an electro-etching technique where the tip was dipped - 2 mils into an 8%
solution of sulfamic acid ( H 3 N 0 3 S ) s o that the meniscus of the fluid
extended slightly u p the wire.

Electrodes were connected to the pin vice

holding the wire and a copper shim acting as the cathode was inserted
into the acid bath about one inch from the wire.

At that point a clean,

debounced switch was closed for 1-2 seconds s o that 18 V was applied
across the solution (which was heated to 30' C), and the wire was etched at
a rate proportional to the amount of acid surrounding it so that the tip
became pointed.

T h e electro-plating of gold onto the whisker was

accomplished using a Sel-Rex Pur-A-Gold solution, beated to
stirred magnetically.

- 30'

C and

The entire length of the whisker to be used was now

inserted into the fluid, and 2.5 p A of current was supplied through the
plating solution with the whisker a s the cathode for about 9 0 seconds.

The whisker then bad to be bent in order for it to be able to make
contact with both the electrode at the output of the switch and the mesa
that resided within 250 p m above the surface of the sampling crystal supporting the diode chip.

It was also necessary to have the whisker bent so

that it was flexible when it made contact with the diode m e s a

By main-

taining its flexibility, a strong contact that stayed in place could be made

F i g . V . 8 . Phosphor-bronze whisker wire f o r contacting t o resonanttunneling diode.
The 12-pm-diameter wire is electro-etched to a 1 - p m diameter at its tip. (Photo courtesy NASA Jet Propulsion Laboratory.)

using the whisker.

Once a measurement of the distance from the switch

to the diode was made, the whisker was bent between two tungsten electronic probe tips.

The procedure was observed at a magnification of 180X

under a stereo-microscope.

T h e whisker was held fixed parallel to the

ground, while the probe tips were manipulated using X - Y - Z translation
stages.

By placing one probe next to the whisker and moving the other

probe so that it caused the whisker to bend around the first probe, two
bends were made in the whisker in order t o attain a rough S-shape that
would still be pliant when a force was applied to the tip.

A picture of the

shaped whisker is shown in Fig. V.8. The bent whisker, soldered to a metdl
support post, was then clamped into a pin vice o n another X - Y - Z transla-

tion stage, and the whisker and diode m a y were viewed through a magnification as great a s 400X.

The whisker tip was translated toward the

diodes until it was just tens of microns away, and then the whisker was
lowered until it touched the electrode on the GaAs.

The final distance

from the whisker's tip to the mesa was then covered as the bottom of the
whisker was dragged along the electrode, and the tip was placed upon the
mesa.

The contact at this point was still rather dubious, s o the whisker

was moved several more microns longitudinally until the force from the
spring created in the bends of the wire ensured a good connection.

A

sharpened whisker with its tip contacting a diode mesa on the face of the

RTD chip is seen in Fig. V.9.

T o contact the other end of the whisker to the circuit, the length of
the wire resting on the metal electrode was covered with Chomerics ChoSolder 574 silver epoxy (p

100°C for 15 minutes.

= 4

mR-cm), and left under a heat lamp at T

=

When the epoxy was completely cured, the wire was

cut away from its support post by a scalpel blade positioned using an X-Y-Z
translator.

Occasionally, the whisker wire moved off the mesa at some

point after the epoxy had cured, so the tip was repositioned on a diode by
manipulating the whisker with the tungsten probe tips again.

The use of

the 400X magnification was only necessary when it was desired to view
the exact mesa the whisker would contact.

It was more common to use

l8OX magnification and move the whisker until the resistance between
the dc bias line and the output electrode on the sampling crystal was
observed to drop to a low value.

Fig. V.9. Whisker wire contacting mesa on resonant-tunneling diode chip
(Photo courtesy of NASA Jet Propulsion Laboratory).

The test geometry from Fig. V.7 can also be viewed as an equivalent
circuit, as in Fig. V.lO.

The RTD is represented as a capacitor in parallel

with a variable resistor, G, which can be negative, and these are in series
with a positive resistor, R,.

The RTD was connected in series with a load

resistance, kbe inductance associated with the whisker wire, and the timevarying photoconductive switch, R(t).

The dc bias to the RTD is connected

to the output side of the switch, which is the input side of the device,
through a large inductance so that the high frequencies from the switch
u e incident on the RTD.

All the other parasitic circuit elements have

blastee

C
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I

phoioconductlve
8wltch

V

t
I
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-I
R , 4 J
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tunneling
devlce

Fig. V.lO. Equivalent circuit for resonant-tunneling diode and test fixture.

been ignored.

When an additional current A1 was presented to the RTD as

the switch was illuminated and closed, a potential difference developed
across the diode, the load line shifted, and the operating point was
changed.

An observation of the output of the device was made across the

load on an ordinary oscilloscope.

Although the fast characteristics of the

signal were filtered out due t o the limited bandwidth of the connectors,
cables, and oscilloscope, this observation was still very important because
it allowed the experimenter t o verify that the excitation beam was correctly aligned on the switch; that is, that there was some sort of an output
from the switch transmitted through the whisker, device, and electrodes.
The absence of this output would trigger an investigation into a potential

open circuit, ruch as the whisker contact failing by slipping off the mesa.

V.C.2.

Experimental

observations

As previously mentioned, when the output of the switch was incident upon the RTD, an ac load line like the one for the switching operation in Fig. V.4 would move up and to the right an amount proportional to
the amplitude of the switch output, all the time remaining parallel to the
initial load line.

It is assumed here that this ac load line represents the

operation of the device at the broad band of high frequencies of interest
in this investigation.

Since the switching time was to be observed at some

point in a waveform that was traversing the RTD and being affected by a
wide translation of the load line (not just the part that dropped from a
high current to a low current), it was necessary to develop a new way to
look at this s o n of signal.

To explain in anorher way, if upon the increase

in potential due to the switch, the load line ascended so that the output
first increased up to the peak of the I-V curve, and then decreased due to
the NDR region, then this rapid drop in current would be embedded in the
signal appearing at the output of the device.

