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Introduction

Professor Lynford Goddard
Section E (MWF 1-2pm)

Room 2254 Holonyak Micro
and Nanotechnology Lab

lgoddard@illinois.edu
Office hours: TH 10-11AM
Hybrid: In 2254 + Zoom

Opportunity to practice
solving problems and
discuss concepts




Zoom expectations (spring 2021)

e If we interact in a virtual environment, appropriate
classroom behavior is expected
— Dress appropriately
— Assume all video and audio is recorded
— Use your real names - can add pronouns if desired
— Respectful to classmates and instructors
— Have out: lecture notes, paper, and pen/pencil to take notes
— Close unneeded applications

e Turn video on but mute yourself until you want to speak
— Use Virtual Background - solid color, e.g., light gray
— Quiet well lit, distraction-free room

e Ask concise clear questions in chat

— Send private messages to the TA not me (to each other when
working in group is fine but this will show up in our records) -

e View shared screen, participants on top, chat at side



Other administrative

e Course webpage:

https://courses.engr.illinois.edu/ece329/
- Syllabus

— Course Calendar

— Grading Policy

- Homework assignments

— Gradescope, Canvas

— Past Exams

— Class Notes

— Recorded Lectures

e Rao’s book (7th ed. or 6t is good also)



How to get an A in ECE329

e Time Management. Allocate 10 hrs/wk of regularly scheduled
times in the week outside of class for 329:

e 30 min for reading of textbook before each class

e 30 min for studying Kudeki’s online notes before each class
e 30 min for studying these notes between classes

e 75 min for practicing problems at the tutorial session

e 4-5 hrs/wk for HWs

- In a semester, all lectures total only 32.5hrs, which is less than 1
week at a job! It's up to you to put in the time to learn
— Get a 1” binder (organize lecture notes/HWs/exams)

— Start assignments early. Do all problems by yourself first. If
you get stuck, form study groups to work on problems together
but ALWAYS write-up and submit YOUR OWN solutions. Do
not blindly copy.

- Ask questions and come to office hrs if you get stuck. Don't let
confusion snowball.
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How to get an A in ECE329

Practice doing problems. Get comfortable with the math
manipulations and associated physical meaning, and you will find
exam problems to be easier
- HW problems, example problems worked in lecture and online class
notes, old exam problems, office hours
Review your prerequisites.
— Vector calculus, line/surface integrals: Math 241
— Linear circuits, system analysis, phasors: ECE 110/210
— Electric and magnetic fields: Physics 212
Come to class!!
- HW & Participation are significantly correlated with your grade
e Historically, the A student scores 96% on HWs and misses <2
classes. And each reduction of 7% on HW scores and/or 5
absences is correlated with 1 full grade lower.
— I will discuss topics to be emphasized on exams and give hints about
how to approach the more difficult homework problems.
— Learn by repetition - feel free to attend multiple sections and to watch
my spring 2021 recordings, especially when the topic is confusing.

Practice the "Learning How to Learn” tips on the website.
6




Upcoming Schedule

e Lectures 1-6 are a review of PHYS 212 and
MATH 241 - covered quickly

— Read Chapters 1 and 2 of Rao’s text over the next 2
weeks

e Kahoot polls will be used for challenge
problems beginning in Lecture 4. Bring a
smartphone or laptop.

e First day survey for spring 2025:
https://forms.illinois.edu/sec/134488490
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EM Spectrum

TABLE 1-1
Frequencies and wavelengths of the electromagnetic spectrum from almost dc

fo oamma-ravs

Freq uen Cv Freque;lcy,f =¢/A  Wavelength, A = c/f Wavel en q t h

A 1 Hz 1 -+ 300
Hz 10 -+ 30 Mm , _
o — Earth’s Diameter
pr— Gm
103 Hz — 1 —+ 300 o
KHz 10 -+ 30 km
100 4 3 — Mt Everest
. — 10°m
Radio 10°mz— 1 - 300 :
Mz { 10 - 30 } — Redwood tree
7\»f_ C 9 AR SES - Person
M I == 300 — Hydrogen line
GHz 10 = 30 mm
: 100 + 3 1(3,[2 llinel .
T oww— it 7™ 2 Grain of Sand
Infrared THz { 10 - 30 }
. 100 -3 - Bacteria
Visible i 10%5 Hz — 1 -+ 300 — Mo )
uv sz{ 10 1 30 } ~ Virus
A 100 — 3 , . '
X'Ray 1018t — { 500 — 10°m  — Atomic spacing
% EHz { 10 = 30 } — Atom
100 < 3 o
— 10—12
GammaRay "™ T
{ 10 -+ 30 }
' 100 4~ 3 1
Goddard/Cunningham _wsm — Atomic Nucleus
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Speed of Light

Distance Travelled Travel Time
ACross a virus 100x10-18 sec
300 meters 1 microsecond
NY to LA 13 milliseconds
Around earth 0.133 sec
Earth to Moon 1.2 sec

Earth to Sun 8.3 minutes
Earth to Mars 3-21 minutes
Sun to nearest star 4 years
Diameter of our galaxy 100,000 years
Edge of known universe 15 billion years

c = 299,792,458 m/s (used to define the meter!) s

Goddard/Cunningham
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Sending/Receiving EM Waves

Radio telescope

Cell phone
Satellite receiver
Fig F e
Television
e Wireless Internet _ P
: ){ Microwave patch antenna
RF ID Tag

Goddard/Cunningham
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Guiding EM Waves

Strip line (rf)
LONGITUDINAL VIEW CROSS
SECTION
Battery 2-wire line (dc)
2 : : _ 4 2
R
T & L% »

Generator  2-wire line (ac)

: o— o]
Q- :

Coaxial line (dc, ac, rf) Optical fiber (light)
Axon (animal nerve) line Wireless link
/——-\/——V———Y_‘Y——'\ i with antennas i l
T D e S SOy

Noiseless, lossless \ l 7 !

Goddard/Cunningham
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Brief History of EM

Charles Coulomb in

1785 demonstrated

how electric charges
repel one another

Goddard/Cunningham
ECE329 Lecture 1

Andre Marie Ampere
discovered that an
electric current produces
a magnetic field in 1820

Michael Faraday in 1831
showed that since an
electric current could
produce a magnetic
field, a changing
magnetlc field can
produce an electric
current. “Principle of
Induction” used for first
electrlc generators




James Clerk Maxwell
(1831-1879)

e 1855-1868 - formulates field equations for
electromagnetism. Predicts existence of EM
wave propagation and the speed of light.
Shows theoretical possibility of generating
electromagnetic radiation

e 1873: publishes
Treatise on Electricity
and Magnetism

Goddard/Cunningham
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Maxwell’'s Equations

Integral form Differential Form

d

iE-dLZ—a:!B'dS Faraday Vsz—a—B
ot
d

iH-dL=£J-dS+a£D-ds Ampere wmu%
§Dd8= jpdv Gauss VDZIO
S Vol
§Bd8=0 Gauss V.-B=0
S

E Electric Field

H Magnetic Field

D=¢E “Displacement Flux Density”
B=uH “Magnetic Flux Density”

J Current Density

Charge Densit
Goddard/Cunningham P 9 y
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Computers use Differential
Form for Complex Objects

From huge objects to the nanoscale,
Maxwell’'s Equations always work!

VFY-218 Jet Fighter at 500 MHz

Goddard/Cunningham
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Cell Phone Interaction with Human Head

Cut plane through [ RIS

the'celiprone Maps of the E-field and SAR within the cut plane.

Relative intensities are shown in dB.

Source: Remcom Inc. website: http://www.remcominc. com/htmi/index.htmi

Photonic Bandgap Defect Mode Lasers

AN Total Internal Reflection (T1R)
AN Distributed Bragg Reflection (DBR)

Detoct Hogion M2 waveguide (n=3 4)
Active Reglon (4 Q\Ws) Elchext Alr Holes (n=1)
InP Substrate (n=32)

Undercut Ragion (n=1)

Goddard/Cunningham _ )
ECE329 Lecture 1 Painter et al., Science, June 11, 1999.
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Sections 1.1-1.2

Vector Algebra
Cartesian Coordinates
Differential Length Vector
Differential Surface Vector

Adapted from Prof. Cunningham’s Notes

Goddard/Cunningham
ECE329 Lecture 1
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Today's Topics

e Review
— Scalars (numbers) and vectors
- Unit vectors
- Vector addition & subtraction
- Magnitude
— Dot product
— Cross product

e New Topics

- Differential length vector
— Differential surface vector

Goddard/Cunningham
ECE329 Lecture 1
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Cartesian Coordinate System

A Z

Unit vectors
A d A

X y z

Notation
A=A4, +A4, +A4,

v <<

Alternate Notation
A=<A, Ay A >
A= Aa, + Aa, + Aad,

13

Goddard/Cunningham
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(Review at home)
Vector Math

A=A.a +Aa,+A.a, B=B.a.,+Ba,+B.a,
Magnitude of A

AR

Unit vector in direction of A
4 A _Aa,+Aa, +AxQ, A
A AR “ mA
Multiplication of A by a scalar ~
mA=mA4, +mA & +mA4,

14

Goddard/Cunningham
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(Review at home)
Vector Math

—» —

A=A.a +Aa,+A.a, B=B.a.,+Ba,+B.a,

ool

Addition of A and B
A+B=(A +B)a, +(A +B)4, +(A +B,)3,

Subtraction of A and B
'B‘_ é — (Ax o Bx)é\‘x + (Ay — By)éy + (Az o Bz)éz

15
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Dot Product

—> —>

A=A.a +Aa,+A.a, B=B.a.,+Ba,+B.a,

Dot Product of A and B

—

A-Bz‘,&H@‘cosH

Blg/ 4

Resulting quantity is a SCALAR

Physical Meaning

(Magnitude of A)*(Projection of B onto A)

or (Magnitude of B)*(Projection of A onto B)

AeB=DBe

16

Goddard/Cunningham
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Dot Product

-

—>

A=A.a +Aa,+A.a,

Dot Product of A and B

AeB= ‘EHB‘ cos &

il

cosfd=1

Z-E:\ZHE\ AJIE < As

Goddard/Cunningham
ECE329 Lecture 1

B=Ba +B.a, +B.a,

17



Dot Product

A=A.a +Aa,+A.a, B=B.a.,+Ba,+B.a,
ALB < AeB=0
A|||§@A.§:\AHE\
Dot Product of Unit Vectors
aea =1 ay a =0 agea =0
aea,=0 aea =1 aea =0
eq. =0 a,ea.=0 g eqg =1

=(4,a,+Aa,+A.a. )e(B.a,+Ba,+B.a,
Yoy

AeB= AB . +AB +AB. Scalar

Goddard/Cunninghant
ECE329 Lecture 1




Discussion Problem

e Given A=<3,2,1>, B=<1,1,-1>,
C=<1,2,3>, find:
a. |A+B-4C]
b. unit vector along (A+2B-C)
c. AC

19

Goddard/Cunningham
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Cross Product
A=Aa +Aa, +A4.a B=Ba +B,a,+Ba

xx y oy z7z

Cross Product of A and B
Resulting quantity is a VECTOR

| B
Magnitude
- = -l = . Vector out of page
AxB= ‘AHB‘ sind pointing at the
classroom
Direction

Perpendicular to BOTH A and B
Two possible vectors satisfy this condition
Determined using the RIGHT HAND RULE

20
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Right Hand Rule

Bus Driver in Kauai Demonstrating the Right Hand Rule

Goddard/Cunningham
ECE329 Lecture 1
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Cross Product

—>

A=A.a +Aa,+A.a,

Cross Product of A and B

B=B.a +B

AxB=-Bx A4

Same magnitude
Opposite direction

Goddard/Cunningham
ECE329 Lecture 1

X vy z7z

Vector out of page
pointing at the
classroom

Vector into page pointing
away from classroom

22



Cross Product

—>

A=A.a +Aa,+A.a,

Cross Product of A and B

i< B=||singa,

e S

AlB

sinfd=1

N

B=Ba +Ba +Ba

X X

dxB=|iB

dy

il
sinfd=0

AxB=0 A|lB

Goddard/Cunningham
ECE329 Lecture 1

Y

N

y

z

N

z

23



Cross Product of Unit VVectors

Cross Product

+A.a,

A1 B < AxB=|A|B

A|B< AxB=0

B=Ba +B.a, +B.a,

d
/N /A /\ Fay /A /A o) X
a xa, =0 a,xd, =-a, 4a,xda,=4a, / \
a, xd, =4, a,xa, =0 a><ay —a, 4 <= 4
A xa =-a A xa =4 A RH Coordinate System
A x 3, ay y Z a, xa, =0 Sign Convention
a, a, a,
AxB=|4A, A, A|=(AB B)a +(A.B.—A.B)a,+(A.B,—A4 B, )a.
B, B, B| _ _
Y —~
Vector 24
Perpendicularto A & B
Goddard/Cunningham
ECE329 Lecture 1

Right Hand Rule to Select Direction




(Review at home)
Vector From Origin to a Point

L A

P, (Xq, Y1, Z9) 25

Goddard/Cunningham
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(Review at home)
Vector Between Two Points

P.: (X4, V1, Z4) Py (X2, Y2, Z5) %

Goddard/Cunningham
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(Review at home)
Vector Between Two Points

A —
Ri»

R,= (FinalPosition)— (InitialPosition)
Iilz — (Xz - Xl)é‘x + (yz - yl)éy + (Zz - Zl)é-z

Goddard/Cunningham
ECE329 Lecture 1
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Differential Length Vector

Always tangent to a curve or surface

Exact vector iIs different at different

Curve places on the curve or surface

What we will plug into Faraday’s law

dl = dxa. +dya +dza

(in carteS|an coordinates only)

Goddard/Cunningham
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Imagine you are walking in a river and the water pushes with a
force, F, determined by the river’'s VELOCITY VECTOR FIELD.

