
ABSTRACT

New technology has increased the potential digital information carrying capacity

of copper twisted pairs currently used for telephone service� The ability to deliver

video channels over existing twisted pairs depends on the limitations of the loop

plant� At high data rates� a major limitation on bandwidth is the attenuation of the

transmission line� The capability to characterize these lines becomes essential� Sim�

ilarly on the board packaging level� the performance of integrated circuits is limited

by interconnects� When interconnects are su�ciently long relative to a wavelength�

the interconnects must be modeled as transmission lines� This project involves the

characterization of transmission lines �be they coaxial� twisted pair� or microstrip�

using scattering parameter measurements made using a network analyzer over the

bandwidth of interest� A simple approximation allows for the extraction of the line

characteristics�
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CHAPTER �

INTRODUCTION

��� Overview

As advances in digital technologies continue to grow� transmission line charac�

terization becomes increasingly important� New technology has increased the poten�

tial digital information carrying capacity of copper twisted pairs currently used for

telephone service� The ability to deliver video channels over existing twisted pairs

depends on the limitations of the loop plant�

Paralleling the advances made in the communications industry� the demand for

smaller integrated circuits and faster digital circuits continue to grow� Modeling of

interconnects becomes critical� Interconnects play an increasingly important role in

determining the speed� area� and performance of high�speed digital circuits� Mi�

crostrip transmission lines are often used in constructing integrated circuit board

interconnects�

��� The Problem Being Addressed

At high data rates� a major limitation on signal integrity is attenuation and

delay distortion for both telephone cables and microstrip interconnects� This work

describes the development of a measurement technique that may be applied toward

characterizing transmission lines� whether they be microstrip� coaxial� or twisted pair�
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��� Organization of This Thesis

This thesis will develop a measurement technique that will allow for the ex�

traction of transmission line characteristics and L� R� G� and C parameters over a

frequency range spanning multiple wavelengths� Chapter � will introduce the tele�

phony and packaging interconnect environments� thus providing the motivation for

transmission line characterization� Chapter 	 provides basic transmission line theory

and background� In Chapter 
� the measurement technique to extract the sought�after

parameters is developed� Chapter � contains the summary and conclusion�
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CHAPTER �

BACKGROUND

��� Telecommunications

A subscriber line is the basic access connection of a telephone user to the tele�

phone network� It is the means by which the customer transmits information to a

local switch to be distributed to other customers or subscribers of the same network�

Consequently� the subscriber line must be relatively inexpensive if network access is to

be widespread� For this reason� telephone subscriber lines have been voice frequency

analog links until very recently� The principle reason for the analog nature of access

was its low cost and bandwidth�

With the advent of inexpensive computers� the demand for data transmission grew�

Economics led to the choice of voice frequencymodems to provide data transmission at

low rates of 	�� and ���� b�s that were initially required by most users� Transmission

rate for these modems was still in the voice frequency range� The ����s and ��
�s

led to the increase of speeds up to ��
 kb�s� Sophisticated signal processing and echo

cancellation brought this to 
�� kb�s in the early �����s� More recently� trellis coded

modulation �TCMod� has been used to increase data speed to 
�
 kb�s and combined

equalization and coding has produced a ��� kb�s rate� All of these techniques use the

voice band to transmit data ����

New technology has increased the potential digital�information�carrying capacity

of copper pairs� originally placed to provide plain old telephone service �POTS�� to

the point where certain leading�edge broadband services can be provided to customers

	



well in advance of direct �ber access� Recent research indicates that it will be feasible

to transmit ��� Mb�s or more over the majority of existing nonloaded copper loops

����

Although the telephone voice channel has a limited bandwidth of 	 kHz� the

twisted pair telephone subscriber loop connecting subscriber to central o�ce has a

much wider bandwidth� limited only by loop attenuation and the noise environment�

The digital subscriber line �DSL�� used for integrated services digital network �ISDN�

basic rate access channel� has a transmission bandwidth of 
� kHz� The high�bit�

rate digital subscriber line �HDSL� developed mainly for repeaterless �T�� service

has a transmit signal spectrum of 	�� kHz �	�� The asymmetric digital subscriber line

�ADSL� will support ���	� Mb�s on standard twisted�pair telephone lines� unidirec�

tional� from the central o�ce to the customer premises� Discrete multitone �DMT�

ADSL has a transmit signal bandwidth of ��� MHz� Full duplex POTS service is

located below �� kHz� and the upstream from subscriber to central o�ce digital tele�

phone channels are between �� kHz and ��� kHz �
��

Initially networks evolved separately from the main public switched telephone

network �PSTN�� however� it was widely recognized that it would be more economic

for PTO �public telecommunication operation� to develop a single network supporting

all classes of services� This led to the vision of ISDN� a single digital network which

would be capable of supporting both voice and data services ����

The ISDN basic access system was the �rst embodiment of DSLs� ISDN uses

adaptive digital signal processing for both pulse restoration and cancellation of trans�

mit�receive echoes� It provides 

 kb�s transport in both directions over up to �� kft

of the existing unloaded wire plant� The planned deployment of ISDN was a major

motivation for developing video compression techniques�

With high�speed digital signal processing and very large scale integrated �VLSI�






circuit technology� HDSL technology has evolved with the capability to transmit high

speed digital data through the existing copper loop plant� Quadrature amplitude

modulation �QAM� ��� and �
 point� schemes over ������ kHz and �����
 kHz fre�

quency ranges� respectively� are used to implement HDSL� The HDSL modulation

scheme uses two pairs to provide ���

 Mb�s transport to cover the full carrier serv�

ing area �CSA� range� Echo cancellation allows each pair to carry 
�
 kb�s with full

duplex transmission�

HDSL provides capability equivalent to TI technology using existing wire pairs

and no special engineering� TI carrier systems have been used in the intero�ce plant

for many years for high�speed transmission� In TI systems� transmission is disrupted