This signal was extracted

from the waveforms acquired in this experiment by comparing them with
a reference waveform that was generated by setting the d c bias to zero.
When the load line began at the origin, the output of the switch was not
great enough to cause it to exceed the I-V curve's peak, and thus it traversed a mostly linear region of the I-V characteristic.

When this curve

was subtracted from one that had a sudden drop in amplitude, the difference in the two signals gave the evolution of the switching event and the
switching time.

This (A

-

B) signal measurement technique allowed the

switching to be observed when otherwise it would have been difficult to

Fig. V.11. Output waveforms from a resonant tunneling diode, where
switching from a high to a low current state has occurred only for the
lower-amplitude trace. "A
B" signal measurement would have to be used
to extract the rise time of the switching.

-

resolve in the transmitted waveform.

Examples of two waveforms, one

causing switching and the other not, are shown in Fig. V . l l .

The upper

trace is an output wbcn the load line did nor exceed the I-V curve's peak,
while the bottom trace occurs wben the input pulse to the diode is the
same, but the d c bias is such that input has forced the operating point to
switch from a high to a low currenl.

The difference waveforms from four different bias conditions are
shown and explained in Fig. V.12. where the reference load line follows
the I-V curve in the region marked "2" in each of the four cases, even
though it is only drawn for the first row.

The varying bias is represented

by region "1". which follows a different p a n of the I-V curve in each of

the four rows of Fig. V.l2(a).

The I-V characteristic d o w n in this figure

is m approximation of the actual dc device characteristic observed on the

Voltage (arbitrary un~ts)

(a)

Time

Time

(c)

Fig. V.12. Resonant-tunneling diode switching as a function of bias: (a) IV curves with load lines; (b) analytic representation of waveforms
resulting from movement of load lines; ( c ) experimental signal
difference.

curve tracer, where the values have been given previously in this chapter.

An exaggerated rendition of the behavior with time of the waveforms

from the two regions in each of the four cases is schematically given i n
Fig. V.l2(b), where the difference has been approximated and sketched
below the waveforms.

The solid line is for the reference waveform in re-

gion 2 in each case, while the dashed line represents the waveforms from
region 1.

The experimental result of subtracting the two waveforms from
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regions 1 and 2 is presented in Fig. V.I2(c).

For the first bias condition, the waveform in region 1 was set so
that it would also only traverse a linear regime from the I-V characteristic.

The output waveforms were found to be nearly identical to within the

noise of the system, and the cancellation between the two was nearly
complete as expected.

The discrepancies observed were due to noise and to

small deviations in the regions of the I-V curve traversed.

The switching

process can be observed in the second and third rows of Fig. V.12(b) and

In the second row, curve 1, the dashed line, followed curve 2 only

(c).

from points A to B, where it coincided with the rising portion of the I-V
curve.

When the load line exceeded the current peak of the I-V curve, the

diode switched to point C and a rapid drop in current was observed.

In the

second row, as the input decreased, the optical switch cunent also decreased s o that the load line dropped below point E, and the operating
point returned to point F and relaxed to point A, where waveforms 1 and 2
are again nearly identical.
(I

-

This is indicated in the difference waveform

2) of column (b) and can also be seen in the experimental difference

waveform in column (c).

The third row of Fig. V.12 displays the same switching action, but
with the device attaining a latched state.

The operation from points C to D

t o E was along a path of the I-V curve that approximately cancelled with
that from region 2, leading to a long plateau o n the difference waveform
and a device that had been switched into its lower current state.
distinctly observed in row 3 of column (c).

This was

Since the peak of the I-V

characteristic was reached by the load line earlier than in the frame
above, the switching took place at an earlier time, as evidenced by the position of the waveforms relative to the thin vertical line of Fig. V.l2(c)
that represents a constant time reference.

In row 2, the onset of the

switching began at the marker, while in row 3 the switching event was
already about halfway completed.

For row 3, during the relatively long

time of 10 ns between optical pulses, the bias point returns to point A.
This is possible because the impedance determining the low-frequency
load line is much smaller than the high-frequency impedance, and plus
there are negative reflections following the main waveform that would
temporarily cause the waveform to descend and the operating point to
return to A.

In row 4 of this figure, the dc bias point was extended above

the area of negative

differential resistance, where region

virtually the same slope as region 2.

I

traverses

The cancellation of the waveforms

was again expected and found.

The rise time of the switching event, as most easily measured from
the third row Fig. V.12(c) was discovered to be 1.9 ps in duration between
the 10% and 90% points.

The rise time of this switching event is shown in

an expanded view in Fig. V.13.

This represents the first experimental ob-

servation of picosecond bistable operation in a double-barrier diode and is
the fastest switching event yet observed for an electronic device.

It is

also possible that the instrumental response of the electro-optic test fixture has limited the resolution of the measurement, in which case it could
be deconvolved with the 1.9-ps rise time to give a potentially shorter

5

0

10

15

20

25

Time (ps )

Fig. V.13. Resonant-tunneling diode switching as a function of time, as it
corresponds to the third row of Fig. IV.12. The rise time of the switching
is 1.9 ps.

switching time.

Regardless, bearing in mind that Eq. V.B.1 was only ap-

proximately valid, the computed switching time of 2.9 ps is in reasonable
agreement with the strict measured time of 1.9 ps.

The resonant tunneling diode tested here had a geometry such that

r,

-

was about 2 meV.

Recalling Sect. V.A.2, the resulting device response

from this RTD could be on the order of a single picosecond.
lisionally broadened

resonance

width

would only

Since the col-

make this response

faster, and the switching experiment is either limited by the circuit or
the measurement response, i t i s impossible to make any statemen1 about

the contribution

of

either

sequential

o r coherent

tunneling from this

switching time.

However, it would be most interesting t o test an RTD

having dimensions such that the coherent resonance width was small and
the tunneling time was on the order of tens of picoseconds. At room temperature the incoherent resonance width would still cause a fast response

so that the switching would be rapid.
when the

However, at cryogenic temperatures

incoherent resonance also became

should also increase.

small, the

response time

T h e unique situation of a decreasing temperature

causing an increase in switching time would result.

An investigation into

this possibility will be undertaken in the future, with the initial work involving the non-trivial problem of contacting the whisker to the diode's
mesa in a cryogenic environment.
L

The investigation undertaken here o n the R T D has proven that this
kind of experiment on the fast switching time of the device can lead to an
increased understanding of its mechanisms of transport.