Path element

Il to F P,

Path element F

LltolF
P, E o
P

0 F

g S dL
r
Fr £7)

dL
9 \ dL
F
dr
How much work does the river do if you walk from P, to P, 29

Goddard/Cunningham along the path shown?
ECE329 Lecture 1



Discussion Problem

e Given A=<3,2,1>, B=<1,1,-1>,
C=<1,2,3>, find:
a. BxC
b. A-(BxC)

e For each line, find dl if the z-component
of dl is dz:
a. x=3, y=4
b. x+y=0, y+z=1
c. the line passing from (2,0,0) thru (0,0,1)

30

Goddard/Cunningham _
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Surface Vector

Easy example surface:

Flat surface in the yz plane

Pick a point on the surface

Find two vectors at that point

that are tangent to the

surface

A surface vector is always normag(l
(perpendicular) to the surface

You get normal vectors by performing a cross product

S=|_><|_ 31

Goddard/Cunningham
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Surface Vectors

How do we come up with a
surface vector when a surface iIs
curved?

Surface in 3D

If we zoom into a small enough
area, the surface will “look™ flat

32

Goddard/Cunningham
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Differential Surface Vectors

Find two differential
length vectors at the
point on the surface.

Think of dS as a tiny
parallelogram with sides
bounded by dl, and dl,
and direction perp to the
surface.

Goddard/Cunningham
ECE329 Lecture 1



Cartesian Coordinates

(x,2)
dl = dxa, + dya, + dza,

dS = +dydza.
ds = +dzdxa,

dS =+dxdya.

Goddard/Cunningham
ECE329 Lecture 1



Differential area or surface vectors
for unit vectors in cartesian coords

Vi

dA, = —dxdz 4,

dS = dxdya,

A

dS = dzdxa,

dS = dydz4,

35

Goddard/Cunningham
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Lecture 1 Summary

e Dot Product AeB-= —

e Cross Product

AxB = —< , ,

e Next two lectures:
— Scalar and Vector Fields (1.3)
—The Lorentz Force (1.6)
— Coulomb’s Law (1.4-1.6)
- Surf. Integrals/Gauss’ Law (2.2,2.5) %

Goddard/Cunningham
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Lectures 2-3
Sections 1.3-1.6, 2.2, 2.5

Scalar and Vector Fields
Lorentz Force Equation
Coulomb’s Law
Surface Integrals
Connecting Coulomb’s and Gauss’ Law

1

Goddard/Cunningham
ECE329 Lectures 2-3 © Lynford Goddard and Brian Cunningham - Copying, publishing or distributing without express written permission is prohibited.



Scalar Field

Tornados

Between LRS00 - 1936

} . v Siates
Torvado Count
[ ] Mo Data
[ 11-3
Ee-17
B 1E - =0
G050 A0 30 F0 00 010 30 30 40 50 &0 T E0 90 100 1101 F L 5S — 5
T TEE T ] Bl G- 118
B T I T T I T R T T R
Temperature

e (O
Population Density -

Elevation

2
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ield

Vector F

Goddard/Cunningham
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Vector Field

Example E(x, y) =Jya, tsmnxa,
3-""_%1&%‘%%“@%—%—"}“%“‘%”’?*&#%’“%‘_}
ﬂﬂ%ﬂ%ﬂﬂ——a—%f—?ﬁﬂﬁjﬂ—&

“Hhim‘a%‘a‘*@”ﬁ?ﬁﬂifﬁ?
4 ; , S T T I T
= Ok }L_L_LLL -“‘Lmﬁ,.,lt..r 'T_T ""7.-:“ _
ol S Y A Y S A i ; ;
— g?ggg@gv?‘“ER‘w‘?ﬁ‘h‘im“ﬂﬁ
] R MH,EE H..ﬁ...&..&i..& SN N F-,ﬁ-.-, ]

P
Q_Hé:f&ﬂﬁ&ﬂ#fé‘;é_é!hh&‘&hh{__

&EEWEF#—’%—H%HEER%E
ﬂ.&.&_éﬁyyww‘%—@ﬁﬁ;ﬂhhﬁhﬁﬁ&_.“_

1 1 1 1 1 1
-3 —2 -1 0 1 2 3
ki
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Vector Field

Exampl E — va +sinxa
xample E(x,y)=ya, +sinxa,
“Direction Line” or “stream line” or “flux line”

%‘?FF#’FFQ—F—R&&&&G\H

_3_{_,*&,____ HHHEH:E:._{,_Q—F_ h&hﬁ&&@_-

-3 -2 -1 ] 1 2 é
E vectors are tangent to the direction line (parallel to differential length vectors)
Thus, slope of direction line is m = dy/dx = E,/E, 5

Goddard/Cunningham
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Electric force

{_HHMHHEQ_Q—HH&&%‘F—-{—_
‘h?ﬁﬁfﬁﬁ%%&&&&&%%
_3_{_,*&,____HHHE:E:._{_FH&&&&&@_.“_

I
-3 -2 -1 o 1 2 3
=

Force vectors F. are parallel to E for a positive charge q

Goddard/Cunningham
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Direction:

Goddard/Cunningham
ECE329 Lectures 2-3

Magnetic force

— —

F,, =qvxB

Perpendicular to velocity vector — does no work!
Perpendicular to B vector

Point thumb in direction of
Curl fingers as if valocity, fingars in magretic
rotating vector vinto figld direction. Then palm
vector B. Thumb is in - .~ - direction is direction of
the direction of force. F = Qv x B force on charge.
V N
—~
South S I\I'r
pole of —
magner
North
pole of
magner
Force is in direction Force direction is 7
e — that thumb points. outward from palm. _—




Lorentz Force Equation

So if a region of space contains BOTH an E field and a B
field, a moving charge will experience force from both at
the same time...

—

FTOTAL :FE+FM

Frorar =qE +qv xB

Goddard/Cunningham
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Application: Mass Spectrometers

e Part I: Velocity Selector

— Particles with a specific velocity in
crossed EM fields are undeflected

A AZ
EOaZ B ".@

— VOax

rora = 4(Ey —voBy)a, =0 iff v, = EO/B;O

Goddard/Cunningham
ECE329 Lectures 2-3
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Application: Mass Spectrometers

e Part II: Mass Selector

— Mass sets the radius of B-field orbit
since particle velocity is the same

2R

Problem: Solve for R as a function of the
particle’s mass, m, and velocity, v,

F, :mvg/R =qv,B,

Goddard/Cunningham
ECE329 Lectures 2-3
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Current = Moving Charge

What is CURRENT? CHARGES IN MOTION!!

Idi 7 —
— Idl =qv
coul m

—— - m=coul - —

sec sec

So the current in a wire, I, flowing across a
magnetic field will feel a force...

Goddard/Cunningham
ECE329 Lectures 2-3
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Magnetic force

F, =(Idi)xl§:q\7xl§

Direction: Perpendicular to velocity vector
Perpendicular to B vector

Paint thumb in direction of
Curl fingers as if valocity, fingars in magretic
rotating vector vinto figld direction. Then palm
vector B. Thumb is in - .~ - direction is direction of
the direction of force. F = Qv x B force on charge.
V o
—a}
Sowrh S I\I'r
pole of —
magner
North
pole of
magner
Force is in direction Force direction is
e — that thumb points. outward from palm. _—

Goddard/Cunningham
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Electrostatic Force

What is the force F, on a point charge
Q, due to a single point charge Q,
located a distance R away?

s

. . a
F, F,

< »
<« »

13
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Coulomb’s observations

e The magnitude of F is
— proportional to the product of the

charges
—inversely pro

portional to the square

of the distance

— depends on t

ne medium

e F points along the joining line
e Like charges repel; unlike charges

attract

Goddard/Cunningham
ECE329 Lectures 2-3
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Coulomb’s Law

Fl_ Q1Q2 A sz_ Q1Q2 A

= a
21
4 e, R’

Goddard/Cunningham
ECE329 Lectures 2-3



Electric Field

e The electric field E is the force per
unit charge caused by the source

cha rges Tiny “test charge”

(with + charge)

ar

2
Q2 —0 Q2 472-80R 16

Goddard/Cunningham
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Electric Field Around a Point Charge

-~ 0 .
® \ ! ’/ E_47250R2aR

IS proportional
\ to the length
f l b of vectors

’4 7

e ‘»///l\\‘ \\ Field strength

Goddard/Cunningham *
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Surfaces of Constant E Magnitude
are Spheres

Goddard/Cunningham
ECE329 Lectures 2-3
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Field Lines

e Another way to graphically represent
vector fields

e The field strength is proportional to the
density of field lines

o E-field lines begin on + charges, initially
emanating uniformly in all directions,
and end on - charges

— Can’t stop in midair but can extend to o
e They never intersect

19
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Electric Field Around a Point Charge

E-—Y2 &
4 77&, R

/ \\ Field strength
IS proportional

to the density
of field lines

20
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Electric Field Around a Point Charge

E-—Y2 &
4 77&, R

Gauss’ Law

- Number of
field lines
passing thru
any surface
that encloses
Q; is constant

21
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Calculating the Electric Field

Point Charge at position 4 e, R

(X1,Y1,Z1) Position where we want
to calculate electric field
at Position (x,,Y,,2,)

R= \/(xz _x1)2 +(y, —)/1)2 +(z, _21)2

P (x, —x)a, +(y,—n)a, +(z,—z)a,
Y=
R

Unit vector pointing along direction from Q to Point
22
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Superposition of E Fields

Goddard/Cunningham
ECE329 Lectures 2-3
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Example: Calculate the E-field of
a Dipole at a Point

(0,a/2)

Y

L.

(D,0)

Tip: We only need to work in 2D. Why?

24
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Example: E of Dipole

y (O,a/2)

(0,—a/2)

Tip: Use symmetry to eliminate components
that cancel. Here, we only need to calculate
the y-component and only for one of the
charges (let's say for +Q). Why?

Goddard/Cunningham
ECE329 Lectures 2-3
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Example: E of Dipole

Y

L.

26
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Example: E of Dipole

Rfrom—i—QtoP =< x2 _x19y2 _yl >=< D9_a/2 >

&R _ <D,—d/2> El Q &R

D +a/4 " 47e,R? .