with repeater spacing� Implementation of HDSL will lead to cost saving due to the

avoidance of TI repeaters� HDSL and DSL service environment is almost exclusively

made up of business customers who are expected to be within �� kft of a remote

terminal� within the range HDSL is restricted�

Asymmetric digital subscriber line �ADSL� technology was proposed to provide

repeaterless unidirectional ���

 Mb�s transport capability along with standard bi�

directional POTS and or ISDN basic access channel� A low�rate digital control channel

will also be available in the reverse direction over the same single nonloaded twisted

copper pair�

Figure ��� shows the spectrum allocation for ADSL using QAM pass�band trans�

mission� The transmission rate can be approximately ��� Mb�s� forming a high�rate

channel from the network to the customer� In this con�guration� the transmission

bands from �� to ��� kHz are being considered for the high�rate channel� A low�rate

return channel from the customer to the network to provide signaling and control

information is expected to occupy a portion of the frequency band below the high�

rate channel� This architecture results in three separate signal components appearing
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Figure ���� A network architecture for a video communication service using an ADSL
system�

simultaneously on one wire pair

There are several reasons why ADSL is advantageous in a residential setting�

ADSL can operate over one loop pair� while HDSL requires two� ADSL can potentially

cover an entire nonloaded loop plant� HDSL is restricted to the CSA range� NEXT

�near end crosstalk� does not exist for ADSL� The primary limitations for ADSL are

signal loss� crosstalk from other services in binder group� RF interference� and impulse

noise�

Figure ��� shows a network architecture of potential interfaces for the ADSL sys�

tem� At the subscriber side� the incoming signal will be demultiplexed into POTS�

high�bit�rate signal� and low�bit rate control channel� The POTS line is connected
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to an ordinary telephone� The high�bit�rate signal and the low�bit�rate control chan�

nel are terminated in a service module� Depending on the applications� this service

module can be a Moving Picture Experts Group �MPEG� decoder� a multimedia

workstation� or just a personal computer� At the central o�ce� an ADSL system

will perform the functions of demultiplexing the upstream POTS signal and control

channel� and multiplexing the POTS with the high�bit�rate signal in the downstream

direction� Using this architecture� many residential applications such as video�on�

demand� interactive multimedia communication� distance learning� and other video

services can be o�ered by the local exchange carriers at an a�ordable cost in the near

future�

As systems like HDSL and ADSL are optimized to squeeze the maximum band�

width possible out of copper loops� while maintaining predictable and reliable levels of

transmission performance� it becomes increasingly important to have an in�depth un�

derstanding of loop plant noise sources and topologies� Telephone companies cannot

a�ord to �nd out if a customer�s copper telephone line will support the new digital

transmission after installation� They need to keep the number of failed installations

to a manageable percentage� If local exchange carriers are to include ADSL or HDSL

as one element of their video upgrade strategy� they need to understand precisely

what conditions the new technologies require ����

��� Interconnections and Packaging for VLSI

Since the beginning of integrated circuits� the number of devices per chip has

been increased by reducing the minimum feature size and enlarging the chip area�

What limits the performance of integrated circuits today are the interconnections

and packaging related issues� This is true for CMOS� bipolar� and gallium arsenide

systems� Interconnections and packaging will gain even more importance as the sizes






of transistors are further decreased� Interconnections play an important role in de�

termining the speed� area� reliability� and yield of very large�scale integrated �VLSI�

circuits�

Because VLSI circuits contain many active devices� and their components interact

with each other strongly� traditional circuit theory is unable to adequately handle the

analysis� It becomes necessary to include the interconnect when modeling the active

devices on a board� An interconnect is a featureless signal path at low frequencies�

The connectivity and characteristics of devices and components determine the cir�

cuit operation� However� at high frequencies the interconnects become components

themselves ����

When the interconnections are su�ciently long or the circuits are su�ciently fast

such that the length of the line is on the order of the signal wavelength� the inter�

connects must be modeled as transmission lines� This is the case at the package level

for all IC technologies� To obtain accurate chip�to�chip delay and cross�talk noise

estimates� bonding wires� package pins� and board interconnections should be mod�

eled as transmission lines� At the board level� signi�cant re�ections can be generated

from the end of the line and from capacitive and inductive discontinuities due to

connectors� package pins� vias� and corners in board wiring �
��
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CHAPTER �

TRANSMISSION LINE THEORY

��� The Distributed Circuit Topology

In order to analyze a transmission line� regardless of the structure �microstrip�

coaxial� wire above ground� in terms of ac circuit theory� it is necessary to obtain

the equivalent circuit of the line� Since any passive network can be composed only of

a combination of resistive� capacitive� and inductive elements� the �nal circuit must

contain only combinations of these� One restriction placed on our equivalent circuit

is that the length of each subsection must be much smaller than the wavelength of

the applied frequency� so that each subsection can be considered a circuit and the

elements within the subsection can be precisely de�ned� When many subsections are

cascaded together to form an in�nitely long line� ac analysis can be applied to each

individual subsection�

To determine the equivalent circuit for a small subsection of transmission line� a

voltage can be applied to the input terminals of the transmission line� It becomes

evident that the voltage at the output end of the small subsection is smaller than the

input voltage� and indicating a resistive voltage drop through the transmission line�

Thus� the small subsection must have a series resistance component in the equivalent

circuit�

If the voltage across the line is not changing with time� then it becomes apparent

that the voltage can be supported only by a static electric �eld� since V �
R
E � dl�

The presence of an electric �eld requires that there be free charges of opposite polarity