Furthermore, it

has shown that the switching speed of the RTD is comparable to those
observed in the fastest optical bistable devices.

Well width

Barrier width

$

Tr

(A)

(A)

(meV)

(PSI

50

70

1.28 x 16

51.4

50

50

.15

4.39

50

30

1.76

0.37

50

20

6.03

0.1 1

1

Table V . 1 . Resonance energy line widths and build-up times for
AlGaAslGaAs RTDs of four different bamer dimensions (from 53).

CHAPTER VI

SUMMARY

This body of research has successfully investigated both the transient propagation

characteristics of normal

and superconducting planar

transmission lines, and the fast switching ability and tunneling mechanisms of resonant-tunneling diodes.

The switching and transmission of

ultrafast electrical signals are each topics of intense interest
searchers wishing to increase the bandwidth

to re-

of digital-type base-band

signals in communications and computer systems.

All-electronic systems

are now limited by the geometry, electrodes, or substrate material of the
transmission structure, as well as the rise time of their switching source
or logic elements.

The study of these topics has furthered the technologi-

cal knowledge on the propagation and switching of fast signals, as well as
the scientific

knowledge

of

the physical

mechanisms

present

in the

materials.

This dissertation has studied the most important fundamental impediments to the efficient propagation of short transients on the planar
transmission lines employed in integrated circuits.

The means by which

dielectric inhomogeneities, the skin depth of normal metals and the complex conductivity of superconductors, and the dipolar relaxation of substrates affect the attenuation and phase velocity on a planar transmission
line

have

been

investigated

through

Structures that minimally distort

computations

ultrafast

and

experiments.

signals have been proposed

and tested through using an algorithm that is suited to the computer-aided
design of planar lines.

The superior characteristics of superconducting

structures as compared with normal metals at room temperature or even
at cryogenic temperatures have also been demonstrated.

Additionally, the

observation of dispersion due to a dipolar relaxation of a substrate on the
picosecond time scale has been made experimentally and substantiated
through

computation.

The studies of planar structures are far from being concluded,
however, as the advent of high-temperature superconductors may hold
the promise of lossless, virtually distortion-free propagation for signals
with bandwidths in the terahertz regime.

For these materials the transi-

tion to a normal metal may take place at frequencies in the tens of terahertz, 60 that the phase velocity may remain relatively constant with frequency up into this range.

Preliminary studies have already shown

distortion-free propagation of single picosecond transients over 5.0 mrn
of

high-T,

coplanar stripline.9 8

The results of this investigation have

been analyzed using the propagation algorithm, but since there is no
distortion o n the waveform, the changes of the constant, low-frequency
phase velocity with temperature as predicted by the MB theory have been
compared rather than wavesbape.

The relative phase delays for the sirn-

ulated and measured waveforms are displayed in Fig. V1.1, where there is
some indication that the electrodes may follow the behavior expected of a

BCS superconductor.

Additional work on this, as well as a comparison with

the two-fluid model, will be undertaken soon.

1

-

-

1

1
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1

1
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Fig. VI.1. Phase delay vs. temperature for picosecond electrical pulses
propagating on Y-Ba-Cu oxide coplanar stripline.

The first observation of the picosecond bistable operation of a
double-barrier resonant-tunneling diode has also been made in this work,
and its ramifications to the study of coherent versus incoherent resonant
tunneling have been discussed.

The rise time of the switching operation

for this device was measured to be 1.9 ps, which is the fastest switching
event yet observed for an electronic device.

In conclusion, the work described in this thesis has contributed to
the body of knowledge known as the field of ultrafast electronics, as well
as the much broader discipline of ultrafast science.

The information

herein will be of use to engineers and scientists wishing to push the envelope of performance for fast electrical switching and propagation, and
thus it will help to advance all of science and technology.

APPENDIX A

E L L I P T I C INTEGRALS FOR COPLANAR STRUCTURES

The ratio of the complete elliptic integrals of the first kind with the
arguments given in Eq. (III.A.6) is a useful quantity in the conformal
transformation of the dielectric half plane of a coplanar structure into a
closed-boundary

rectangular region.

Accurate and simple expressions

for the ratio referred to in Sect. Ill.A.2.a have been determined and are
reproduced for completeness:

for 0.707 5 k I 1

Kt@)

1 + Jkf)

ln(2

r

where k and k' are defined in Eq. (lll.A.6).

(A. la)

APPENDIX B

COPLANAR STRIPLINE THICKNESS CORRECTION

The actual expression

for the quasi-static effective permittivity

utilized in the computer model employs corrected values for the width and
separation of the coplanar striplines.

S,=S+d

and

The corrected values are given as8

Wt=W-d,

where the correction factor, d, is

and the t is the thickness of the deposited electrode on the substrate.

(B.1)

APPENDIX C

COPLANAR STRIPLIKE ADMITTANCE COEFFICIENT

The geometrical factor g l for coplanar rtriplines is given by

where

for 0.707Ik I1.0 .(C.2b)