Goddard/Cunningham
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Example: E of Dipole

UNITS

2 ( )ay (Newtons per
47y R A Coulomb) 28

Goddard/Cunning

ham
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Patented 5-Step Program for
Problem Solving

1. MAKE A LARGE CLEAR DRAWING

a. Also draw cross-sections if the problem is in 3D

b. Pick a coordinate system that is appropriate for the
symmetry of the problem

2. Divide charge distributions into tiny pieces
3. Find dE of one tiny piece

4.Use SYMMETRY to eliminate any
components that cancel (i.e. add to ZERO)

5.INTEGRATE to add contribution of ALL the
tiny pieces

29
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Example Charge Distributions

e Several discrete points of charge

e Line of charge

e Ring of charge

e Nonuniform lines or rings of charge
e An infinite sheet of charge

e Infinite box of charge

e Spherical surface of charge

e Cylindrical surface of charge

e Spherical volume of charge

e Cylindrical volume of charge

30
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(Review at home)
Example 1: Find Total Charge of a

Linear Charge Distribution

Linear Charge A, (C/m) distribution
In a circular loop of radius = a

dQ One little piece has a charge (in coulombs)

dQ =(4,)(ad9)

31
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(Review at home)
Example 1: Find Total Charge of a

Linear Charge Distribution

Linear Charge A, (C/m) distribution
In a circular loop of radius = a

dQ One little piece has a charge (in coulombs)

dQ =(4,)(ad9)

Integrate to get the entire charge of the loop:

2 Units:
0= f (A)adp)=274a  Coulombs
$=0

32
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(Review at home)

Example 2: F due to line of charge

d »d »
<« >

L A a

Rod has a TOTAL charge = Q (coul)

So the rod has a charge DENSITY O, = Q/L  (coul/m)

Find the FORCE exerted by the whole charged rod
on the charge g

33
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(Review at home)
Example 2: F due to line of charge

dx g
I I —>
< X ;i > < R ; aX
L a
x=0
What is the small amount of force, dF, applied by
a small sliver of the rod? . .
Differential
. . charge in
]Ichfferentlell_l q [Q dx one small
orce applie ~ L A sliver (coul)
to g dl’ = > 94,
47e R

34
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(Review at home)

Example 2:dF due to line of charge
X q

I I —

< 7. >< R ? a
L a

x=0

INTEGRATE the force from each part of the rod to obtain

the force due to the whole thing:

X

ax

[ I qQ dx
_j 2
dre,L (L+a—x)

0

Fortunately, a, is constant and can be taken outside of the
integral. Not so simple in cylindrical/spherical coordinates!

35
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(Review at home)

Example 2: dF due to line of charge
X q

* e —
< X;i > < R ; a

L a
x=0
INTEGRATE the force from each part of the rod to obtain
the force due to the whole thing:

qQ qQ& 1

L
47z50 '!(L‘FCZ x)’ 47zgoL "L+a—x|

o499 [ 1 }: 9 .

47ngL a L+a| 4nga(L+a)

X

L

36
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Example 3: E due to line of charge

Z

Goddard/Cunningham
ECE329 Lectures 2-3

Linear charge distribution
p, (coul/m) from for -a<z<a

Find E at point on xy plane

Next, consider what happens
when the line is infinitely long

37



Example 3: E due to line of charge

Cylindrical symmetry so use
cylindrical coordinates (r,9,z)

E. .., Will point in a, direction, why?

Goddard/Cunningham
ECE329 Lectures 2-3

SIDE View

Z

TOP View
rsing Y
NG

rcos¢

X dE

38



Example 3: E due to line of charge

SIDE View -
dE = a0 ~d,
47e R

dE. = dE cos(a) = dE%

R:\/r2+22

=, | @

Slightly difficult to integrate directly 39

Goddard/Cunningham
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E =

R

E =

r

Example 3: E due to line of charge
P r A

d
4re, Z_":a (r2 +z* )3/2 #a)

- " s=rtan(a), dz=rsec*(a)da
cos(a)

P j p 200 (“)(rsec (@)da)(@)
dreg, 7

tan(a)=+a/r
(a.) J cos(a)da =

tan(a)=—alr

(a,)sin(a)

47250 47e,r

a

a. )2
477‘90 (@) a’+r’

Goddard/Cunningham
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Example 4: E due to o line of charge

a>>r sowe get

a
limE,. = (@.)21lim
a—>0 472'80 a—>0 az _|_’,.2
P n
/", - (ar)
27e,r
———————————————————— / >y
(x,y,0)
y L, (a,)
272'80

Field strength now drops off as 1/r,
Not as 1/r2 like a point charge *

Goddard/Cunningham
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Lecture 2 Summary

e The electric field E is the per
caused by the source
charges. It points along the

line. For a point charge,
E=

e Next class:
Surface Integrals (2.2)
Connecting Coulomb’s and Gauss’ Law (2.5)

Goddard/Cunningham
ECE329 Lectures 2-3
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Lecture 3
Sections 2.2, 2.5

Surface Integrals

Connecting Coulomb’s and
Gauss’ Law

43
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Electric Field Around a Point Charge

E-—Y2 &
4 77&, R

Gauss’ Law

- Number of
field lines
passing thru
any surface
that encloses
Q; is constant

44
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Surface Integrals

e Flux = # of arrows that pass
thru a surface; it depends on:

- The density of vectors E
—The angle of the surface g

- The area of the surface ﬁg

Goddard/Cunningham
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http://upload.wikimedia.org/wikipedia/commons/7/72/Flux_diagram.png

Surface Integral describes
the Flux of a Vector Field

B

Flux = Be AS

B —
=(Bea,)AS|
=(Bcos a)‘AS‘

dn = ‘BHHAS‘

Goddard/Cunningham
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http://upload.wikimedia.org/wikipedia/commons/7/72/Flux_diagram.png

Trick that works sometimes

If the flux is
« Uniform (has equal magnitude across whole surface)
* Perpendicular to the surface

Area=A

1//:HI§Od§:B-A
S

47
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In the general case ...

In the limit n — oo,

Flux, |v = ISB * dS

= Surface integral of B over S.

Goddard/Cunningham
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Differential surface vectors for
unit vectors In cartesian coords

—

dS = +dxdya,

A

dS = +dzdxa,

49

dS = +dydza.
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Electric Flux = Charge Enclosed

e Coulomb’s Law for the Electric field of a point
charge: E o .
- 4r7e,R’ “r Define D=¢4E to be the
“displacement flux density”

W :ﬁf)oa’gzﬁa‘oﬁocﬁ
S S

=g, E(Surf Area)

= &) < (47R*) =0

50
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Same Flux Out of Any Surface

e Same # of field lines pass thru any surface
that encloses Q

WE — ﬁé ¢ d§ — Qenclosed
S

51
Goddard/Cunningham Our first Maxwell Equation!
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Superposition

e The flux for an arbitrary distribution of charges
is obtained using superposition

V4 ~
/” \\
\ /
\
N
S, N \
1 @ \
I |
: /
/
' @ !
! I
/ \'\A
/ |
\ \
\ /
\ /
Ve
\\ ,
Ve
\s.— —5\ /
~
\\_/

Goddard/Cunningham
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WE — ﬁl_j ¢ d§ — Qenclosed
S

FLUX OUT = CHARGE ENCLOSED

52



Simple Example 1

6-sided cube with Q at the center:

® Flux out of entire box = Q
Flux out of one side = Q/6

What if Q is not at the center?

Goddard/Cunningham
ECE329 Lectures 2-3
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Simple Example 2

Flux out of hemisphere with Q at the center = Q/2

Goddard/Cunningham
ECE329 Lectures 2-3
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Challenge Question 1

e What is the flux across the xy plane a,=a, for
a dipole: +Q at (0,0,a/2) and -Q at (0,0,-a/2)?

(a) Q/2
(b) -Q/2
(c) -Q
(d) -3Q/2
(e) -2Q

95
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Challenge Question 2

e What is the flux across the xy plane a,=a, for
the charge distribution: +2Q at (0,0,a/2) and
-Q at (0,0,-a/2)? (Hint: Use superposition.)

Z

(a) Q/2
(b) -Q/2
(c) -Q
(d) -3Q/2
(e) -2Q

56
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Example 3: E due to o line of charge

Linear charge distribution
p (coul/m)

Find E at point on xy plane

/ "y
(X,y,0)

o7

Goddard/Cunningfgm
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Example 3: E due to o line of charge

58
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Example 4: E due to a surface of charge

What surface
shall we draw?

59
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The (Fictional) Yadaraf Bug:
Flux and Surface Integrals

* The Yadaraf Bug

— They live in the ground

— They only come out at night to
search for food

— Very hard to see - REALLY small

— After gathering food, they always
return to their hole in the ground

60
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Yadaraf Bug Travel Paths

Goddard/Cunningham
ECE329 Lectures 2-3
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Yadaraf Bug Travel Paths

Bug Density >
Vector B
(Bugs/m?)

B=low

62
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Yadaraf Bug Counter

Area
—_ Xy

X
e Register a +1 count for each bug going
through in one direction

e Register a -1 cound for each bug going
through in the opposite direction

e Has a known area for the bugs to pass
through

63
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Yadaraf Bug Travel Paths

Bug Density ~

Vectors S
(Bugs/m?) \

2

Goddard/Cunningham
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Bug Counting Net

Bug Density
Vectors
(Bugs/m?)

B

N\

dy

—

A

(normal to net section) 65

Goddard/Cunning
e
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“"Closed” Bug Counting Net

Bug Density
Vectors
(Bugs/m?)

(normal to net section) 66
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So magnetic flux, yg, through a
CLOSED surface is always zero

7

N 222X

£=
= ?
=

67

Goddard/Cunningh o _
Soddard/cunningha™  Magnetic field lines form closed paths (they do not begin or end)



Gauss’ Law for B Fields

Net flux of magnetic field lines through any
closed surface MUST be zero.

{:}E-dﬁzo
S

Our Second Maxwell Equation!

Goddard/Cunningham
ECE329 Lectures 2-3
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Lecture 3 Summary

e Gauss’ Law o
WE = ﬁD.dS — Qenclosed
S

FLUX OUT = CHARGE ENCLOSED

{g@ BedS =0
S
MAGNETIC FLUX LINES DO NOT BEGIN/END

69
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Lectures 4-5
Sections 3.1-3.3

Review of Vector Calculus
Curl and Divergence

Maxwell’s Equations in
Differential Form

1

Goddard/Cunningham
es 4-5
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Fundamental Theorem of
Single Variable Calculus

[ f'(odx = f(b)- f(a)

df=f'(x)dx is the infinitesimal change of f
in going from x to x+dx

Thus, chopping up the interval (a,b) into pieces dx
and adding up df gives the total change

2
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Fundamental Theorem of
Multi-Variable Calculus

[[Vred =) 1@

of . of . Of .

Vf=—a_ +-——a,+—a
4 ox © oy b 0z °

df= Vfdl is the infinitesimal change of f
in going from (x,y,z) to (x+dx,y+dy,z+dz)

Thus, chopping up the path (a,b) into pieces dli
and adding up df gives the total change

Goddard/Cunningham
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Vf is a conservative field

['Vfedi = f(b)- f(a)

of . of . Of .

Vf=—a_ +-——a,+—a
4 ox © oy b 0z °

The right hand side doesn’t depend on path so
VTt is conservative

§Vfedl =0
C

VT is curl-free

Goddard/Cunningham
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Curl @:}
v =<-3y,2x,0 >

—
4/‘/&“—-%&&\\\\\\\\
gy TN
ke e T T T T TS TS SN
b TS S S ~ SN
5t e S NN A A A
S oS S s e e s — S Y ~ N NN a a a
AV AP NV . ’ .
A A N
R A S L T RN vy a a a
O’L [T R R R S AR P V _ 5’\
T S N A ror ot XV — _ aZ
- 77 VAN
N A 8 6 a
NN YA x y Z
NN NN NSNS~~~ =TS P
5\\\\ \\\\\\\\\\\\ P a v ’ y
MO N N S e e s Pyl . ) ]
MO SN S S T T A
N /;—:i:
\‘)ﬁ*)——’)/?////
10\\\\\‘\;\ ‘ — —
-10 5 0 5 10

V X v is a measure of how much the vector field v
circulates at a given point

A place of high curl is like a whirlpool

— Everywhere here is a whirlpool of strength 5
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Physical Interpretation of Curl

- &
velocity /\

position

Rotating paddle wheel
or “curl-meter”

Goddard/Cunningham
ECE329 Lectures 4-5



Physical Interpretation of Curl

] ]

~ River ~ River ~ River

x X | |

No rotation! Anti-clockwise Clockwise
rotation. rotation.