�



on the two conductors of the transmission line� since static electric �eld can arise only

from such free charges� The free �stored� charge� accompanied by a voltage� represents

a capacitor since C � q�V � Thus� the equivalent circuit for the small subsection must

also contain capacitive component�

In addition to the static electric �eld present between the conductors� there is a

magnetic �eld or �ux as a result of the current �ow as given by Ampere�s law� If

the magnetic �ux linking the two conductors is changing with time� then the voltage

at the input and output terminals of the transmission line will vary not only by

the resistive drop described above� but also by the induced voltage� A voltage drop

is induced from the time�changing �ux� This time�changing �ux is identi�ed as an

inductance� Thus� the equivalent subsection must contain an inductive component

for the subsection of the line�

One further equivalent circuit component that remains to be identi�ed is that

associated with any current �ow across the insulator between the conductors� Such a

current �ow can result from ordinary conduction through the insulator� or can result

from losses associated with time changing electric and magnetic �elds� Generally

speaking� the electric conduction for common insulators used in transmission lines is

very small and can be neglected� In the event that this is not true� and in order to be

complete� this e�ect is included in the equivalent circuit model� Since both insulator

conduction and other loss terms represent a current �ow between the conductors

which is in phase with the voltage� this loss can be represented by a shunt resistor

between the conductors�

Thus� the equivalent circuit depicted by Figure 	�� contains a series resistance�

series inductance� shunt capacitance� and shunt resistance� These parameters are

always taken as per�unit�length values�

��
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Figure 	��� Complete equivalent circuit for a single subsection of transmission line�
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Figure 	��� Cascaded lumped sections represent entire length of transmission line�

��� The Propagation Constant and Impedance of an Ideal

Transmission Line

The entire length of transmission line may be modeled as a cascade of the lumped

equivalent circuits� where the subsections are labeled � through n as shown in Figure

	���

It is apparent that the ratio of the input voltage to the voltage at the nth section

is

Vo
Vn

�
Vo
V�
� V�
V�
� V�
V�
� � � Vn��

Vn
�	���

The total propagation of n cascaded sections is the natural logarithm of the ratio

of input to output voltage or the natural logarithm of Equation �	���� Taking the

logarithm of both sides results in

ln
Vo
Vn

� ln
Vo
V�

� ln
V�
V�

� ln
V�
V�

� � � �� ln
Vn��
Vn

�	���

��
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to 
infinity

Zp Zp

Zs=(R+jw L)l

Zp
Yp=(G+jwC)l=

1

Figure 	�	� In�nite cascade of subsections�

Zs

Zp ZT

Zin=ZT

V1 V2

Figure 	�
� Equivalent impedance�

or

�T � �� � �� � �� � � ���n � n�� �	�	�

Thus� the phase shift of n sections in series is just n times the phase shift of each

individual subsection of line� Similarly� the attenuation constant is the attenuation

constant of one subsection multiplied by the number of subsections�

Since the line is assumed to be in�nitely long and uniform� the impedance seen

looking into any subsection must be the same as that of all other subsections� Thus�

Figure 	�	 can be simpli�ed to the form of Figure 	�
 where ZT is the characteristic

impedance of the line and Zin must equal ZT �

��



It is easily seen that

Zin � Zs �
ZpZT

Zp � ZT

�	�
�

and solving for ZT

ZT �
Zs �

q
Z�
s � 
ZsZp

�
�	���

substituting Zs and Yp in Equation 	���

ZT �
�

�
l�R� j�L�� �

�

s
l��R � j�L�� � 


R � j�L

G � j�C
�	���

since l � �� all the parameters lR� lL� lG� and lC decrease in the same proportion

since R� L� G� and C are constant� The subsection size l can be reduced su�ciently

so that both terms �R � j�L�l are negligible compared to the constant ratio� and

then Equation �	��� becomes

ZT �

s
R� j�L

G � j�C
�
q
ZsZp �

s
Zs

Yp
�	�
�

which represents a simple expression for the characteristic impedance of the general

line where the losses are not small� It can be seen that this impedance will vary with

the applied frequency�

Referring to Figure 	�
� the propagation constant can be de�ned as the ratio of

the input to output voltage�

V� � V�
ZTZp

ZT � Zp

�

Zs �
ZTZp

ZT�Zp

�	���

Multiplying and collecting terms

V�
V�

� � �
Zs

Zp

�
Zs

ZT

�	���

where ZT �
q
ZsZp �

q
R�j�L

G�j�C
and

�l � �l � j�l � ln�
V�
V�
� � ln�� � Zs�

�

Zp

�
�

ZT

�� �	����

�	



Substituting ZT from Equation �	�
� and Yp for
�

Zp
results in

�l � ln�� � Zs�Yp �

s
Yp
Zs

�� �	����

Allowing the subsection l to become small enough so that Yp becomes negligible

compared to
q

Yp

Zs
reduces Equation �	���� to

�l � ln�� � Zs

s
Yp
Zs

� � ln�� �
q
ZsYp� �	����

Making use of the natural logarithm identity

ln�� � �� � � � ��

�
�
��

	
� � � etc �	��	�

which is approximately equal to � for small �� Equation 	��� becomes

�l �
q
ZsYP �

ZsYP
�

� � � � etc� �	��
�

Since l� �� then
q
ZsYp � �� so that the higher�order terms in Equation �	���� can

be neglected to yield�

�l �
q
ZsYp � l

q
�R � j�L��G� j�C� �	����

for each subsection� The propagation constant per unit length is thus�

� �
�l
l
�
q
�R � j�L��G � j�C� �	����

with all parameters taken per unit length�

��� Di�erential Equations and Transmission Line General

Theory

Analysis of transmission line in terms of simple ac theory provides some physical

insights and understanding of the fundamental behavior of such lines� For more
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Figure 	��� The ac circuit topology for transmission lines�

advanced cases� transmission�line theory using ac theory becomes too complicated

and it becomes more convenient and useful to treat such lines in terms of di�erential

equations� which develop into the wave equation�

Assuming the same R� L� G� and C as in the ac circuit topology� the di�erential

equations are obtained for the transmission line� Variables R� L� G� and C are again

taken as per�unit length values� The voltages and currents are sinusoidal and at any

point x� the time variation of voltage is vx � voe
j�t�

Applying Kircho��s laws to Figure 	��

vx��x � vx � �ix�R� j�L��x �	��
�

and

ix��x � ix �
vx��x
Rp�x

�
vx��x

��j�C�x
�	����

Letting ��Rp � G� the conductance per unit length� Equation �	���� becomes

ix��x � ix � �vx��x�G � j�C��x �	����

Note that vx��x � vx and ix��x � ix are just the incremental voltages and current

drops respectively along the line� Dividing both sides of Equation �	��
 � and �	����

��



by �x yields �vx
�x

� �ix�R� j�L� and �ix
�x

� �vx�G� j�C�� Now� if the incremental

distance �x becomes very small� then the incremental voltage or current change

per incremental distance becomes the derivative� The following two fundamental

di�erential equations for a uniform transmission line are thus derived�

dvx
dx

� ��R� j�L�ix �	����

dix
dx

� ��G� j�C�vx �	����

where all parameters are per unit length�

Taking the second derivative of the above equations with respect to x and substi�

tuting one in the other�

d�vx
dx�

� �R� j�L��G � j�C�vx � ��vx �	����

and

d�ix
dx�

� �R � j�L��G � j�C�ix � ��ix �	��	�

where

�� � �R� j�L��G � j�C�� �	��
�

One possible solution to these equations is

vx � vAe
��x � vBe

�x �	����

ix � iAe
��x � iBe

�x �	����

where � is as previously de�ned� and the coe�cients are determined by the boundary

conditions of the line� Since iA and iB are related to vA and vB� Equation �	���� can

be simpli�ed to

ix �

s
G � j�C

R � j�L
�vAe

��xvBe
�x� �	��
�

��



It should be noted that the sinusoidal variations of current and voltage were assumed

in the derivation of the above equations� If the sinusoidal variation is represented

explicitly these equations become

vx � ej�t�vAe
��x � vBe

�x� �	����

ix � ej�t
s
G� j�C

R� j�L
�vAe

��xvBe
�x� �	����

��� Characteristic Impedance of a Uniform Line

The impedance at a point x on the transmission line is equal to the ratio of

the voltage divided by the current at that point� This ratio can be obtained from

Equation �	���� along with the general solution given by Equations �	���� and �	�����

From Equation �	����

ix � � �

R � j�L

dvx
dx

�	�	��

The derivative on the right side can be obtained from Equation �	����

dvx
dx

� ���vAe��x � �vV e
�x�ej�t �	�	��

Substituting this into Equation �	�	�� results in

ix �
��

R � j�L
��vAe��x � vBe

�x� �	�	��

The impedance is de�ned as the ratio of voltage to current at a given point�

Zo �
vx
ix

�
vAe

��x � vBe
�x

�vAe��x � vBe�x
R � j�L

�� �	�		�

If the line is assumed to be in�nitely long� then it is necessary that the constant vB

be equal to zero� otherwise� as x becomes large� the terms with positive exponents

become very large� This is equivalent to stating there are no waves traveling in the

�




negative x direction� Setting vB � � and canceling appropriate terms� the impedance

becomes�

Zo �
R � j�L

�
�

s
R� j�L

G � j�C
�	�	
�

This is known as the characteristic impedance of the line� since it is dependent on the

characteristic parameters R� L� G� and C� It can be seen that for this general case the

impedance is complex� containing resistive and reactive components� It is a function

of the applied frequency� approaching a constant value of
q
L�C for high frequency�

assuming that all parameters are frequency�independent �which is not usually the

case� The real part of � gives the reduction in voltage or current along the line� This

quantity� when evaluated per unit length of line� is referred to as the attenuation

constant�

� � Re��� � Re�
q
�R � j�L��G � j�C��� �	�	��

Thus� the propagation constant can be expressed as the sum of the attenuation and

phase constant�

� � � � j� �	�	��

If it is assumed that the losses are small but not necessarily negligible� i�e�� R� �L

and G� �C � the attenuation and phase constants can be approximated as

� �
R

�
q
L�C

�
G

�

s
L

C
�	�	
�

and

� � �
p
LC�� �

R�

���L�
�

G�

���C�
� RG


��LC
� �	�	��

If the line has small losses� � reduces to � �
p
LC�

��



��� Dispersion in Material

In dispersive lines� the propagation constant is frequency dependent� Ambi�

guity concerning the velocity of propagation of a signal stems primarily from the

phenomenon of dispersion� When no dispersion is present� there are no losses� none

of the parameters are frequency�dependent� and the group and phase velocities are

identical� The phase velocity is easily found to be � � ���� while the group velocity

is u � �
d�

d�

� The phase velocity decreases with increasing frequency� The index of

refraction� initially de�ned for optical materials is

� � c�� �	�	��

The index of refraction is proportional to the reciprocal of the phase velocity� The

index of refraction � increases with frequency� while the phase velocity decreases

with frequency� This situation has become known as �normal� dispersion� It is

possible for the index of refraction to decrease with frequency� thus have an increasing

phase velocity� Since such materials di�er from the normal case� they were arbitrarily

classi�ed as anomalous� In general� anomalous dispersion is much more common than

normal dispersion� For most nonmagnetic materials� the index of refraction is

� �
p
�r �	�
��

where �r is the dielectric constant� It is well known that� in general� the dielectric

constant of materials decreases with increasing frequency� eventually approaching

that of free space� The dielectric constant� however� is not well behaved throughout

the entire frequency spectrum� rather� the same value can exist for several di�erent

frequencies as a result of absorption bands� In some cases a material cannot be

classi�ed as either anomalous or normal because the dielectric constant may increase

and decrease through the frequency spectrum� In an anomalously dispersive medium�

��



the group velocity is greater that the phase velocity� A metal� or any material with

relatively large conductivity through which an electromagnetic wave is propagating�

is generally considered to exhibit anomalous dispersion�

It should be noted that even though conductors may satisfy the requirement of

d��d� 	 � for anomalous dispersion� a wave propagating in such a medium will

undergo severe distortion due to the large attenuation factor �� Each frequency

component will experience a di�erent amount of attenuation so that the voltage at

a large distance from the input terminals may bear no resemblance to the applied

voltage� For such cases� the group velocity cannot be determined and must therefore

be limited to distances for which the total attenuation is not signi�cant�

If a signal consisting of a low�frequency and high�frequency component goes

through a dispersive line� the line will exhibit either normal or anomalous disper�

sion� If the higher frequency travels with a slower phase velocity than the lower

frequency� the dispersion is said to be normal and the group velocity of the envelope

is less than the phase velocity of the carrier wave� If the higher frequency travels

faster that the lower frequency� the group velocity exceeds the phase velocity and the

dispersion is termed anomalous�

��� Skin E�ect

As a pulse propagates on a real transmission line it changes shape as a result

of two major sources of distortion� attenuation and dispersion� A single pulse is

composed of a continuous spectrum of frequency components� If these components

all propagate at the same velocity with no attenuation� they will add at any given

point to produced the identical waveform� Distortion comes about when attenuation

is present or when the velocity of propagation is di�erent for the various frequencies�

i�e�� dispersion�

��



For lossy transmission lines� attenuation and dispersion are both present� In most

cases� the losses are frequency dependent� which further distorts the applied pulse�

There are numerous sources of both attenuation and dispersion� but for ordinary lines

with applied pulses� skin e�ect is usually the most signi�cant�

The �nite conductivity of the conductors gives rise to a series resistance� whereas

the dielectric insulator gives rise to a shunt resistance� Both of these terms will

generally be frequency dependent� Even though these are absorption losses associated

with the dispersion frequency range� these are usually quite small compared to the

series resistance losses� so that G can usually be neglected�

All skin e�ect phenomena result from the fact that the current or magnetic �eld

distribution in a conductor is frequency�dependent and also that current in any real

conductor gives rise to an electric �eld as given by Ohm�s law� The skin e�ect causes

current to �ow on the surface of a conductor� thus increasing its e�ective resistance�

As the resistance changes� the internal inductance� due to magnetic �ux penetration

in the conductor� also changes�

The most fundamental way of investigating the skin e�ect is by applying Maxwell�s

equations and by �nding the proper di�erential equations for E and H� The cur�

rent and �eld distributions are derived by applying the boundary conditions to the

transmission line� From this the attenuation and phase constant or equivalently the

e�ective resistance and inductance can easily be determined� Similarly� Faraday�s

law of induced voltages and Kircho��s voltage law can be used for the same results�

This analysis� when applied to solid round wire and strip line conductors� reveals at

su�ciently high frequency the resistance becomes proportional to the square root of

frequency while the inductance becomes inversely proportional to the square root of

frequency ����
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CHAPTER �

TRANSMISSION LINE CHARACTERIZATION

��� Transmission Lines Under Test

The measurement technique developed in this study is tested on telecommunica�

tion cable and on microstrip transmission line�

The telecommunication cables tested are divided into four types� The �rst type

is coaxial� A ���� RG�

 coaxial line is measured and the parameters are extracted�

The Type � cable is composed of four insulated conductors that are not twisted� Type

	 and Type 
 are both shielded twisted pair cables� Type 	 is two twisted pairs� while

Type 
 has four twisted pairs� both Type 	 and 
 are classi�ed as AT�T category �

cables�

The copper microstrip line is on a �berglass substrate �� � 
���� �� cm in length�

���	 mm in width� and the substrate is ��� mm above the ground plane� In order

to measure the line� SMA connectors are used �see Figure 
���� The connection

discontinuity is accounted for in the measurement by adding an electrical delay to

the measurements�

For the reference purposes� the �ve categories of telephone cables that are speci�ed

by ANSI�ICEA S�����������
 standards and are de�ned below�

Category �� These cables are intended for basic� voice�grade communications�

Such cables are typically available in pair counts from � to ����

Category �� These cables are intended for basic� voice�grade and low speed data

transmission� Their transmission characteristics are speci�ed for frequencies up to �

��



copper microstrip 
     w=5mil
      l=20.2cm

fiberglass substrate
SMA connector

Figure 
��� Microstrip line under test�

MHz� Such cables are typically available in pair counts from � to ����

Category 	� These cables are intended for voice and data transmission� Their

transmission characteristics are speci�ed for frequencies up to �� MHz� Such cables

are typically available in pair counts from � to ����

Category 
� These cables are intended for voice and data transmission� Their

transmission characteristics are speci�ed for frequencies up to �� MHz� Such cables

are typically in pair counts from � to ���

Category �� These cables are intended for voice and data transmission� Their

transmission characteristics are speci�ed for frequencies up to ��� MHz� Such cables

are typically available in pair counts from � to ���

��� Measurement Setup

Both the HP �
�	 and HP ���� Network Analyzers were used to measure the

scattering parameters of the transmission lines under test� The measurement system

for the scattering parameters of the transmission lines can be modeled as the two port

network shown in Figure 
��� The transmission line of length l and complex char�

acteristic impedance Zc is embedded between two lossless coaxial lines of impedance

Zo representing the measurement system� On the left is an RF source of an angular

�	



x=0 x=l

transmission line under test

Zo Zo

ZoZo

Figure 
��� Model of measurement system�

a1

b1

b2

T

T

T

T

X

X

Figure 
�	� Propagating wave �ow diagram�

frequency � � �
f �

��� Wave Model Approach

The most natural method of extracting transmission line characteristic parameters

from measurements is through a wave analysis of the measurement system� The

measurement network� which is shown in Figure 
��� can be represented by the signal