APPENDIX D

FORTRAN CODE FOR PROPAGATION ALGORITHhl

..........................................
..........................................
C

C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

C
C
C
C
C
C
C
C
C
C
C
C
C
C

THE FOLLOWING ARE VARIABLE DEFINITIONS

H,HC =
SUBSTRATE HEIGHT
W,WC =
STRIP WIDTH
SE,SEC =
STRIP SEPARATION
T,TT =
STRIP THICKNESS
SETIWET
EFFECTIVE SEPARATION AND WIDTH FOR FINITE T
XL,X2 =
LENGTH
ERIESIERllESl= RELATIVE PERMITTIVITES
EN0 = PERMITTIVITY OF VACUUM
EMU = PERMEABILITY OF VACUUM
ENAP = (EXP)**l
BK = BOLTZMAN'S CONSTANT
AKLC=
K
AKLCE = EFFECTIVE VALUE OF K FOR FINITE T
AKLC'*2)
BKLC = SQRT(1
DKKPr
K(K)/K1(K)
CDELT =
GREEK LOWER CASE DELTA
Tl,T2 = TIME
DELT = TIME INTERVAL
DELF,DEL = FREQUENCY INTERVAL
AGHtBGH
CONFIGURATION DEPENDENT PARAMETERS USED IN
EFFECTIVE PERMITTIVITY COMPUTATION
EEFF = STATIC EFFECTIVE PERMITTIVITY
EREQ = STATIC EFFECTIVE PERMITTIVITY WITH CORRECTION FOR T
FTE = SURFACE MODE CUTOFF FREQUENCY FOR MICROSTRIP
REEF = FREQUENCY DEPENDENT EFFECTIVE PERMITTIVITY
LIML,LIMU = LOWER AND UPPER LIMITS OF INTEGRATIOX
SIlNl,S12N2 = REAL, IMAGINARY PARTS OF COMPLEX
CONDUCTIVITY FOR SUPERCONDUCTIVE STRIP
ZSReZSI = REAL, IMAGINARY PARTS OF STRIP SURFACE IMPEDAKCE
RRL = SURFACE RESISTANCE OF STRIP
RIY = INTERNAL INDUCTANCE OF STRIP
ZRR,ZRI = REAL, IMAGINARY PARTS OF CHARACTERISTIC IMPEDAKrE
GAMR = ATTENUATION IN NEPERS/cm
GAMI = PHASE FACTOR

-

...........................
...........................

C

DIMENSION ARRAYS

C

COMMON /UAIN/FR(8192),FI(8192)
COMMON /DATA/H1,Wl,SE1,ERl,Xl,X2,J1,ER2,IU,2R
connoR /INPT/JL,N,C,PI,XL~H,W,SE,T,ER,ES,SIGD,RHOC,FT,DELT,
1DELF,TANL,ARGH,F,SIG~IENO,EP,EDP,DKKPElCDELT,SET,REE~
2,WET,AKLC,BKLC,APPLE,WH8EEFF,EREQ,REREO,EYU,C2,DZ,E2,CE2,
3SI1Nl~SI2N2~DE2~CE22~DE22~F2~G2~A2~BZ,TT~HZ~O2~PZ~ZSR~2SI
COUUON/PEMP/TlZ,DELZ,TC
COUMON/PEMP/ TBTC(lOO),DTBD2(100)
COUNON/TIN/T~(~~~~),ET(~~)~T~(~~~~)
INTEGER IWK(14),NPTSIXERR
REAL AFR(8192),AMPLI(8192),BFR(B192)
COMPLEX CAFR(8192),CAMPLI(B192)
CHARACTER*^^ ARRl
DIMENSION M P L I X ( ~ ~,~0(8192)
~ ~ )
, ~ 1 ~ ~ ( 8 1,9~2~)~ ( % 1 9 2 )
DIMENSION A L 1 S T ( 8 0 0 0 ) , B L 1 S T ( 8 0 0 0 ) , R L 1 S T i 8 0 0 0 ~ , E ~ f 5 T ~ B @ @ ~ ~
DIMENSION IORD(8000)

INTEGER UAXSUB,NEVAL,NSUBIN
REAL.8 D ~ ~ A G S ~ ? U H C ~ , A L I W L , A L I M U ~ A E R R , R E R R , S E ~ ~ , S E ~ ~ ~ E R R E S T
REAL.8 F U N C ~ , B L I M L , B L I M U ~ S E ~ ~ , S E ~ ~ , F U H C ~ , C L I H L , C L ~ U U ~ S E ~ ~ , S E
REAL.8 DLIML,DLIUU,SE44,SE4
REAL*B S I G , O F F , R I S E , F A L L , X , Y , X X , X ~ , R ~ , W ~ ~ S E ~ ~ E R ~ ~ E R ~ ~ D F L
REAL.8 AMPL,WH,AKLC,DKKP,CDLLT,SET,WET,AKLCE,DKKPE,HC,WC,SEC
REAL.8 ETA,ENO,EHU,ENAP,OA,VA,UA#AGH#APPLE,EEFF#EREQ,RERE2
REAL.8 REEF,FTE,G,EPF,APPLEP,EEFPFIEREQF,REREQF#PP#Al,A2,A3
REAL.8 A4 ,R~EF~,FW,EA,CP,SP#YY,CAP,DUCT,COND,RRL,RIY#ZSR,ZSI
REAL.8 ~ R ~ ~ ~ I ~ , Z R R , Z R I , G M R ~ G A M I ~ D E N ~ , D E N ~ , ~ I Y ~ B K L C , B K L C E
REALC8 CZ,DZeEZeFZeGZtAZ,BZeRZ#Oz#PZ
REAL*^ RESULTl,RESULT2,RESULT3,RESULT4,SIlNl,Sl2~2
REAL*^ CEZ,DEZ,CE22,DE22
EXTERNAL FUNCleFUNC2,FUNC3
COMMON/FIRST/HO,TR,DEL2
EQUIVALENCE ( A F R , C A F R ) , O m P L I , C A M P L I )
C

...................................................................

...................................................................
C
C
C

INPUT SECTIOV

...................................................................
...................................................................

C
C

.....................................

C

WINDOK SIZE

.....................................
PRINT *,'ENTER K WHERE NO. OF SAMPLES N=2**K '
READ(5 ,* )K
N=Z**K
C

.........................................
C

ENTER TEMPERATURE AND GAP PARAYETERS

.........................................

C
PRIST *,'ENTER TEYP. in K
READ(5,. )T 1 2
PRINT *,'ESTER CRITICAL TEMP FOR THC SUPERCOVDUCTOR in K '
READ(5,* )TC
PRINT ,'ENTER CAP 2DEL(T)/2 in eV (ZERO TEMP ENERGY G.4F)'
READ(S,* IDEL2
PRINT *,'EKTER NO. SUBINTERVALS (0 = 500)'
READ( 5 ,* )MAXSUB
IF(HAXSUB .EQ. O)HAXSUB=SOO
P

L

************************************************************b*

C

LOCATE THE TEMPERATURE DEPENDENT ENERGY GAP FROY THE TAFLE

********~..*************************************************b*

C

CALL TEMP
C

.....................................
. . . . . . . . . . OTHER
. . . . . . . .INPUT
. . . . . . .CONDITIONS
............