Goddard/Cunningham
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Meaning of Curl

e The curl meter only spins if there is a
non-uniformity in the vector field in a
direction perpendicular to the field
— Curl describes variation ACROSS the flow of

the field

e Rotation rate is proportional to the
degree of non-uniformity

e Rotation is described with a magnitude
and a direction - so it's a VECTOR and
it's given by the right hand rule

Goddard/Cunningham
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ﬂ;ﬁo

dx

NO CURL
Varies ALONG

B

dE
L 20

dx

YES CURL
Varies ACROSS

9
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Example: Curl

e Find the curl of A=(x?-4)a,

Goddard/Cunningham
ECE329 Lectures 4-5

From D3.7 (p 159) of old book
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Stokes’ Theorem
S §vedi =3 [[(vxi)edS =[[ (Vi) edS

Ci
a
/QQ‘\ ‘_/l T_\ ,/ ° SN
= \OOOO\ = \'_: '_:'_:_' \ = \ o \
soseloloL rraeie? l .t
Y -
(\OOOO‘ ("\.Jl-.i.'j ./" (\ /‘
-~ -~
VXv

V x v is a measure of how much the vector field v

circulates at a given point

A place of high curl is like a whirlpool

Thus, adding up the circulation from each whirlpool

iInside a region = the total circ. along the boundary
11
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- Optional: Derivation of
| Stokes’ Theorem

(x,y+dy) i (x+dx,y+dy)

2Y A1 dy
> b
(X’y) 4 (X+dX,y)
«— dx —

Cjﬁoa’f:[vy(x+dx,y+dy/2)—vy(x,y+dy/z)]dy
C

_[vx(x+dx/2,y+dy)—vx(x+dx/z,y)].dx

— dVy _ de
dx dy

Sﬁvodqz(va)odS’zJ'J'(va).dS
¢ S

Goddard/Cunningham
ECE329 Lectures 4-5

-dx - dy

jx+abc/2,y+a?y/2
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V is a conservative field
iff vxv=0

§\7-dz =0=H(va).ds
C S
The following are therefore equivalent:

V IS conservative v is curl-free
§v-dz=o

C
v =—Vf forsomescalarpotential f

b —
I v e d/ ispathindependent

13
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Curl at a Point

“E has CURL” means EMF =0 around a tiny closed path at
a particular point — line integral is path dependent

A
Pl ﬂ/\
y |
L
4 3
S,
1 2

Goddard/Cunningham
ECE329 Lectures 4-5

If there is any DIFFERENCE
in E, in the x direction %% .

dx
Path 123 # Path 143

Or if there is any
DIFFERENCE in E, in the y
direction %;ﬁo

y
Path 123 # Path 143
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Maxwell’'s Equations in
Differential Form

Faraday's Law

Stokes’ Thm
§Eedl = [[(VxE)edS =
C S

= VXE:—d—B
dt

Goddard/Cunningham
ECE329 Lectures 4-5

d

dt

= - d o= -
iEodl:—EgBodS

Héoa’g
S
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Faraday’s Law In
Differential Form

55555 B(t) . B

,///99\!\\\ VxE= 71‘

16
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Challenge Question

e For E=E,cos(wt-pz)a,, which direction
will dB/dt point at t=0, z=n/(4p)7
x|

E-Field at t=0

akils

y Wave moves

—

along +a,

(a) a,, (b) a,, (c) -a,, (d) a,, (e) dB/dt=0

e Hint: find dB/dt directly or use the sketch 17

Goddard/Cunningham
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Maxwell’'s Equations in
Differential Form

Ampere’s Law ifl-dszjjod§+%Lj5-d§

Stokes’ Thm

—

.- . - dD -
iH-dl :Lj(VxH)odS:Lj(J+E)-dS

= VxH:j+d—D
dt .

Goddard/Cunningham
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Ampere’s Law In Differential
Form

MMF = Hedl 0

H, If there is any current
going through a
particular point

H has “CURL" at a point if there is current
going through the point:

J CONDUCTION current
DISPLACEMENT current

Goddard/Cunningham
ECE329 Lectures 4-5
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Divergence

V X,z
10\\\\\\\\& t 1 7 7 77 777
SN NNXNX\N\XX\NWNVYV VP 2r ,rr 7777 77
SSNSNNNNNX VS S smmm
p N N N N NN 1 VAP A A g
5\\\\\\\ ’ P g g e
D N P e g

fe— =— —— — - —_— —— — s — V g
o o e e e [ ] =
- NN, \%
e = & T e & \ N ™ e Tal Tl T T ax
5/////// \ N N N TN T T T
e = 7 S LS \ NN N T T Ty
o v s S S A L N N N N N

AV VLN N

/oL VNN

S AN NN Y
I \ NN OO
-10 5 5 10

Vv is a measure of how many field lines for v
are created at a given point
A place of high divergence is like a water faucet

— Everywhere here is a faucet of strength 5 20
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Meaning of Divergence

Flux in = flux out Flux out = flux in Flux out < flux in
SO NO sources or Positive Negative
sinks inside V. divergence. divergence.
Must be a source Must be a sink or
inside V. drain inside V.
21
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Meaning of Divergence

e There is divergence if there is a non-
uniformity in the vector field in a
direction parallel to the field
— Divergence describes variation ALONG the

flow of the field

e Divergence is proportional to the degree
of non-uniformity

e Divergence is described only by the
magnitude - so it's a SCALAR

22
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Divergence

ﬂ;ﬁo

dx

y YES
| DIVERGENCE
x Varies ALONG
dE
L 20

dx

NO
DIVERGENCE
Varies ACROSS

Goddard/Cunningham
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Example: Divergence

e Find the divergence of A=(x-2)%a,

Goddard/Cunningham
ECE329 Lectures 4-5 From D3.8 (p 159) of old book
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Divergence Theorem
N A _
ga )J\,' J‘J‘J‘V‘\j dVZﬁ\j'dS
o0, v oV
\J\_\/

Vv is a measure of how many field lines for v
are created at a given point

Thus, adding up the net # lines created inside a
volume = the flux of lines out its boundary

25
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Optional: Derivation of
Divergence Theorem

>y {7 e dS =[v, (x+dx)—v, ()] dy- dz

oV

+ :vy(y+dy)—vy(y)]-dx-dz
+[v.(z+d2)—v.(2)]-dx-dy

—
( > HedS=(Vev)ay ~[[[(Vev)ay

oV

26
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Maxwell’'s Equations in
Differential Form

Gauss’ Law ﬁﬁ ¢dS =0
S

Divergence Thm
ﬁEOdS’:HIVOE dV =0
S V

— VeB=0

Goddard/Cunningham
ECE329 Lectures 4-5
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Does B satisfy V-B=0

. I
B=Ft;

2 ?

Goddard/Cunningham
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Maxwell’'s Equations in
Differential Form

Gauss’ Law ﬁﬁodgzj”pdlf
S V

Divergence Thm
fgDedS=([[VeD av=|[[pav
S V V

= VOD:p

Goddard/Cunningham



E-field of pn junction (ECE 340)

p-type: holes are the p-type n-type n-type: electrons are the
free charge carriers | | free charge carriers
[ | |
Hole _P _Qi 121 [+ [+ §@+ @+ Electron
D —4b: | (p— G
-] =] =] L= +| [+ |+ O+
Ach:eptor _ 3 _ 3 1 [ ¥ [+ EC-_|_ C-_|_ Dlonor
on | b1 1@ - on
| T | T |
An acceptor is a dopant . . A donor is a dopant atom
atom that when added to a -a x=0 a that when added to a
semiconductor can form a \ | semiconductor can form an
p-type region, e.g. Boron I n-type region, e.g.
(group Ill) is an acceptor for Space charge region Phosphorus (group V) is a
Silicon (group 1V) donor for Silicon (group V)

e Find the E-field for an evenly doped: N =N,
pn junction: p={-py=-gN, for -a<x<0,

{ po=qNy, for 0<x<a,
{ 0 for |X| >d 30
Goddard/Cunningham
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Blank space for work

Goddard/Cunningham
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Challenge Question

e Can A=ya,+xa, be an E or B field in a
region of free space where J=0, p=0,
and electrostatics applies? Workspace:

(a) Yes, but A can only be an E-field

(b) Yes, but A can only be a B-field

(c) Yes, A can be either an E or B field
(d) No, A cannot be either an E or B field

32
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Continuity Equation in
Differential Form

Continuity Eqgn ﬁjodq:—%”‘jpdff
S V

Divergence Thm

ﬁj-db::j‘ﬂVOJ dV-——”jpdV

— V-jz—d—p
dt

33
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Useful Relationships

Ve(VxA)=0
Vx(Vf)=0 Wealready knew Vf 1s conservative

V x(V x ;1) =V(Ve ;1) —V? A Must use cartesian coordinates!

V24 = (vax )a + (vay )&y + (VzAZ )a

—

OZVO(VXH)ZVO(j+C;—Z;)

.:V-j=—g£
dt

The continuty eqn. is contained in Maxwell's Eqns.

Goddard/Cunningham
ECE329 Lectures 4-5
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Example: Continuity Egn.

e For J=]y(x%a,+y%a,+z%a,), find dp/dt at
the point (0.02,0.01,0.01)

Goddard/Cunningham
ECE329 Lectures 4-5 From D3.6a (p 149) of old book
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Summary of Maxwell’s Equations

) Codl —— 2 ([ Bedc . dB
Farad L Eedl =——||Bed __ab
araday’s Law i dtfsj VxE=-"
Ampere’s Law §H~di=”i-d§+%”ﬁ-d§ Vi< j+P

C S S
Gauss’ Law ﬁé'dg =0 VelR—0
S

Gauss’ Law ﬁﬁ'dgzj“pdl/ VeD=p
S V

Continuity Eq. ﬁjodﬁz—%jﬂpﬂ/ Vej__9P

Goddard/Cunningham
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Lectures 6-7/

Sections 6.1-6.2

Potential Functions for Static Fields
Poisson’s and Laplace’s Equation
PN Junction

1

Goddard/Cunningham
es 6-7
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Electric Potential

++++++++++

" @ How much potential energy does a
L dII IFapp”ed charge have in an electric field?

@
Answer: It depends on the APE = Fapphed o]l = _136 ol
work that you had to do to oo F
get it to that spot. You have e — 4

to work against the Efield.  ApE = _;F o dl

Answer depends on the amount of charge g
Can we define something determined by the field only

PE
Analogy to gravity: F =mg, PE =mgh, —=gh 2
Goddard/Cunningham m
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Electric Potential - Definition

Work you do per unit charge is the
ELECTRIC POTENTIAL DIFFERENCE
between the two points

AV=@=—E-di=—ExAx if dl = Axa.

q

Units: Nim = J =VOLTS
C C

AV . _ AV _AV units:
AT N Az m

(o
]
|

”\

(7

||
\,\

(

]
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Potential: Mount Electron

What is the steepest slope on the mountain? 4

Goddard/Cunningham
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Potential

| zj[}h’l::
| G ||

I [
| G\
| || A=weny ||
I / 3ﬂnmjl:
| | 00 M \\.Il
i ' - 00 M—— Y

_ What direction is the
= T steepest slope at a
\ given point?

GENTLE / E’:}'_ﬁ“ﬁ} Ans: The steepest

Hor \ N o E}‘;”E downslope is opposite
Surfaces of \ e / the gradient! This is

equal potential ™~ T ,Ff;, o always perpendicular
i L”tl“" to surfaces of constant

COMTOUR IMTERWY AL, 104 | .
potential

5
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NONUNIFORM (DIVERGING) FIELD

UNIFORM FIELD
\

e | ! \ )
E

= [ ONGITUDINAL \

SECTIONS

— )

s a : (b)
10V &) / 10¥ wv ™
Field Field

Field . ‘ ‘
uniform Equipotentials stronger Equipotentials weaker

\

1
1l

3-D

s (©) n (d)
A
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Gradient Definition
. (v . V. aVAJ

E=-—a +—a, +—a.

&

Most important definition of today:

E=-VV
6 .0 .0

) a Fa.—
Ox Oy Oz

Del Operator (Cartesian Coordinates)
used to do gradient, divergence, and curl

Goddard/Cunningham
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Gradient Operator

—

E=-VV
o .8 .0

V=a -a Fa.—

"ox Oy Oz

Vis a SCALAR FIELD (potential as a function of position)

V'V isaVECTORFIELD
Has magnitude and direction -E
Is the DIRECTION with the FASTEST INCREASE in V
Fastest direction for an electron (negative charge) to decrease its potential

8
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Scalar Potentials

o FOI": (Dl(xayaz):xz_l_yz_l_zz

Find
(a) t
(b) t
(c) t

DO,(x,y,z)=x+2y+2z

the following quantities at (3, 4, 12):
ne maximum rate of increase of @,
ne maximum rate of increase of @,

ne rate of increase of ®, along the direction

of the maximum rate of increase of o,

Goddard/Cunningham
ECE329 Lectures 6-7 From D5.2 (p 290) of old book



Example: Potentials for a Point

Charge
E
F-_Y ~a, In spherical coords
4 7zg,r

14
1
/ \ How much work is required to move a

unit charge from infinity to a
radial distance =r,

Goddard/Cunningham
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Example: Potentials for a Point Charge

! = E= Q a In spherical coords
\ E 4drer’ P
) @/ .
n o _. “Absolute” potential at
® V(r) — _IE e (] rusing zero potential
atr= oo
o0
Since dr<0
\ -~ | dr | a, = dm going from r=00
dl
V(r) = j _ dr

Y e, r’

Goddard/Cunningham
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Example: Potentials for a Point Charge

Surfaces of
constant potential
are spheres in 3D
-same amount of work

Goddard/Cunningham
ECE329 Lectures 6-7



Challenge Question:
Scalar Potentials

e If the scalar potential V can be defined, which
of the following is true?