�ow diagram given by Figure 
�	� In the �ow diagram� X is the complex function

X � e��l�  � given by  � Zc�Zo
Zc�Zo

� is the re�ection coe�cient of the symmetric

transmission line with respect to the reference system Zo� and d is the length of the

transmission line�

Applying Mason�s rule to the �ow diagram allows for the easy extraction of the

�




scattering parameters in terms traveling wave characteristics�

S�� �
 �� �X� ���  T �X�

� �  �X�

�
 �  X�� � � T ��

��  �X�

�
 �� �X��

��  �X�
�
���

and

S�� �
T �X

��  �X�
�
���

since the reference line is lossless� no power is dissipated along the line and  ��T � � ��

and Equation �
��� reduces to

S�� �
���  ��X

��  �X�
�
�	�

where X is the complex function given by

X � e��l �
�
�

The variable  is the re�ection coe�cient of the transmission line with respect to the

reference system Zo given by

 �
Zc � Zo

Zc � Zo

�
���

and d is the length of the transmission line�

Variables X and  are functions of the phase constant and the characteristic

impedance� respectively� As stated in Section 	�
� the characteristic impedance of

the transmission line is given by Equation �	�	
�� Zc �
q

R�j�L

G�j�C
� and the propagation

constant as given by Equation �	����� � �
q
�R � j�L��G � j�C�� Thus solving for

the propagation characteristics from Equations �
��� and �
���� implies extracting the

electrical parameters R� L� G� and C�

��



Taking the di�erence of Equations �
��� and �
��� and simplifying results in

S�� � S�� �
 �X

��  X
�
���

Adding Equations �
��� and �
��� and simplifying results in

S�� � S�� �
 �X

� �  X
�
�
�

Multiplying Equations �
��� and �
�
� results in

�S�� � S����S�� � S��� � S��� � S��� �
 �X

� �  X

 �X

��  X
�

 � �X�

��  �X�
�
���

De�ning a quantity Q and manipulating Equations �
��� and �
����

Q �
S��� � S��� � �

�S��
�
 � � �

� 
�
���

allows the re�ection coe�cient to be solved for with the following equation�

 � Q�
q
Q� � � �
����

Using Equation �
�
� to de�ne the quantity U �

U � S�� � S�� �
 �X

� �  X
�
����

Making use of the quantity U de�ned above allows to solve for X in terms of U and

 � which are both de�ned in terms of the scattering parameters above� As a result

of the above manipulations� both  and X are directly extracted from the scattering

parameters� The values for L� R� G and C can then be extracted using Equations

�
�
�� �
���� and the following�

R � Re�Zc � �� �
����

L �
Im�Zc � ��

�
�
��	�

C �
Im���Zc�

�
�
��
�
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for the ���� coaxial cable�

G � Re�
�

Zc

�
����

The ���� coaxial line of length l � � m is the �rst transmission line to undergo

this extraction� The other transmission lines follow� The scattering parameters for

the ���� coaxial line are measured on the HP �
�	 Network Analyzer and shown

in Figure 
�� and Figure 
��� Using the above technique� the magnitude of X is

extracted with the measured scattering parameters and plotted against the length of

the line normalized to a wavelength in Figure 
�
�

It becomes evident that a problem arises every half wavelength when Figure 
���

displaying the magnitude of  � is examined� The �jumps� in the magnitude of  

reappear in the characteristic impedance Zc � Zo
���

��� � as is revealed in Figure 
��� If

these �jumps� in the magnitude are ignored� then the problem carries over into the

�
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extracted L� R� G and C which are derived from Equations �
������
����� In Figure


�
 the resistance �jumps� when the length of line is a half�wave multiple� This is

also true for the inductance� capacitance� and conductance� The rough curve for the

characteristic impedance causes the spikes in the L� R� C� and G parameters�

The cause of these �spikes� may be realized once the scattering parameters are

taken under a closer inspection� It becomes evident that S�� goes close to zero ev�

ery half wavelength� which would be expected by simple transmission theory� The

impedance at any point along the line repeats every half wavelength�

Figures 
�� and 
�� are the measured S�� and S�� of the ���� coaxial cable� It

should be noted that Figure 
�� has a very narrow magnitude range on the vertical

axis because the cable is virtually a perfect match ������� Looking at Figure 
��� the

magnitude of S�� approaches zero every half wavelength� this causes Q in Equation

��
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�
���� to have singular points at these frequencies as is shown in Figure 
��� on page


�� Unfortunately the main cause of the problem is the sensitivity of the network

analyzer� It is not capable of measuring the exact values for S�� when the magnitude

becomes very small� Since  is dependent on Q� the measured data points around the

frequencies near half wave multiples do not allow for the extraction of the L� R� C�

and G parameters� which is demonstrated in Figure 
�
� as the resistance is plotted

against length normalized to a wavelength� It becomes obvious the resistance �blows

up� every half�wave multiple�

In order to obtain adequate information to recover the characteristic impedance

and � from X� it becomes necessary to avoid these half�wave points� It is certainly

possible to extract the transmission line parameters in the low�frequency range where

the length of the line is less than a half wavelength� The results shown in Figures


����
��
 give the parameters for the coaxial ���� cable� lines Type ��
� and the

microstrip line� With the L� R� C� and G parameters� the velocity of propagation is

derived as vp �
�p
LC
�

��� ABCD Parameters

If the transmission line characterization is desired over a frequency range spanning

multiple wavelengths of transmission line� it becomes necessary to �nd a technique to

avoid these singular points at the half wavelength points when determining the lumped

transmission line parameters� The �rst attempt at this is to avoid the division by S��

in Equation �
��� by making use of the ABCD parameters as described in ��� by the

following equations�

v� � Av� �Bi� �
����

i� � Cv��Di� �
��
�
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� Microstrip� LRCG� v� and Z extracted with the �wave technique� up
to ����

	�



where v�� v� and i�� i� are the input and output voltages and currents� respectively� of

a given two port� These parameters are related to the transmission line characteristics

as follows�

A � cosh��d� �
����

B � Zc sinh��d� �
����

C �
�

Zc

sinh��d� �
����

D � cosh��d� �
����

The reason these parameters may appear desirable is that they make it possible to

convert from the scattering parameters� which were measured� to ABCD parameter

without any S�� division as seen in the following equations�

A �
�� � S������ S��� � S��S��

�S��

B �
�� � S����� � S���� S��S��

�S��

C �
��� S������ S���� S��S��

�S��

D �
��� S����� � S��� � S��S��

�S��
�
����

It then becomes possible to extract the transmission line characteristics � and Zc

from the ABCD parameters as is indicated by Equations �
������
����� With � and

Zc at hand� R� L� G� and C can be found using Equations �
������
����� Though it

seems that this manipulation would get around the singularities at the half wavelength

points �since the division by zero is avoided�� the problem unfortunately remains as

is seen in Figure 
����

It is again evident that the resistance blows up when the length of a line is a half

wave multiple� as it did with the full�wave technique� The characteristic impedance

Zc using this technique comes out exactly as it did in Figure 
��� Overall� it is evident
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�
 where the resistance is extracted
using the �wave� technique directly�

that the problem is caused by the limited sensitivity of the instrument for low values

of S��� and even though these ABCD parameters avoid the division by S��� Zc is still

depenedent on the instrument sensitivity�

��� Lumped Model Topology

The next attempt at avoiding the singularity at half wave points is to relate

the measured scattering parameters directly to resistive� capacitive� and inductive

elements� This means assuming a lumped model topology which would allow for

an easy analysis and determination of the scattering parameters� The analytically

determined scattering parameters can then be related back to the original lumped

elements� Similarly� the measured scattering parameters can be related to these

lumped parameters�
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C/2C/2

Figure 
���� Equivalent lumped transmission line circuit�

A simple lumped topology to choose would be one similar to that depicted in

Figure 	��� The transmission line will surely have all of the parameters in the lumped

topology� so why not assume this topology represents the entire length of the line!

If the transmission line has a negligible conductance� the topology of Figure 	�� can

be simpli�ed to that shown in Figure 
���� This circuit can easily be analyzed to

determine the scattering parameters� The restriction on this circuit composed of

lumped elements is that the length of the subsection it represents must be much

smaller than the wavelength of the applied frequency�

If the entire transmission line is represented by the lumped model� the scattering

parameters of the lumped model can easily be derived as�

S�� �
P � �Y Zo � Y P

�Zo � P � �Y Zo � Y P
�
��	�

S�� �
�Zo

�Zo � P � �Y Zo � Y P
�
��
�

where P � �R�j�L���� j�CZo
�

�� Y � j�CZo
�

� and Zo is the reference line characteristic

impedance� as depicted in Figure 
��� De�ning a quantity A � �Zo�� � S��� allows

for the extraction of Y and P given above in terms of L�R� and C lumped parameters

from the given scattering parameters�

Y �
A� �S��S��Zo � S��A


S��Zo � �S��S��Zo � S��A�A
�
����

P �
A� �Y S��Zo

S���� � Y �
�
����
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Now the L� R� and C parameters are derived from Y and P and are divided by the

length of the line in order to get the inductive� resistive� and capacitive values per

unit length� With the L� R� and C parameters� the velocity of propagation is derived

vp �
�p
LC

and the characteristic impedance is Zc �
q

R�j�L

j�C
�

It may be of some interest to examine the exact range in which this model is valid�

Theoretically the lumped model represents a length of transmission line that is much

less than a wavelength� What de�nes �much less�! The results of an attempt made

to use this lumped model in the frequency range where the length of the line reaches

a wavelength are given in Figures 
��
�
���� It becomes evident that the lumped

resistance and inductance start to stray from the values determined with the wave

technique and given by Figures 
��
 and 
��� at about a ��th of a wavelength�

Zooming in on the region where the length of the line is approximately a ��th of
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a wavelength� the lumped model methodology is employed to extract the L� R� and

C parameters for the ���� coaxial cable� The results for the line are shown here in

Figures 
����
��
�

This method obviously does not add any improvement to the �wave �approach

described in Section 
�	� In fact this �lumped model� is only valid in the frequency

ranges where the line length is considerably less than a wavelength� around a ��th�

while the �wave� approach may be used up to frequencies where the length of line

approaches half a wavelength� nearly �ve times the frequency range of the �lumped�

approach� If it is desirable to extract the characteristic parameters into higher fre�

quencies� the lumped model does not have any advantage over the �wave� approach�

because not only is the wave approach valid in a larger frequency range� but it also

accounts for the conductance� thus� the �wave� appoach takes all parameters into
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account� Looking ahead� Section 
�
 gives further evidence why this model fails�

��� Approximations

A more successful method in extracting the L� R� G� and C parameters entails

a simple approximation� Looking at the extracted parameters X and Q that were

originally derived in Section 
�	 by Equations �
�
� and �
���� respectively� �see Figures


�
 and 
����� it should be noted that the problem of S�� going to zero is only prevalent

in the magnitude of Q� The plot of the magnitude of X is smooth and has appropriate

shape X � e��d� Since the characteristic impedance Zc is dependent on Q� in order

to avoid the points of instability� it becomes necessary to �nd another approach to

extract Zc�

Since the characteristic impedance of the transmission line is not smooth due to

the measurements� as shown in Figure 
��� the L� R� C� and G parameters have the


�



problem jumps at the half�wavelength point� when the data extracted characteristic

impedance is used in Equations �
������
���� shown below for convenience by the

group of equations labeled �
��
��

R � Re�Zc � ��

L �
Im�Zc � ��

�

C �
Im���Zc�

�

G � Re�
�

Zc

� �
��
�

However� if the characteristic impedance is assumed to be a constant when using

Equations �
��
�� the L� R� C� and G are readily extracted�

If a line is drawn through the average of the real part of characteristic impedance�

as in Figure 
���� it is easy to see that the characteristic impedance stays relatively

constant over the frequency range and that the deviations are caused by the S�� jumps

which are a cause of the sensitivity of the network analyzer� Assuming that the real

part of characteristic impedance does stay constant over the frequency span at �����

as indicated by Figure 
��� �Figure 
�� in Section 
�	 allows for the imaginary part

of the characteristic impedance to be ignored� and the � values are determined using

original equation for X in Equations �
�
� and �
��
� allow for the extraction of the

sought L� R� C� and G parameters� Figures 
��
� 
���� 
�	�� and 
�	� show the L� R�

C� and G parameters over the entire frequency range spanning multiple wavelengths�

These �gures show that the resistance takes on the square root of frequency form�

which is expected as the frequencies increase� Using the inductance and capacitance

values extracted the velocity of propagation is extracted vp �
q

L

C
� This approach is

also applied toward the Type ��
 lines and the microstrip line� The results are given

in Figures 
����
�	��

To summarize this procedure� it is evident that S�� and the extracted parameter
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X � e�d contain enough of the transmission line propagation information to extract

the L� R� C� and G parameters once the characteristic impedance is known� The char�

acteristic impedance is easily calculated formQ� however measurement discontinuities

prevent the characteristic impedance Zc from being constant� By approximating Zc

with the mean of the calculated values for Zc as done in Figures 
���� 
���� 
�	�� 
�	��

and 
�	
� it is possible to extract the L� R� C� and G parameters with � which is

extracted from X�

��� Extrapolation

It may be desirable to have a wide frequency range characterization technique

using only low frequency scattering parameters� An attempt is made to use the

�lumped� model parameters described in Section 
��� assume the inductance and

capacitance stay constant over a large frequency band� and use an equation curve

�t to the �lumped� extracted resistance� The problem lies in the fact that in the

low frequency range� the resistance does not have the f
�

� response as is indicated by

Figure 
�	�� Although the equation for the curve may be extrapolated into higher

frequencies� Figure 
�	
 compares this extrapolated resistance with the resistance

found using the approximation for the characteristic impedance described in Section


���

Looking at Figure 
�	
� it is evident that in the frequency range from 	� kHz to

��� MHz� the �lumped� extrapolated resistance is larger than the �wave� resistance�

This may be accounted for by the fact that the lumped model does not take the

conductance into account� Though it is usually negligible� it is obviously a factor

for this cable� With the lumped model� the loss in the conductance is grouped in

with the series resistance loss� thus� an overall larger resistance than the wave model

predicts� The wave model takes both the parallel conductance and series resistance

�
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into account�

In the frequency range higher than ��� MHz� the lumped model extrapolated

curve is lower than the wave extracted curve for the resistance� The low�frequency

extrapolation cannot capture the f
�

� response the resistance has because it does not

span a large enough frequency bandwidth� Over a large bandwidth� the f
�

� resis�

tance response becomes evident as Figures 
��
�
�	� indicate� however� this cannot

be achieved with the lumped model which is only valid in the low frequency range�

If the low�frequency portion of a f
�

� curve is zoomed in on� it does not necessarily

look like f
�

� � In fact� the lower the frequency� the more closely the curve looks like

f � a linear response� In conclusion� though an improvement may be made to this

lumped model to include the conductance and account for the extra loss� it cannot

be used to predict the transmission line response into higher frequencies with much

accuracy�

Future work may include using an extrapolation with the parameters extracted

with the �wave� technique described in Section 
�	� Since the parameters are easily

extracted up to ���� a larger frequency band is available from which to extract the

equation curve �t� Again� the �wave� technique already takes the conductance into

account� so this parameter does not need to be adjusted�

��



CHAPTER �

CONCLUSION

In an attempt to use the �wave� model to characterize transmission lines� it

becomes evident that every half�wavelength� S�� becomes very small� The sensitivity

of the network analyzer does not allow for the exact value of S�� to be captured at

these frequency points� This discontinuity in the measurement causes �spikes� in the

extraction of  � the re�ection coe�cient� and� in turn� the characteristic impedance

of the line� This problem is easily avoided in the low frequencies� where the length of

the line is less than half a wavelength�

In the low�frequency range� the procedure described in Section 
�	 allows for the

extraction of the transmission line parameters� Zc� �� R� L� G� and C� The lumped

model topology described in Section 
�� fails to account for all the loss due to the

parallel conductance� and as a result� the derived series resistance is greater than

the more accurate �wave� approach predicts� Furthermore� Section 
�
 shows that

the low�frequency data is insu�cient to accurately characterize the lines into higher

frequencies�

To characterize transmission lines over a wide frequency band covering multiple

wavelengths� it becomes necessary to avoid these half�wavelength singularities� Look�

ing back to Section 
�	� it is evident that the division by S�� in Equation �
��� causes

the high sensitivity to the small magnitude inaccuracies mathematically� In order to

avoid this sensitivity� the measured scattering parameters are numerically converted

to ABCD parameters� In this manner� the division by the highly sensitive variable

��



S�� is avoided� It is then feasible to extract the transmission line characteristics di�

rectly from the ABCD parameters� This manipulation is an improvement from the

extraction described in Section 
�	� as is evident from a comparison of the magnitude

of the �spikes� in the extracted resistance from the two techniques shown in Figures


�
 and 
���� however� the �spikes� still remain�

The most successful approach for extracting transmission line characteristics is

found in Section 
��� A simple approximation for the characteristic impedance is

used in the extraction of all the other characteristic parameters� This approxima�

tion avoids the �spikes� that appear at the half�wavelength frequencies� A further

improvement in this technique would entail using an equation curve �t for the char�

acteristic impedance� In Section 
��� the characteristic impedance stays relatively

constant� however� it is well known that the characteristic impedance is in fact fre�

quency dependent ����
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