C
C

PRINT *,'DO YOU WANT AN OVERLAY (FOR DISPERSIONLESS'
PRINT , 'OPERATION?) YES = 5 '
READ( 5 , )HOVER
PRINT *,'ENTER UAX FREQ FOR CALCS (IN GHz)'
READ(5 ,* )DOLT
PRINT *,'ENTER A 0 IF CONSTANT LOSS TANGENT DESIRFD'
PRINT *,'ANYTHING ELSE WILL GIVE A DIPOLAR SUBSTRATE'
*
READ( 5 ,* ) W A N

............................................

C

ACCEPTABLE ERRORS FOR INTEGRALS

............................................

C

PRINT *#'ENTER ABS ERROR'
READ(5,')AERR
PRINT *,'ENTER REL ERROR'
READ(5,')RERR
C
..........................................

C

INPUT TIME-DOrAIN WAVEFORM

..........................................

C
PRINT *.'ENTER .O FOR ASYUM GAUSSIAN INPUT'
PRINT * , ' ENTER .1 FOR GAUS RISE AND EXP FALL'
PRINT *,'ENTER .2 FOR ERF RISE AND EXP FALL'
PRINT *,'ENTER 101. FOR REAL DATA INPUT'
IF(R1SE .EQ. 0.) CALL IN
IF(R1SE .EQ. .1) CALL IN1
IF(R1SE .EQ. .2) CALL IN2
IF(R1SE .EQ. 101.) CALL IN3
C

* * *......................................

C

SET UP INPUT PARAYETERS AND DIMENSIONS

.........................................

C
CALL NINPUT
X2=XL

Hl=H

Wl=W
SEl=SE
ERl=ER
ERZ=ES
WH=W/H
C
.....................................

C

FOURIER TRANSFORM INPUT PULSE

.....................................

C
CALL FFT(FR,FI,K)
C

DEL=DELF
C

.......................................

C

ASSIGN A TIME TO EACH POINT

*******................................
C
DO 8 4 J=l.N
Tl(J)=(J-l)*DEL
84 CONTIKJE

C

...........................................
C

* * * * * . . .CALCULATION
. . . . . . . . . . . . . .OF
. . . .COMMON
. . . . . . . .CONSTANTS
.........
C
AKLC=SE/(SE+~*W)
BKLCIDSQRT ( I .-AKLC*'~)
DKKP=l/PI*DLOG(2*(1+DSORT(AKLC))/(l-DSQRT(AKLC)))
fF(AKLC .GE. ,707) GO TO 36
DKKP-PI/(DLoG(~*(~+DSQRT(BKLC))./(~-DSQRT(BKLC1)
))
36 CDELT-1 .25*T/PIe (l+ALOG(4*PI*W'T) )
SET-SE+CDELT
WET-W-CDELT
AKLCE-sET/(sET+~*WET)
L
BKLCE-DSQRT(I.-AKLCE**~)
DKKPE~~/PI*DLOGI~*~~+DSQRT(AKLCE))/(I-DSQRT(AKLCE)))

IF(AKLCE .GE. .707)GO TO 37

37

C
C
C
C
C

DKKPE-PX/(DLOC(Z*(~+DSORT(BKLCE))/(I-DSORT(BKLCE))) 1
CONTINUE
IF(AKLC .LE. . ~ ~ ~ ) P - A K L C / ( ( ~ - D S O R T ( ~ - A K L C * * ~ ) ) * ( ~ - A K L C * * ~ ) * * . ~ ~ )
IF(AKLC .GT. . ~ ~ ~ ) P ~ ~ / ( ( ~ - A K L C ) * ~ R T ( A ~ L C ) ) * ( ~ / D K K P ) * * ~
PP- (DKKP*.~
)*P
Al=l+W/SE
A2=PP/(PI*SEC )
A~-~.~~/PX*ALOG(~*PI*W/T)+~+~.~~*T/(PI*W)
A~-(~+~*W/SE+~.~~*T/(PI*SE)*(~+ALOG(~*PI*W/T)))**~

ADJUSTMENT OF PARAMETERS: HEIGHT, WIDTH, AND SEPARATION
SO THAT THEIR DIMENSION IS IN CENTIMETERS (REPLACING MICRONS)
HC-Hal. D-4

.

WC-W* 1 D- 4

SEC-SE.1. D-4
TT-T.1 .D-4
C

******************* **a***
C

CONSTASTS

***

......................
C

c

ETA-12O.*PI
€NO-8 .BSD-14
EHU=1260.0D-11
ENAP=2.71828183
BK=l. 38062D-4/1.6
51GN-1 /RHO:
HBARx1.05459D-6/1.6
TDEL-2 .O*DELZ
TK-BK*TlZ
DEL2-DELZeDELZ
BGH=l. 8
(HOST-HBAR*OMEGA)
HOST=DELF*PI*2*HBAR

C
C
C

................................

C

..........................

CALCULATIOK OF CONFIGURATION DEPENDENT PARAYETER AGE

..........................................................

C
C
C
QA=ALOGI 0 ( SE/H
C
C
C

)

(SET L I M I T ON SUBSTRATE H E I G H T )

IF (OA .LT. -l.)OA=-1.
C
VA=.43-.86*0A+.54*QA**2
UAm.54-.64*QA+.015*0A..2
AGH=IO**(UA*ALOG~O(SE/W)
+VA)
C

...........................................................
...........................................................
C
C
C

COMPUTATION OF PROPAGATION FACTOR

...........................................................
...........................................................

C
C
C

*

ND=N/2+1

C

DIPOLAR SUBSTRATE EFFECTS

- DEBYE EON.

...........................................................

C
CALL DEB
CONTINUE

316

C

...............................................................

C

GEOMETRY EFFECTS

...............................................................

C

QUASI-STATIC EFFECTIVE PERMITTIVITY

..........................................