(a) The potential difference between two points
is identical, independent of path

(b) The electric field is conservative

(c) The electric field lines will always be
perpendicular to equipotential surfaces

(d) The greatest decrease in potential per unit
length for a positive charge is along the
electric field direction

(e) All of the above

Goddard/Cunningham
ECE329 Lectures 6-7 LG’s question
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Potential Superposition

Potentials of more than one point charge are
superimposed by addition

L, (Q1+Q2+Q3+,,,j

point
drg\, o, K

Goddard/Cunningham
ECE329 Lectures 6-7
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Superposition Example:
Potential of a Line Charge

£=d p,=10"(C/m) Find Potential at point “P”,
d'z ra=1m 1 m away from the line
Z=Zz
1 tdo
m P 'r = 4 g, _j; r
1 p,dz'
z=—d VP—47Z'€0_](1 r

v 1 j p,dz'

P dre, ° Alz7 +1°
v, . ln(z'+x/z'2+1)[Z
41, ¢

15
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Scalar Potentials

o For: E=yza. +(y+zx)a, +xya,

(a) Find the scalar potential if V(0,0,0)=0. (Hint:
Use a direct line path. At home, try using 3
separate segments along X, y, and z directions.)
(b) Evaluate the potential difference V,-Vg for:

1. A=(2,1,1) and B=(1,4,0.5)

2. A=(2,2,2) and B=(1,1,1)

3. A=(5,1,0.2) and B=(1,2,3)

16
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Useful facts about Potential

» Potential is always the DIFFERENCE between two points

 If one point is at infinity, then the potential is an absolute
potential

« The gradient of V gives the vector -E at a particular point

« Potential between two points is identical, regardless of
whether a straight or curved path is taken
— E is a conservative field

» Electric field lines are always perpendicular to equipotential
surfaces (constant voltage)

— E-field lines are along the direction of the greatest decrease in
potential

17
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Gradient Function in Cylindrical and

Spherical Coordinates

(D = scalar field (like voltage)

VO

Goddard/Cunningham

ECE329 Lectures

6-7

4 (@& +@& +@&J Cartesian
& 7 A
(étDA 1 &D . étDAJ -
—a +——a.+—a Cylindrical
a " rdp ! & c

[@& —I—l@fl N 1 aD&J Spherical
_\a " rdo "’ rsin0op "’

18



Laplacian Operator
Ve(VD)=V’D

The “Laplacian” of a scalar field. (also called "Del Squared”)

D(x,y,z) Scalar Field
AD. ADb. AD.
V@zaax +5ay +Eaz Vector
() () ()
V2D = i + i + i Scalar

19
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Poisson Equation for Potentials
(static fields, constant &)

V-(VCD):—g

Vip=-~
E

Known as “Poisson’s Equation”
It's just Gauss’ Law in terms of Potentials for a Static Field
If p=0, it is known as “Laplace’s Equation”

20
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Potential of pn junction (ECE 340)

p-type n-type
\ \
[ | | | |
Hole \O E % _ _ +| [+ §@+ @+ Electron
1= E [ - + [+ G
Acceptor _—" &— B . 2 | & & SFSE O\ Donor
lon ® ® | il §Q+ Q+ lon
e.g. Boron _ _ : e.g. Phosphorus
(group II) *p x=0 *n (group V)

|
Space charge region

e Find the scalar potential V for a step pn
junction in silicon: N for-d <x<0
p
p=3 gN, forO<x<d,

0 otherwise

21
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Maxwell’'s Egns - Integral form

ﬁﬁ-dﬁ:jﬂpdr/

They are valid for ALL closed paths and closed
surfaces, EVEN WHEN THEY SPAN A BOUNDARY
BETWEEN TWO MATERIALS 22
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Closed Path Through a Boundary

Medium 1 (above)
OéH

Medium 2 (below)

Closed path: abcd O»,8),
Apply Faraday’s Law and Ampere’s Law to the closed path

23
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Normal Vectors

“ 25 Medium 1 (above)

al — lb 01,8, H

d:. ................... :C Medlum 2 (b@IOW)
0-2,82,,“2

N

a, Vector NORMAL to the boundary. Points INTO medium 1

n

&S Vector normal to the path, TANGENT to the interface.

Use right hand rule for path to define direction
24
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Faraday’s Law at Boundary
iEOdf:—%LJ‘EOdﬁzo

CAZ A &S

E, " Ve Medium 1 (above)

l' : SIb 01,6t

d'E2 ........ o Medium 2 (belOW)

0,,6, 1,

Take limit as ad and bc go to zero
Consider remaining E, and E, TANGENT TO SURFACE

E =L, ie.E, iscontinuous o

Goddard/Cunningham
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The closed volume can enclose
surface charges

Medium 1 (above)
O1éH

lllllllllllllllllllll

Medium 2 (below)

Example 05,6, 1,

1. Free charges on the surface of a conductor 26
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Gauss’ Law for D at Boundary

[ Deds = [[[ pav
S d&’/\DV1 C

Take limit as ae, bf, cg, and dh go to zero
Consider D, and D, NORMAL TO SURFACE

D, —D, = pie.D, isdiscontinuous becauseof pq

Goddard/Cunningham
ECE329 Lectures 6-7
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Challenge Question:

Boundary Conditions

. Whatis D,? Z— 1% p=3C/m’

£, = 2¢, 132=3fc+2)7 C/m2

(a) 3%+29 C/m’
(b) 3%+59 C/m’
(c) 3x-1y C/m2
(d) %msy C/m’
3. . )
(e) 5 -1y C/m

Goddard/Cunningham
ECE329 Lectures 6-7 LG’s question
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Connection of Concepts
for Electrostatics

V electrostatic
A

Integral potential
A
B — —
E=-vy|| Vs=V,==]E-d
4 displacement
v flux density
pe——P=g y E—> [ «——D=¢E=¢g,E+P—> )
polarization electric T
(material response) field
> V ) D = IOvol
Proportional '
Dln _D2n = IOSO
v Q Q:IOSOA or Q:IOVOIV ;l)
Derivative - —>
0= jpsodS or Q= IIOVoldV
charge charge

density 29

Goddard/Cunningham
ECE329 Lectures 6-7



Lecture 6-7 Summary

e SincedivD =pand D = ¢ E,

—

E=-VO

satisfy Gauss’ Laws and is valid for static
fields, if ¢is constant and @ satisfies
Poisson’s equation:

vip=-F
&

e At a boundary, E;.=E,, but D;,-D,,=p

30
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Lectures 8-9
Section 5.1

Conductors
Dielectrics

Goddard/Cunningham
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Atomic Model of Conductivity

- Tightly bound inner orbitals

- Loosely bound outer orbitals
- Free to escape the nucleus and
move around inside the material

Goddard/Cunningham
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Conduction of Free Electrons

eﬁ@%ﬁa\ ppppp ~ 1O
20
O C
QQ

Goddard/Cunningham




Conduction of free electrons

e The electron cannot travel in a straight
path for very long

e It keeps running into the nuclei, getting
deflected MANY times, meeting
RESISTANCE

e Net motion is still in direction opposite
of the applied E and drift velocity is:

—

y, =— /LleE for electrons

elt
U, = & is the electron mobility,
me

14 . .. .

7 ~10 " sec is the average collision time
Goddard/Cunningham
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Holes are missing electrons

€ o000 00000

E E
e 000000000  holc®®00006000
e o0 0000000 hoe|l ooo0o0o0o0e0e

e Holes are missing electrons
— Move in direction of E field

v, =+u E forholes

Goddard/Cunningham
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Resistors
Area (A)

Length (| L / 2R
8 .
[ — %)
— 4 —
E R R
+ V =
R= 4 O(Ohms) = 2218
] amps

R tells us how much total resistance is encountered,
but does not tell us anything fundamental about the
resisting material

Goddard/Cunningham
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Resistivity

o = Resistivity, units of (Q-m)

e Tells us how much resistance the
material provides, factoring out the
dimensions of the resistor

Goddard/Cunningham
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Conductivity

B 1 1
Resistivity R-A Q-m

O

e More common to describe materials in
terms of conductivity rather than
resistivity

e High conductivity = low resistivity

e Special units:

1 Siemens S

G: o o
Q-m m m

Goddard/Cunningham
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\BLE 2-1

onductivitiest
Conductivity, Conductivity,
Material UOm! Material UOm!
[ Quartz, fused ~10~1? [ Silicon 10°
Ceresin wax ~10°17 Carbon ~3 x 10*
Polystyrene e Graphite =10?
Sulfur ~10717 Cast iron ~10°
E|  Mica ~10- 13 Mercury 108
=| Paraffin ~1071% Nichrome 106
2|  Rubber, hard ~10°1 Stainless steel 106
Porcelain ~10° 1 Constantan 2 x 10°
Glass ~10-12 Silicon steel 2 x 108
Bakelite ~10-? 2|  German silver 3 x 108
| Distilled water ~ Q7% S| Lead L
.| Dry, sandy soil ~1077 g Tin 9 x 10°
g  Marshy soil ~1072 U |  Phosphor bronze 107
=| Fresh water ~1072 Brass 1 5 H)!
| Animal fatt 4x1072 Zinc 1.7 % 10
[ Animal muscle (L to fiber)t  0.08 Tungsten 1.8 % 107
2| Animal, body (ave)t 0.2 Duralumin 3 X107
2| Animal muscle (|| to fibe)t  0.35 Aluminum, hard-drawn 3.5 x 107
£|  Animal blood 0.7 Gold 4.1 % 107
5|  Germanium ~2 Copper 5.7 % 107
%|  (semiconductor) | Silver 6.1 x 107
2] Seawater ~4 @ He (at <4.1 K) e
g| Ferrite 10 5 3| Nb@<92K) o0
2| Tellurium ~5 x 102 2 2| Nbsy(Al-Ge) (at <21 K) =
0 2|  YBa;Cu;0; (at <80K) o

> or low frequencies. At 20°C except where noted.
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Conductivity

e Conductivity takes everything into
account in one number
— Number of free electrons

— Frequency of collisions between electrons
and the nuclei

— Scattering properties of the nuclei
— Motion for electrons and holes

o=uN, e‘ + ,uhNh‘e‘

N., N, = # of free electrons or holes per cm3

10
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Ohm’s Law

Length (I /Area (A)
Vo R B
I
_ L A —
M_A (Fj 2
V
/ +
R=—" ()
o V =IR
E-l=(J°A)(L)=iJ-l
oA o

J =0oF

Goddard/Cunningham
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Maxwell’s Equations in a
Conductor

In free space

— - é’D In a conducting

VxH=0oF 4 material

Conduction current: ™ Displacement Current:
Moving charge Time varying E-field

12
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Perfect Conductor (PC) in an
Applied Electric Field

What Happens?

Air
Perfect
Conductor

Goddard/Cunningham
ECE329 Lectures 8-9
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Perfect Conductor (PC) in an
Applied Electric Field

What Happens?

-Free e- move In direction
opposite of applied E

- When e- moves away from
Its nucleus, it leaves a +
charge behind

- The material as a whole is
still NEUTRALLY CHARGED
but the charge has now
been redistributed

Air

14
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E=0 inside perfect conductor

What Happens Next?
-The separated + and - charges
create their own SECONDARY
£ INTERNAL E field that
Secondary EXACTLY CANCELS the
applied E field

- The TOTAL E field inside the
E perfect conductor is
ALl ALWAYS ZERO

- If it weren’t zero, free charge
would continue drifting till it is!

15

Goddard/Cunningham
ECE329 Lectures 8-9



Infinite plane conducting slab

e An electrically neutral infinite plane conducting
slab lies between two infinite plane sheets of
uniform charge density p, and pg. Find the

surface charge densities on the two slab
surfaces.

PA /plz?

™ Py=?

PB

16
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If E=0 inside a PC, how about H?

VxE = b m— 0= B
Ot 7

B and H must be STATIC

Technically, a non-zero static H-field can exist inside a
PC, but how did it get there? It must have existed there
for all time. But, then what created it in the first place.
This is an ill-posed problem so in 329, we will

assume H=0 inside a PC.