C
APPLE=AKLC*WH*(.O~-.~*AKLC+.O~*(~-.~+EP)*(.~~+AKLC))
EEFF=(EP+1)/2*(DTANH(1.785*DLOGlO(l/WH)+1.75)+APPLE)
L

(INCLUDING THICKNESS CORRECTION)

C
C

EREQ=EEFF-(l.4*(EEFF-l).T/SE)/((l./DKKP)+l.4*T/SE)
REREQ=DSQRT( EREQ
IF(F .NE. 0)GO TO 81
REEFzREREQ
GO TO 72

C
C
C

CUTOFF FREQUENCY FOR LOWEST ORDER SURFACE MODE IN UICROSTRIP
FTE=C/(Q:HC*SORT(EP-1.))
G= ( F/FTE )

81
C

.....................................................

C

FREQUENCY-DEPENDENT EFFECTIVE PERMITTIVITY

.....................................................

L

.............................

C

ALLOW FOR SUPERSTRATE

.............................

C
72

IF(M0VER BEQ. 5)REEF=SORT(EP)

C

....................................................................

C

COMPUTATION OF DISTRIBUTED CIRCUIT ELEMENTS (FREQUENCY-DEPEEDENT)

....................................................................

C
CALL DIST
C

********************************************************************

C
C

SUPERCONDUCTING ELECTRODE EFFECTS
(COMPLEX CONDUCTIVITY)

********************************************************************

C
C
HO=(J-l)*HOST
ROZ=HO*HO
SElZ=O.O
SEZZ=O.O
SE3=O.0

c

.............................................
.............................................

C
C

CONDUCTION DUE T O THERMAL ELECTRONS

C

ALIML=DELZ+l.D-8
ALIMU=~OO.*DELZ
CALL W2AGS(FUNC1,ALIHL,ALIUU,AERR,RERR,RESULTl,ERREST,
l~AXSUB,NEVAL,NSUBIN,ALIST,BLIST,RLIST,ELIST,IORD)
SEll-RESULT1
IF(HO.LE.TDEL) G O T O 52
P

..........................................

C

CONDUCTION DUE TO QUASI-PARTICLES

C

BLIML=DELZ+l.D-8
BLIMU-HO-(DELZ+l .D-8 )
CALL DOZAGS(FUNC2,BLIML,BLIMU,AERR,RERR,RESULT2,ERREST,
lMAXSUB,NEVAL,NSUBIN,ALIST,BLIST,RLIST,ELIST,IORD)
SE22=RESULT2

..........................................................
..........................................................

C
C

CORDUCTION DUE TO SUPERCONDUCTING ELECTRONS ABOVE GAP

C

CLIML=-DELZ+l .D-8
CLIMU=DELZ-1 .D-8
CALL W2AGS(FUNC3,CLIML,CLIMU,AERR,RERR,RESULT3,ERREST,
lMAXSUB,NEVAL,NSUBIN,ALIST,BLIST,RLISLELIST,IORD)
SE33-RESULT3
IF(HO.GT.TDEL) GO T O 60
CONTINUE

.........................................................
.........................................................
52

C

C

CONDUCTION FROM SUPERCONDUCTING ELECTRONS BELOK GAP

C

DLIMLtDELZi I. D-8-110
DLIMU=DELZ-l.D-8
CALL DQ2AGS(FUNC3,DLIML,DLIMU,AERR,RERR,RESL'LT4,ERRESTt
lMAXSUB,NEVAL,NSUBIN,ALISTIBLIST,RLIST,ELIST,IORD)
SE44=RESULT4
CONTINUE

...............................................................
...............................................................

60
C
C

NORMALIZATION T O FREOUENCY AND NORMAL COKD2CTIVITY

C

SEIZ=SEI I* (2/HO)
SE22=SE22/HO
SE3=SE33/HO
SE4=SE44/HO
SIlN=SElZ+SE2Z
SI 2N-SE3+SE4
SIlNl=SIlN*SIGN
SI2NZ-SIZN*SIGN

..............................................................
..............................................................

C
C
C

C
C
C

CALCULATION OF SURFACE IMPEDANCES

(DUMMY VARIABLES USED FOR LONG TERYS)

CZ=~*PI*F*EMU*SI~N~*~.D~
DZ=~*PI*F*EMU*SIIN~*~.D~
EZ=SIIN~*SI~N~+SI~N~*SI~N~
CEZ=CZ/EZ
DEZ=DZ/EZ
CEZ2=CEZ*CEZ
DEZ2=DEZ*DEZ
FZ=((((CZ/EZ)**2+[DZ/EZ)**2).'.5-CZ/E2)/2)**.5
Gt=(((CEZ2+DEZ2)**.5+CE2)/2.)**.5
AZ=((((CZ**~+DZ**~)**.S+CZ)/~)**.~)*TT
BZ=((((CZ**2+DZ**2)**.5-CZ)/2)**.5).TT
HZ=DCOSH(2.*AZ)-DCOS(2.*82)
OZ=DSINH(2.*AZ)/RZ
Pi!=-DSIN(2.*BZ)/HZ

C

...............................................

C

REAL A N D IHAGINARY SURFACE IMPEDANCE

...............................................

C
ZSR=FZ*OZ-GZ*PZ
2SI =FZ*PZ+OZ*GZ
C

..............................................

C

SKIN RESISTANCE AND INTERNAL INDUCTANCE

..............................................

C
RR~=2*ZSR*Al*AZ*A3/A4*17.34/8.686
RIY=2*ZSI*AI*AZ*A3/A4*17.34/8.686

C
C
ZIY=Z.*PI*F*l . D ~ * D U C T + R I Y
D E N ~ = C O N D * *.~*+~ ~1 * * 2 * F * * 2 *.D18*CAPe*2
1
ZR1=(RRL*COND+21Y*2.*PI*F*11D9*CAP)/DEN1
Z1l=(COND*ZIY-RRL*2.*PI*F*l.D9*CAP)/DENl
P

L

..........................................................

C

FULL CHARACTERISTIC IMPEDANCE

..........................................................

C
ZRR=DSQRT((DSORT(ZR1**2+211**2)+ZR1)/2.)
ZRI~DSQRT((DSQRT(ZR1**2+ZI1**2)-ZR1)/2.)
IF(ZI1 .LT. O.)ZRI=-ZRI
DEN2=ZRR**2+ZRI**2

C

............................................................

C

ATTENUATION AND PHASE FACTOR

............................................................