17
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Challenge Question:
Point charge above a sheet

e A positive charge is located above .Q
a perfectly conducting infinite
ground plane at z=0

(a) E=0 above the plane

(b) E=0 below the plane

(c) A uniform charge density is induced on the plane
(d) The total induced charge on the plane is +Q

(e) The electric field lines have a radial component at
the plane

18
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Lecture 8 Summary

e Ohm’'s Law:

1 [
- Resistivity " R-A

e Conductivity: o

e Inside a perfect conductor, E=

e Next class
— Dielectrics

Goddard/Cunningham
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ECE 329
Lecture 9

Dielectrics

20
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Atomic Model of Dielectric
Polarization

€ Bound
charge

e

- Tightly bound inner orbitals
- Not many loosely bound outer
orbital electrons

21
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Polarization of an atom

Bound
- charge

LN
e_
e- hucieus |

T _

E

a

Externally applied electric field
separates electron and nucleus 22
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Polarization of an atom

v
External field distorts atom slightly
E inside is reduced but is non-zero %

Goddard/Cunningham
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Polarization or Electric Dipole
Moment per Unit Volume

“mini” dipole moment
for one atom

@'

d is the distance VECTOR going from “-” to “+” side

p=Qd is the electric dipole moment

24
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Apply E to Dielectric Material




Dielectric Susceptibility X.

e Measures how easy it is to shift
electrons from their centered orbit
around the nuclei of a material to
form internal dipoles

P — gOZeEtot

27
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Apply E to Dielectric Material

Cancellation of internal charges

QQQQQQQQ\\E/

28

“Polarization Surface Charges” Remain

Goddard/Cunningham
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Apply E to Dielectric Material

Cancellation of internal charges

N

QQQQQQQQ\\E/

Secondary Electric Field Produced 29
s’ | * Does not cancel applied field inside dielectric




E. . is reduced but not zero

Unlike conductors where E=0, in the dielectric
slab, the total field is reduced (but NOT
eliminated) by the secondary field produced by
the surface polarization charge

—

Etot — Ea +ES

And the polarization vector, P, is the polarization of
atoms in the dielectric due to the TOTAL field (after

it has been reduced by E,)

—

P — gOZeEtot

30
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Example
e Apply external electric field to a slab of
dielectric material

e Apply field by placing the slab between
two equal and opposite charge densities

Dielectric slab, y.

z=0

++++++++++++r++r++r++++++++ TPs0
31
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+t+++++++++++++++++++++++

~ Dp 4 ] ]
ESecondary :_g—PaZ l DIGlECtrlc Slab, Xe
0

FFFFFFFFFFFFFFFFFFFFFFFF Py

32
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\ Example

--------------------------- ~Pso
z T Pp

+t+++++++++++++++++++++++

. Dp 4 ] ]
ESecondary :_g—PaZ l DIGlECtrlc Slab, Xe
0

FFFFFFFFFFFFFFFFFFFFFFFF Py

— — —

E, =E, . +E

otal — Appplied Secondary

— —

P:gOZeEtotal :Ze(pSO _pP)&z

But how much charge pp is generated by pgy?? 33
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Example

AS
g b tPp B_pg where P, is the dipole
= Lo, moment per unit volume
d =S n the total dipole
PV = PO(dAS)aZ moment of the column
—Pp

also the total dipole
moment of the column

Od = (p,AS)da.

B, = pp  dipole moment per unit volume

= surface charge density
34
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\ Example

--------------------------- ~Pso
z T Pp

+++++++++++++++++++++++ 4+
_PO/\

Secondary — < az
0

Dielectric slab, y,

FFFFFFFFFFFFFFFFFFFFFFFF Py

—_

}_5 — gOZeEtotal — Ze(pSO _pP)&Z
Ra, = x.(pso—ppla. = x.(pso—F)a,

P():Zepso_ZePo o Pp =1y =

1+ y, |3

Goddard/Cunningham
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Example

So finally, the “final answer” is:

o £ pso/go
Total ~— T
Eo X 1+ y,

The total electric field strength inside the dielectric is
reduced from its “free space” value by (1+y,)

Free space: y,=0 Perfect Conductor: 3,0

Goddard/Cunningham
ECE329 Lectures 8-9
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Dipole Atoms in Alternating E Field

)t @l )
/\ A

time

Moving charges means a current _ dQ

Definition of the “Polarization Current” P d
t 37
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Recall from the Example

AS
b tPp B_pg where P, is the dipole
= Lo, moment per unit volume
d =S n the total dipole
ﬁ PV = PO(dAS)aZ moment of the column
—Pp

also the total dipole
moment of the column

Od = (p,AS)da.

PAS =0

~, _ 1, _dojdr _dn,
P AS AS dt %

Goddard/Cunningham
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Polarization Current

e Application of an alternating E field
results in a polarization current due to
motion of charge between the two
surfaces of the dielectric material

o
JP:E

39
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Ampere’s Law in a Dielectric
Vxil=j+ P2
\a

In a dielectric medium, we need to
include J; with the total current

.- L E
VXH:J+JP | a(‘S‘OalLtOnZl)

OP  0(£,E, )
o ot .

VxH =JA

Goddard/Cunningham
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Ampere’s Law in a Dielectric

OP  0(£,E, 1)
o ot

VxH=JA

VxH=J+ S (P+eE )
Y

So Ampere’s law is the same and we
modify the displacement vector’s definition

D:P_l_gOEtotal 41

Goddard/Cunningham
ECE329 Lectures 8-9



Definition of Dielectric Constant

— —

D=P+¢,E

total

— — —

D — gOzeEtoml T gOE

total

D = 50(l+;(e)E

total

D=¢,e E

r—total

42
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Definition of Dielectric Constant

— —

D=¢, e E

r—total

Relative Permittivity = “Dielectric Constant” Er — (1 + X e)

Dielectric Permittivity of the Material & =&y,

— —

D =gk

total

Units for ¢,.: None

43
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Ampere’s Law in a Dielectric

D — gEtotal
No need to worry about polarization current - it is all incorporated
into the “new” definition for D

Generally we can use Maxwell’s equations to solve

for D and then calculate E,
44
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\ Recall Example

--------------------------- ~Pso
z T Pp

+t+++++++++++++++++++++++

A
ESecondary :goazl DIGlECtI"IC Slab, X,e
0

FFFFFFFFFFFFFFFFFFFFFFFF Py

=S S 2 /&, E-field strength
ET — 1 reduced by (1+y,)
gOZe T ze

otal

— — — D-field strength is
D = EEToml =& (1 + Ze)ETotal = Pgo same as free space
because charge is fixed

If instead voltage were fixed, then 45

Goddard/Cunningham E-field would be same as free space
ECE329 Lectures 8-9




Infinite plane dielectric slab

e An infinite plane dielectric slab lies between
two infinite plane sheets of uniform charge
density of p=%+1uC/m2. Find D, E, and P
inside the slab.

D=(p/2)a,

Hint:
-1uC/m?2 D=-(p/2)a,

1uC/m?2

Goddard/Cunningham
ECE329 Lectures 8-9 From D4.3 (p 226) of old book
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Challenge Question:
Spherical shell dielectric

( r<a erfect conductor
e If we have: perf

N\

a<r<b perfectdielectric ¢ =3¢,

- r>b perfect conductor

with equally and oppositely charged PCs and
D points radially inward, which is true:

(a) V(b) > V(a)
(b) V(b) = V(a)
(c) V(b) < V(a)

47
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Lecture 9 Summary

e Electric dipole moment p=qd

e Polarization or electric dipole moment
per unit volume
P=Np:SOXeEtotaI=80Xe(Ea+Es)
— Simple linear isotropic dielectric

e Reduces E-field strength by (1+y,)
e D has same value as free space

— Polarization current Jp=dP/dt
— New definition D=P+¢gyE ,=&,Etotal

e Next class
— Capacitance and Conductance

Goddard/Cunningham
ECE329 Lectures 8-9
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ECE 329
Lectures 10-11
Sections 6.3, 5.1

Capacitance and Conductance

Conductivity and Susceptibility

1
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Parallel-plate Capacitor

FF++F++FFFFFFFFFFFFF x=d, V=V,

e Equipotential
T : = lines

x=0, V=0

Capacitance is: C=0/V,

Goddard/Cunningham
ECE329 Lectures 10-11



Goddard/Cunningham
ECE329 Lectures 10-11

Steps to Find Capacitance

s X5d, V=V,

Equipotential € IS constant and

“E_ lines p=0 in between
x=0, V=0

Laplace Equation V2 = () Vi(x)= Vog
Find V using boundary conditions
Find E using E=-VV
Find D using D=cE
Get surface charge density on one conductor
using BC p;=a,*(D, —D,,) p=eV,/d
oharee 0= (4rea)(p,) ’

apacitance &

’ C=01V, c=2



Non-uniform permittivity

e X=d, V=V, Find capacitance if
_____________________________________________________ material has e(x):
a, . .
_____________________________________________________ Equipotential E
T c E lines e(x)= 0
""""""""""" Vool 1—x/2d
___________________ x=0, V=0

Goddard/Cunningham

ECE329 Lectures 10-11 Adapted from P5.20 (p352) of old book



Coaxial Cable

Perfect

/conductors

Cylindrical Coordinates
E=E,

z direction along length
of the cable

Goddard/Cunningham
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Coaxial Cable

Perfect
— csndeucctors 1 a a V

Cylindrical Coords
V=0 E=E,

z direction along length
of the cable

| eV (aln(d/a)),r=a
P el (bIn(b/ a)),r = b

_ 2mel
In(b/a)| ¢

Goddard/Cunningham
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Challenge Question:
Coaxial cable capacitance

e Consider a coax with (g, 4=3¢y) for a<r<b. If we
remove the dielectric and replace it with free space
(ehew=¢p) Dut keep the same amount of charge
on each PC, which is false:

(a) the voltage across the capacitor is reduced by 3x
(b) the capacitance is reduced by 3x
(c) the E-field for a<r<b is increased by 3x

(d) the D-field for a<r<b is unchanged

Goddard/Cunningham
ECE329 Lectures 10-11 LG’S question



Challenge Question:
Coaxial cable capacitance

e Consider a coax with (g, 4=3¢y) for a<r<b. If we
remove the dielectric and replace it with free space
(enew=¢p) Dut keep the same voltage across the
coax, which is false:

(a) the charge across the capacitor is reduced by 3x
(b) the capacitance is reduced by 3x

(c) the E-field for a<r<b is reduced by 3x

(d) the D-field for a<r<b is reduced by 3x

Goddard/Cunningham
ECE329 Lectures 10-11 LG’S question



Energy Stored in a Capacitor

e The work by the battery to move a charge dq
from the bottom to the top plate is:

R% N, AU =(dg)V =dg ]

+ —>

V_

4—||

V¢ is instantaneous voltage on the capacitor.
It starts at zero and increases to V

e Thus the total stored energy while charging is:

g _O0° 1 .. U =Llep?
qu —2C B 2CVC cf:lllllgged 2

because Vc =V
after charging 9

0

U =

O'—;

Goddard/Cunningham
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Current Flow for a Capacitor

e Charge moves onto a capacitor at a rate of:

R % F++1 dQ d(CV.) . dV;
int \V [ = = =C
C dt dt dt

V_ - - -

+ —>

:

e Thus the instantaneous rate of power
absorption by the capacitor is:

P:[VC:CVch d(lCVj av
dt dt dt

Rate of power absorption = Rate of increase of stored energy

Goddard/Cunningham
ECE329 Lectures 10-11
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Conductance

Medium in capacitor now has conductivity

ey s r—— \
g o J. Perfect
/Conductors
X:O— ----------------------------------------------
V=0

Now a current can flow x=d to x=0

. [y
J =of = 0 (—a
. d( )

11
Goddard/Cunningham Current density (A/m?)
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Conductance

I, Conductance

V, Units: Siemens

G =

For the parallel plate capacitor

=2
d

Goddard/Cunningham
ECE329 Lectures 10-11

12



Conductance/Length for
Coaxial Cable

V=0 T\
What is radial current (1) for C))
a fixed length of the cable? /

, 13

Goddard/Cunningham
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Conductance/Length of
Coaxial Cable

I = J‘joa’g [A]

1= [ [ aga)

¢=0z=0

I 2roV, L
° In(b/a)
Gl _ 27l | Siemens]|
V. In(b/a)
_ G  2no
6= 7 " In(b/a) [S/m]

14
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Steps for Finding
Conductance
¢ Find Electric Field

e Find Conduction Current Density
(A/mZ) jc — GE

e Conduction Current (A) I = J']odS’

e Conductance G :[—C
VO

e Conductance/Length

15
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(Optional) The Laplace
Transform

e Can be used for Transmission Line analysis
- Method to solve Initial Value Differential Equations

SO} =F(s)=| e f(t)dt

e Most useful property - it converts differential
equations in time to algebraic ones in s-space:

U ()= sF(s)- £ (0)
YOO =5"F(s) =" f(0) =5 (0)=..= s/ P (0) = £ (0)