C
GAY.R=(RRL*ZRR+ZIY*ZRI)/DEN~
GAHI=(ZRR*ZIY-RRLeZRI)/DEN2
C
C

...............................................................
...............................................................
C
C
C

PROPAGATION SECTION

...............................................................

**************************************t************************

C
C

..............................................................

C

MULTIPLICATION OF INPUT BY COMPLEX PROPAGATION FRCTOR

..............................................................

C
FLA=GAMR*XL

121

EA=EXP(-FLA)
CP=DCOS(-GAHIeXL)
SP=DSIN(-GMI*XL)
XX=FR (J
YY-FI (J
FR(J)=EA*(XX*CP-YY*SP)
FI(J)=EA*(XX*SP+YY*CP)

C
C
20

CONTINUE

C

......................................
C

NEGATIVE FREOUENCIES

......................................

C

25

NL=N/2+2
D O 25 J=NL,N
FR(J)=FR(N-J+2)
FI(J)=-FIIN-J+2)
CONTINUE

C

................................

C

*******************

INVERSE FOURIER TRANSFORM FOR OUTPUT PULSE

* * * * * * * * * * * * *......................................

C

87
50

51
35

W 8 7 J=l,N
TI(J)=(J-I)*DEL
CONTINUE
DC 50 J=l,N
FI(J)=-FI(J)
CALL FFT(FR,FI,K)
DO 51 J=l,N
Tl(J)=(J-l)*DELT
FI(J)=-FI(J)
D O 35 J=l,N
AtlPLI(J)=FR(J)/N
CONTINUE

C

....................................
PLACE OUTPUT PULSE IS FILE

C

..........................

**********

C

888

OPEN(43,FILE='TIMS',STATUS='NEK')
OPEN(40,FILE='AMPS',STATUS='NEh")
W 888 JFW=l,NPTSZ
TOJ=Tl(JFK)
AHPJ=AtlPLI ( J F W )
WRITE(43,562)TOJ
WRITE(40,562)A?!PJ
CONTINUE
CLOSE(43,STATUS='KEEP')
CLOSE(40,STATUS+'KEEP')

C
562
582

FORHAT(Fl6.8)
FORYAT(E16.9)
STOP
END

C
C

***.**************
....................

*************************************a*******

GAUSSIAH INPUT PULSE
***********************a*******************

C

L

SUBROUTINE IN (FR,FI ,N)
COUHO~/~IN/T2(8192),ET(8192),T1(8192)
DIUENSION F R ( * ) , F I ( * )

PRINT *,'ENTER RISE AWHM IN PS FOR ASYHM GAUSSIAN INPUT'
READ (5,*)RISE
PRINT *,*ENTER PALL AWHn IN P S FOR ASYHM GAUSSIAN INPUT'
READ (5,*)FALL
SlG=RISE/SQRT(1.38)
PRINT *,' ENTER SAMPLING INTERVAL IN PS'
PRINT *,' (ENTER 0.0 FOR DEFAULT)
READ( 5 , DELT
IF (DELT .EQ. 0.0) DELT=SIG/Z.
OFF=S .*SIG
DO 10 J=l,N
Tl(J)=(J-l)*DELT
FR(J) = 0.0
FI(J) = 0.0
X=(J-l)*DELT-OFF
SIG=RISE
IF(X .GT. O.O)SIG=FALL
Y=0.69*X*X/(SIG*SIG)
IF (Y .LT. 60.0) FR(J)=EXP(-Y)
ET(J)=FR(J)
T2(J)=Tl(J)
CONTINUE
RETURN
END
@

10
C
C

...............................................................
PULSE W/ GAUSSIAN RISE AND EXP FALL

...............................................................
L

SUBROUTINE IN1 (FR,FI,N)
COMMON/TIN/T2(8192),ET(8192),T1(8192)

DIMENSION FR(*),PI(*)
PRINT * , ' ENTER RISE FOR GAUSSIAN'
READ(^,*) RISE
PRINT * , ' ENTER FALL TIME FOR EXPONENTIAL'
READ ( 5 , ) FALL
WRITE(6,')
RISE,FALL
SlG=RISE/SORT(1.38)
PRINT * , ' ENTER S M P L I N G INTERVAL IN PS'
PRINT *,' (ENTER 0.0 FOR DEFAULT)'
READ(5,*) DELT
IF (DELT .EQ. O.O)DELT=SIG/2.
OFF=S.*SIG
D O 19 3=1,N
Tl(J)=(J-l)*DELT
FR(J)=O.O
FI(J)=O.O
X=(J-1ICDELT-OFF
SIG=RISE
IF(X .GT. 0.0) G O TO 3 8
Y=0.69*X*X/(SIG*SIG)
IF(Y .LT. 60.0) FR(J)=EXP(-Y)
G O T O 49
38 X=X/FALL
IF(X.LT.60) FR(J)=EXP(-X)
49 CONTINUE
ET(J )=FR(J
TZ(J)=Tl(J)
19 CONTINUE
RETURN
END
C

C
...............................................................
PULSE W/ ERFC RISE, DC PLATEAU, AND EXP FALL

...............................................................
C

SUBROUTINE IN2 (PR,tI ,N)
CO~HON/T1~/~2(8192),~~(B192),T1(8192)
DIMENSION FR(*),FI(*)
PRINT *,' ENTER DELTA
T'

-

READ(S ,* IDELT
C
DELT =. 030
FALLsl.
DO 30 J-1,lO
TI(J)=(J-I)*DELT
FR(J)=O.
FI(J)=O.
TON=J
TEK-EXP (TOK )
FR(J)=TEK/EXP(lO.)*.11246
ET(J)=FR(J)
30 T2(J)=Tl(J)
Y=-. 1
YA=O.
DO 31 J=11,25
FR(J)=O.
FI(J)=O.
Y=Y+. 3
T~(J)=(J-I)*DELT
FR(J)=ERF(Y)
ET(J)=FR(J)

FR(J)=l.
FI(J)=O.
Tl(J)=(J-l)*DELT
ET(J)=FR(J)
34 T2(J)=Tl(J)
D O 32 J=42,h'
FR(J)=O.
FI(J)=O.
Tl(J)=lJ-l)*DELT
X=YA/FALL
IF(X .LT. 60.0)FR(J)=EXP(-X)
YAxYA* 0.0 3
ET(J)=FR(J)
32 T2(J)=Tl(J)
REf U R N
EKD
C
C

...............................................................
DIGITIZED REAL DATA INPCT

***************************************************************
C

SUBROUTINE IN3 (FR,FI,N)
CMMON/TIN/T2(8192),ET(8192),T1(8192)
DIMENSION FR(*),FI(*)
PRINT *,'ENTER DELTA
T'
READ(5 ,* )DELT
DO 580 1=1,N
FI(1)-0.
FR(1)-0.0
PRINT *,'ENTER WAVEFORM FILENAME'
READ(S,'(A)')ARRl
OPEN(30,FILE=ARRl,STATUS='OLD')
DO 581 J-1,1024
READOO.SOl)FR(J)
T1 (J ) = (J-1 )*DELT
ET( J )-FR( J )

-

580

581

676

T2(JI=Tl(J)
CONTINUE
W 676 I-1025,N
Tl(1)-(I-l)*DELT
T2(1 )=Tl(I)
SI-40.
TX=(I-1025)*DELT
XX= .69*TX**2/SI * * 2
IF(XX .LT. ~ O . ) F R ( I ) = F R ( ~ O ~ ~ ) * E X P ( - X X )
ET(1)-FR(1)

C
501

CLOSE(30,STATUS='KEEP')
FORMAT(E16.9)
RETURN
END

C
C
*********t*****************************************************
4

INPUT PARAMETERS

****************t******t***************************************

C
SUBROUTINE NINPUT
ENTRY OF MICROSTRIP PARAMETERS
C IS THE VELOCITY OF LIGHT IN CH-GHZ
COMMON /INPT/JL,N,C,PI,XL,H,W,SE,T,ER,ES,SIGD,RHOC,FT,DELT,
1DELF ,TAYL
5
C=30.
P1=3.1415926535
PRINT*,' ENTER THE SUBSTRATE HEIGHT IN CMS'
READ(5,ll )HN
HN=HN*10000.
IF (HN .NE. 0.0) H=HN
PRINT * , ' ENTER COPLANAR STRIP WIDTH IN CMS'
READ(5,ll)WK
WN=WN*10000.
IF (WN .NE. 0.0) W=WK
PRINT *,'ENTER COPLANAR STRIP SEPARATION IN CMS'
READ(5,ll)SEP
SEP=SEP*~OOOO.
IFISEP .NE. 0 .O )SE=SEP
PRINT * , ' ENTER STRIP THICKNESS IN HICRONS'
READ(5,Il )T
IF ( T .EQ. 0.0) T-25.4
PRINT , ENTER LENGTH OF COPLANAR STRIPS IN cns '
READ(5,Il )XL
IF (IX .EQ. 1) GO TO 8
PRINT *,'ENTER SUBSTRATE CONDUCTIVITY IN HHO/CU'
READ(5.13)SIGD
IF (SIGD .ED. 0.0) SIGD17.61D-7
PRINT * , ' ENTER STRIP RESISTIVITY IN OHM-CM '
READ(5,13) RHOC
C
THE DEFAULT RHOC IS FOR tlORMAL INDIUM AT LOW TEMPERATURE
IF (RHOC .EQ. O.O)RHOC=3.D-7
PRINT *,'ENTER LOW FREQ LOSS TANGENT FOR SUBSTRATE'
READ( 5 ,* )TANL
IF(TANL .EO. O.O)TANL=3.8D-6
PRINT ',' ENTER STATIC DIELECTRIC CONSTANT '
READ( 5,11 )ERN
IF (ERN .NE. O.O)ER=ERN
PRINT *,' ENTER HF DIELECTRIC CONSTANT '
READ(5,ll)ESN
IF (ESN .NE. O.O)ES=ESN
PRINT ,'ENTER RELAXATION FREQ. IN GHZ '
READ(5,13)FT
DELF=~OOO./(N*DELT)
TWIN- (N-1)*DELT

C
C

-

11
13
8

55

rWIN= ( N-1) DELF
TORHAT(F6.0)
TORHAT(Fl5.7
CONTINUE
PRINT 55
FORMAT(////' ENTER 1 IF NOT O K

I//'

ENTER 2 FOR LQSSLESS')

RETURN
END

C
C

................................................................
*
TOUR1 ER TRANSFORM
................................................................

C

SUBROUTINE FFT(FR,FI,K)
F A S T FOURIER TRANSFORU USING TIME DECOUPOSITION
REF: DIGITAL SIGNAL ANALYSIS, S.D. STEARNS, HAYDEN PUB.
C
DATA I S IN ARRAYS FR (REAL) A N D FI (IHAGINARY)
C
T H E NUMBER OF POINTS N=2**K (SIZE OF ARRAY)
DIMENSION FR(*),FI(*)
P R I N T 10
10 FORHAT(///~OX,'COMPUTING FFT'//)
N=2**K
HR=O
NN+N- 1
DO 2 U=l,NN
L-N
1 L-L/2
IF (HR+L .GT. N N ) G O TO 1
UR=MOD(HR,L)+L
IF ( U R .LE. U ) G O T O 2
TR-FR(H+l)
FR(H+l)-FR(UR+l)
FR (FIR+] ) -TR
TI=FI(U+l)
FI (H+l )-FI(UR+l)
FI (HR+l)=TI
2 COKTINUE
L- 1
3 IF ( L .GE. N ) RETURK
ISTEP-2.L
EL=L
DO 4 n=l,L
A=3.1415926535*FLOAT(l-M)/EL
WR-COS ( A )
WI-SIN(A)
DO 4 I=H,N,ISTEP

C
C

4

TI*WR*FI (J)+FRIJ ) * W I
FR(J)-FR(I)-TR
PI (J)-FI ( I)-TI
FR(1 )=FR(I )+TR
Fl(1 l=FI(I )*TI
CONTINUE
L-ISTEP
GO TO 3
END

C
C

...............................................................
ENERGY G A P TEMPERATURE DEPENDENCE

...............................................................
SUBROUTINE T E M P