16
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(Optional) The Laplace

Transform

e Key Transformations are the following:

f(t)=1{F(s)} F(s)=2{f(t)}
1 1/s

eat 1/(s-a)

tn n!/sn+1
u(t-c) ecs/s
u(t-c)f(t-c) e sF(s)
ectf(t) F(s-c)

f(ct) 1/c F(s/c)
d(t-c) e-cs

[ fe-)g()dr F(s)G(s)

Goddard/Cunningham
ECE329 Lectures 10-11
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(Optional) Application of the
Laplace Transform

10)=1, R+ ¢

dt
I?S
% L S{]R + Lﬂ} ~0
dt

F(s)R+(sF(s)—1,)-L=0

F(s) = I,L 1
R+sL s+R/L
1 R
at \ S
£{e }_s—a —~ I(t)=1,e B

18
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Lecture 10 Summary

e Capacitance c=9/%
e Conductance ac-=|1|/,

e Next Up
— Conductivity and Susceptibility

Goddard/Cunningham
ECE329 Lectures 10-11
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Lecture 11

Bound charge
Modeling y and ¢

20
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The Lorentz-Drude model

e With applied E, the mean position of free charge g>0
drifts in direction E with mean velocity v: balance of
acceleration due to E and friction from collisions with
lattice at random intervals with mean time =

Goddard/Cunningham
ECE329 Lectures 10-11



The Lorentz-Drude model:
DC conductivity
e If E=0, charge eventually slows to v=0: V(f)=v,e "

e But, with a constant E, the steady state solution is:

~ T - T
v(t=00)=q— = pE ,U:q_
m m

charge mobility. For N charges per unit volume, the total

current becomes: J— »
f:dQ:qNAV:qNAVAt:qNAﬁ A
dt At At
_ v dt
. ] r -
J=—=¢gNv = Ng L E
A m

22
Goddard/Cunningham What does this look like?
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Goddard/Cunningham
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Ohm’s Law!

. ] r .
A m
2 2
J = oF where o = Ng'z = Ng
m maw
1, .
where @w = —isthe collision frequency

T

23



Review of PHASORS

Spock, set your TI-89 to Sorry Captain, | promise not to
“STUN”, not “KILL"!! harm another ECE329 student.

Next time, | will set the Phasor

to “AWAKEN" instead! o

Goddard/Cunningham
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Phasor Review - Complex #'s
a+ jb=A=Ae’’

Im
N
- L A
Ae’’ = Acos@+ jAsinb b
0
\ > > Re
A:\/a2+b2 a
(9:tan_lé

A

25
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Phasor Review - Complex #'s
Ae”™ = Acos(x)+ jAsin(x)
Acos(x) = Re[4e™]
Asin(x) = Im[A4e”* ] = Re[— jde” ]=Re[4e’ " ™'?]

Write 5cos(wt)+10sin(wt —30") asa phasor

26
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Phasor Review with vectors

e’’ =cos@+ jsinb - e
. r
cos(6) = Re[e’’] Lol
sin(@) = Re[—je’?] = Re[e/" '] X .
COSG= -
Re[z]=(z+2")/2
E_(z,0)= E.(z)cos(at T fiz + 0) -
=Re[E_ (2)e™Fe/’e’ ] -
=Re[E (z)e’™] _

Goddard/Cunningham
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The Lorentz-Drude model:

AC conductivity

e If E is time varying, we use phasors to analyze the
response:

E(f) =Re{Ee’}
¥(¢) =Re{Ve ™}
J(t) = Re{Je’}

e Note that : £ and J are vectors and complex valued

(e.g. E=32e"""3-1.3¢""°9)

Goddard/Cunningham
ECE329 Lectures 10-11
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The Lorentz-Drude model:
AC conductivity

e We can now transform the force equation from a
differential one to an algebraic one (d/dt = jo):

dv — v -~ ~
m—vzqrE—mK = mjwv =qgE —mov
dt T
and thus, we get:
- E - 2
vV =— 1 = |J=qNv = Nq E
mjw+maw m(jo+ o)
N 2
o= cl
m(jo+ o)

29
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Challenge Question:
AC conductivity

2
e We found: o= Ng
m(jo+ o)

I. At all finite frequencies, energy is being lost
to Joule heating

II. At low frequency (DC), J and E are in phase

ITI.At very high frequency (o >> w), J and E are
90° out of phase

Which of the following is true:
(a) I only, (b) II only, (c) III only,

(d) I, II, and III, (e) None are true

Goddard/Cunningham
ECE329 Lectures 10-11 LG’S question
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(Preview) Time Averaged
Poynting Vector

]_EdW+EEﬁ“
2

<§> :<E><ﬁ> :<Eej“’t +E e y He'™ +ﬁ*ejwt>

E = Re[ﬁej”t H = Re[ﬁejwt]

2 31




Susceptibility

N 2
e A perfect dielectric is defined by ¢=0 so since |o = ! '

- m(jo+)
there can’t be any free charge inside (N=0)

e The dielectric can have bound charge and we know it can
be polarized:

p=qd=—qr

if the nucleus is located at the origin
e The electron’s motion is described by:
- ~ d’r dr

F=ma=m — _gF - 2ma = —mw’¥
a1 dt ’

where -mmy?r describes the spring like restoring force to the
nucleus and -2mav is a friction like damping force

32
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DC Susceptibility

e For DC, d/dt = 0 so we get

ro=—

and so: - g E

and thus: P=N,p= EzgozeE

where: Xe ™

2
ma, &,

Note: N, (# of dipoles per vol) # N (# of free charge per vol)
Can use phasors to derive AC susceptibility: y.(®) 33

Goddard/Cunningham
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Lecture 11 Summary

e AC Conductivity: |o= ].qu
m(jo+ o)

Cr ey quz

e DC Susceptibility: %= 2~

e Next Up

— Magnetic Force, Ampere’s law,
current sheets, Faraday’s law (1.6,
2.4, 2.3)

Goddard/Cunningham
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Lectures 12-14
Sections 1.6, 2.4, 2.1, 2.3

Magnetic Flux and Magnetic Fields
Biot-Savart Law
Ampere’s Law

Displacement Current
Faraday’s Law

1
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Magnetism and Electricity
Andre Marie Ampere - 1820

— Battery + _
y Wire — Battery + Wire
. . I
T_I_T @_ I =7
Battery -+

— + Battery —

Parallel Currents in Same  Parallel Currents in Opposite
Direction ATTRACT Direction REPEL

2
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Ampere’s observations

e The magnitude of F is

— proportional to the product of the currents
AND to the product of their lengths

— inversely proportional to the square of the
distance

— depends on the medium

e The direction of F on current 1 is
— perpendicular to dl,
— perpendicular to dl, x a5

e The forces dF; and dF, are not always
equal and opposite

Goddard/Cunningham
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Magnetic Field of Bar Magnet

E <

o[>

UNLIKE poles ATTRACT
LIKE poles REPEL

(same as electric charges)

4
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Magnetism and Electricity
Hans Oersted - 1821

Wire

Magnets line up
In the presence of
a nearby current

Goddard/Cunningham
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Magnetic Flux Lines

Magnetic flux lines form a
aN\C1/74 VECTOR FIELD

Density of lines indicates
MAGNITUDE

Direction = the way our compass
would point

st
“ - Unlike electric field lines which
begin on positive charges and end
on negative charges, magnetic flux

lines NEVER begin or end

Goddard/Cunningham
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Magnetic Flux Lines

et

 Magnetic fieid B
produced by
oo currernt

Units for B are Tesla = Newt/(Amp-meter)
or Webers/m? (Magnetic flux density)

Goddard/Cunningham
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Current = Moving Charge

What is CURRENT? CHARGES IN MOTION!!

Idl 7 —
— Idl =qv
coul m

——m =coul - —

SeC sec

So the current in a wire, I, flowing across a
magnetic field will feel a force...

=(Idl)xB=qvxB

Goddard/Cunningham
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Ampere’s Force Law

]a’l

CIR'\

s
|

Ldl

dF Idl de

Force on current 1 due to current 2 depends on
the magnetic flux density at 1 due to current 2. °

Goddard/Cunningham
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Biot-Savart Law for finding B

]dl

R

«—

Idl
1, dl Xd,

dB,,, 2
R
Magnetic flux at point 1 due to current 2

Goddard/Cunningham
ECE329 Lectures 12-14
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Force between two wires

Combining these results,

] dF = (I,dl ) x| 22 .]2‘”2;‘”%
Ldl dr R

R - ~ J
Magnetic flux density caused
by #2 at #1

drf,,, = Ule)XE

Ldl,
To find the total force on wire 1, we add up (integrate) the
contributions from segments dl, for every dl, (double integral)

11
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Example: Find B for an
Infinite Line of Current

<<

Wire carrying current in +z direction =1 (A)
Find B for any arbitrary point P(r, ¢, z) in cylindrical coords

12
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Patented 5-Step Program for
Problem Solving

1. MAKE A LARGE CLEAR DRAWING

a. Also draw cross-sections if the problem is in 3D

b. Pick a coordinate system that is appropriate for the
symmetry of the problem

2. Divide current distributions into tiny pieces
3. Find dB of one tiny piece

4.Use SYMMETRY to eliminate any
components that cancel (i.e. add to ZERO)

5.INTEGRATE to add contribution of ALL the
tiny pieces

13
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Step 1 - draw a picture
Step 2 - divide the line into segments dl
Step 3 - find dB for one small segment

L Z TANGENTIAL View

Id] = Idzzz =

JB = Mo ldzsin(90+ ) .

a
4 R’ /

— vy oo
dBZ luo [dZ—361¢ 14
Goddard/Cunningham 472' R
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Step 4: Use symmetry to eliminate components
Step 5: Integrate over the whole object

TANGENTIAL View TOP View
1dl = ]dZE;;“
Z
z=rtan(a) L
R =r/cos(a) -
. 2

dz=r se;: (a)da r dBa,
J7 — r(rsec (05)) dad,

4z (r/cos(a))’ X

R I /2 ]
B="* a, jcos(a)daz °—a
dmr ", 2

¢

15
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Magnetic flux density (B) around
a line of current

¥ = I . -
B — H, e Right hand rule

Ym- ¢ Curlfingers
® around current
B

Practice sketching field lines:

1©

16
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“Static” Ampere’s Law

Let’s integrate B over any circular path centered on the wire:

E ~ _ 2r
fBedl = | (ﬂ—‘)]d¢j0(rd¢&¢)
C C =0 2
[ (ﬂ_fj
s\ 2T
= ol
B -
So... §—' dl =1 | for any radius circle

c Ho 17
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New Definition:
Magnetic Field Intensity Vector

§H ¢ di — ] enclosed
C
B

Hy
Units: (A/m)

H =

Goddard/Cunningham
ECE329 Lectures 12-14
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Current Distributions

Line Current

\: = Amps(A)

Surface Current ~ A
J =—
m
length
Volume Current ~ A
Jv — —2
m

" height

length

Goddard/Cunningham
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Challenge Question

e A coaxial cable has a solid center wire and an
outer cylindrical shell wire. A uniform current
density J flows in the direction -a, on the inner
wire and the total current returns on the outer
shell. In which region(s) will the H-field be

constant?
(2) r<a ¢ =
(b) a<r<b = ;
(c) r>b

(d) both (b) and (c)

20
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Static Ampere’s Law

Open Surface, where the Path forms a “Mouth”
J \ C §ﬁ.d#:]enclosed :J‘J‘j‘dg
gs ~ ¢ 5
J

In general, all the current entering the “mouth” will
end up passing out of any surface that is formed
around the mouth

21
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Example: Infinite Plane
Sheet of Current

xz plane is an infinite
sheet of current J. =Ja,
Current density = J ,a,(A/m) ’

Solve for magnetic field H

<<

22
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Step 1 - draw a picture

23

-X
a,
'y4 D +:y
y
® %
a,
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Step 2 - divide into segments

dx

24



Step 3 - find dH for one small segment

At every point (x,y), only the x-component remains, why?
For y>0, it is in -a, direction 25
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Step 4 - use symmetry to eliminate
components that are zero

—

l H
H x

26
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Aha! Now that we know H is along a,, we
can apply Ampere’s Law to a simple path

—

H

———mmmmmmmeef ey
—

27
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And now for the math ...

Js = JsOaz

pHedl =1 _ \gl.p4|H|-L=J,L
C
‘H‘ _Jso

H=—J,(%a,)

Goddard/Cunningham
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General Formula for H due to
infinite current sheet

The direction of current flow can be in ANY direction
The current sheet might not be on a coordinate plane

S
H=—J xa,

2

Unit vector normal
to the surface

29
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Sample problem

e Infinite plane sheets of current lie in the x=0,
y=0, and z=0 planes with uniform surface
current densities J,a,, 2),a,, and -J,a,,
respectively. Find H at the points: (a) (1,2,2),
(b) (2,-2,-1) and (c) (-2,1,-2).

30
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Lecture 12 Summary

e Ampere’s Force Law dF, :[ldilxa?l A

e Biot-Savart Law déan:f; Izdifezx%

e Infinite line of current Bzg—;’;&(b

e Lorentz Force Equation Fory =qE+qVxB
e Magnetic Field Intensity ﬁ:ﬂﬁ

e Next class

- Ampere’s Law (Section 2.4)

Goddard/Cunningham
ECE329 Lectures 12-14
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Lecture 13
Section 2.4

Ampere’s Law
Displacement Current

32
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“Static” Ampere’s Law

Using the Biot-Savart Law, we solved for the B field
around a straight wire and expressed it as H:

— —

H H

— I . =T A
B = Fo” a, H=——a,
2mr 2nr
Magnetic flux density Magnetic field

(Wb/m2) (A/m)
33
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“Static” Ampere’s Law

We integrated H over any circular path centered on the wire:

—_

H L amig A
] iHodl = JO(E%}(MM)
2r )i
L
=1

So... iH sdi =1 for any radius circle
34
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Ampere’s Law Physical
Meaning

- = Taking the integral of H
§ Hedl =1, around a closed path
C

&ﬁ odl = Magneto Motive Force (MMF’)
C

similar to:

§E o dl = Electro Motive Force (EMF)
C

Caution: MMF does no work!

—

Goddard/Cunningham FM = q]_;XB IS J_ tO dl = ‘_;dt

ECE329 Lectures 12-14

equals the enclosed current.
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Static Ampere’s Law

Open Surface, where the Path forms a “Mouth”
J \ C §ﬁ.d#:]enclosed :J‘J‘j‘dg
gs ~ ¢ 5
J

According to this static law, all the current entering
the “mouth” will end up passing out of any surface that
is formed around the mouth. Is this true?

36
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Problem with Static Ampere’s Law

Consider a simple capacitor
- No DC current goes through
- But, AC voltage results in current flow

l I

++++++++++H|++++++++++

How does AC current get through a capacitor
if it is not conducted through by a wire? 37
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Problem with Static Ampere’s Law

l I

++++++++++H |+ +++++++++

There is a second “way” to get current to flow

Somehow, a TIME-VARYING E field results in
current flow

38
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Problem with Static Ampere’s Law

l I

++++++++++H |+ +++++++++

Flux of E field lines crossing a surface, S
W, = I j g E o dS
S

Recall the Definition:
Goddard/Cunningham E|€CtrIC FIUX \VE UnltS (C)

ECE329 Lectures 12-14
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James Clerk Maxwell’s
Genius Breakthrough

There are TWO sources of MMF: -

1. Flow of charges due to current -
2. Time-varying electric field \c‘S

\
Called (by Maxwell)
“Displacement Current”

dy;
dt

§Fl-di=“i-d§+ijj5-d§
C S dt S

MMF _ "Regular” Current N Displacement Current
(Amps) (Amps) (Amps)

Goddard/Cunningham
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“"New"” Definition: Displacement
Flux Density Vector

—

[ “Electric Field Intensity Vector” V/im

—

D= gOE’ “Displacement Flux Density Vector”

Units: - charge €

2
Area m

”gOE odS = ”D edS Coul

Wy _ j j DedS Coul/sec
dt (AMPS) 41
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Displacement current from a
time varying E-field

e Find the displacement current crossing an area
A=0.1m? in the xy plane from the -z to +z
side for:

_ _t+2
E=E, t eta,

42
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Ampere’s Law (Non static)
The Third Maxwell Equation

§ﬁ-di=jjj-d§+ijj5-d§
C S dt S

MMF  _ "Regular” Current N Displacement Current
(Amps) (Amps) (Amps)
- - dD
VxH=J+—
dt

After using Stokes’ theorem to convert to differential form
43
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Ampere’s Law Rules

1. Right Hand Rule:
Choose direction of C so dS points OUT of the
surface
2. Must use same surface when evaluating surface
integrals for conduction current and displacement
current

44
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Displacement Current

e The displacement
current bridges
the gap in the
capacitor plates

— Regular current flowing into the CLOSED
surface = displacement current flowing out

The MMFs cancel if we apply - — d — —
Ampere’s Law to two loops — ﬁ ﬁ

going in opposite directions: g dt S

45
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Displacement Current

dg

e Current flow changes amount of charge L, T

— Since the charge changes, the electric flux out of the
surface changes, i.e. a displacement current

E(t) = o0

4re,R* "

W, = ” g,E® ds = &, E(Surf Area)
S

—> =&, o) —(47R%) = O(1)
. (1) dre,R
N
] — dWE — dQ
L= —
dt dt
= a9 _ I, sodisplacement current out = regular current in

dt 46
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Displacement Current from
time varying charge

e 3 point charges, Q;(t), Q,(t), and Qs(t) are at
the corners of an equilateral triangle and
connected by wires. Currents of I and 3I flow
from Q, to Q, and Q; respectively. The
displacement current emanating from a small
surface surrounding Q, is -2I. Find: (a) the
current flowing from Q, to Q5 and (b) the
displacement current from a small surface
surrounding Q, and surrounding Q5.

Goddard/Cunningham . .
ECE329 Lectures 12-14 From Discussion 2.9 (p 106) of old book
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Challenge Question 1

e Current moves along a wire connecting two
point charges. For which closed surface can
the displacement current be non-zero?

Q1) Q)  §eTidw
r'.‘.‘.f‘.‘.‘.ﬂ ",: :%:;;/E i I i :
QM e lgm | e i

48

Goddard/Cunningham
ECE329 Lectures 12-14



Challenge Question 2

e Current moves along a wire connecting two
point charges. For which infinite plane (open
surface) can the displacement current be non-

zero? i
Q4(t) @ ® Q,(t)
/// T Q1 (t) //, /:/. Q1(t) //, // | //,
/// ‘ // /// QZ(t) // /// //
__________ / /e /e e
Q,(t)
(a) (b) (c)
49
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Lecture 13 Summary

e Ampere’s Circuit Law

e Next class
— Faraday’s Law (Sections 2.1 and 2.3)

Goddard/Cunningham
ECE329 Lectures 12-14

50



Lecture 14
Sections 2.1 and 2.3

Review of Line Integrals
Faraday’'s Law

51
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Work is a Line Integral

Path element \
| to ¥ P
1 Py
R
[/
re P g -
% o s
~ e ]
=
£ e 1L
e
/
F.f. Fq
S e
0 \ T dL
E
dr
no — B~
Wiy =D F;*Al =| Fedl 52
Goddard/Cunningham j=1
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Conservative Forces

e Conservative means the work done by
the force is independent of path
- E.g. Gravity, Static Electric/Magnetic

e No work done along any closed loop
e Described by a potential energy

— Energy conservation

e Work done increases KE & decreases PE

e Friction, Drag & Time Dependent Electric or
Magnetic Forces are non-conservative

e Curl-free (non-rotational)

— Field strength does not vary perpendicular to
the field direction 53
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The Force From a Static EM
Field is Conservative

e Definition of Voltage

. Voltage drop from B to 4 is equal
— _Z E eodl. to the work you need to do to
J J .
= move a unit charge from A4 to B
against the electric field E.

Wi
q

V=V, =

e In the limit n—>% |

B
V.-V, =— J' E el = Line integral of E from
y A to B. Well defined

since integral 1s

independent of path. o

Goddard/Cunningham
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Non-conservative Fields:
Electromotive Force (emf)

A B

@ emf=§E0dl

= Line integral of E
C around the closed path
C (counter-clockwise).

EMF can be non-zero 1f EM field varies in time.
EMF i1s a difference in potential that can give rise to an
electric current. Think of it as a battery between 4 and B.

95
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Summary of Conservative Fields

e Conservative fields

- Line integral around a closed path is
ZERO

- Gravity, static EM Field

e Non-conservative fields

- Line integral around a closed path is
NONZERO

— Friction, time-varying EM Field

56
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Faraday’s Law

When the magnetic flux enclosed by a AB B
loop of wire CHANGES WITH TIME, -—
a current is produced in the loop —

. Incucad

The EMF in the loop is the NEGATIVE of the rate of change
of the magnetic flux enclosed in the loop

. - doep~ =
iE-dlz—E_[JBodS

Our third Maxwell Equation!!!

_ dy
emf = — ” ~

Goddard/Cunningham
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Lenz’s Law

e The direction of the induced EMF
always OPPOSES the CHANGE in
magnetic flux that produces it.

o [t opposes the CHANGE in flux,
not the flux itself!

JJJJJ

- Explains why it is “-d/dt”
58
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The curve C and surface S

C Closed Path, C
08, enclosing open
< ] Py * surface S1

It also encloses
open surface

e Outward magnetic flux thru the closed
surface: S; U S, is zero

— The flux out any open surface S, = minus the
flux out S; = plus the flux into S; so all

surfaces S bounded by C have the same ﬂux59
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Faraday’s Law Rules

e Right Hand Rule

—Right hand curls around C so
thumb points in direction of dS

60
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Experiments for Faraday’s Law

AB B

#-_
—

Incducad |

Inducad

61
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Induced emf around rectangular
loop in a time-varying B field

Rectangular wire loop
In the xz-plane

O g

B=B,coswta,

Steps:

1.  Write down Faraday’s law

Write down expression for dS. DIRECTION!!
Perform dot product B*dS

Solve double integral over limits of the loop

o bk~ w b

Goddard/Cunningham Take time derivative of result. Putin “-" sign!
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Faraday’s Law Rules

e EMF increases in proportion to
the number of turns of wire

—-If the loop, C, contains N turns of
wire, the EMF is multiplied by N

EMF = N2V
dt

63
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Example Problem: Induced
emf around closed path

—

B = B(sin wta, —cos wta,) Wb/m?

Z

Setting up the limits
of integration here
would be painful!

We can make the problem easier by solving for the flux
going into the three surfaces on the coordinate planes

Goddard/Cunningham . . .
ECE329 Lectures 12-14 From Discussion 2.5b p100 in old book



. B = B, (sin wta_—cos wia )

. surface2

*

surface1

surface3

Steps

1. ldentify surfaces on the coordinate axes that are bounded by the same closed path C
2. Solve for ” BedS separately for each surface

3. Addup contffibution of each surface for the final result

65
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Z

. surface2

*

surface1

surface3

Solving for ”Boa’g of each component surface

B = B, (sin wta_—cos wia )

1. Write down expression for dS. PAY ATTENTION TO DIRECTION!
2. Perform dot product with B. Is the dot product zero for a particular surface?

3. Shortcut if B is uniform over the surface. Then IEW@ =(Surface Area)(B)
S

4. Otherwise, perform double integral over the dimension limits of the surface.

Goddard/Cunningham
ECE329 Lectures 12-14



Example Problem: Motional EMF

e A non-uniform static magnetic field given by
B=B,/x a, exists in the region x>0. A square
loop with side length, s, and situated in the xy
plane (x>0) moves in the +a, direction with
speed v. Find the induced emf in the loop.

67
Goddard/Cunningham
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Challenge Question

e A loop, radius R, centered at the origin, sits in
the xy plane in the presence of a uniform field
B=B,a, (B,>0). If the loop radius begins to
decrease, which direction is the induced emf?

Z

(a) a,

(b) -a,

(c) a,

(d) cannot be
determined

68
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Comparing Faraday and
Ampere’s Law

e Faraday’s Law e Ampere’s Law
— Time varying — Time varying
magnetic fields electric fields
generate emf generate magnetic
(voltage) fields

— Electric currents
generate magnetic
fields (Ampere’s
static law)

69
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EMF and MMF

ﬁ-c_zi:EMF ﬁioc?i:MMF
C C
E=Volts/m H=Amps/m

EMF=Volts MMF=Amps

70
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Lecture 14 Summary

e Faraday’s Law:

- The generated emf opposes
and for a
loop with N turns is times larger

—The direction for C and dS
determined by right hand rule

e Next class

— Magnetic Vector Potential (Section
10.6 - just pp. 406-407)

— Inductance (Section 6.3)

71
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ECE 329
Lectures 15-17
Sections 10.6, 6.3, 2.5, 5.5, 5.2

Magnetic Vector Potential
Inductance
Conservation of Charge (Continuity)
Boundary Conditions
Magnetic Materials

Goddard/Cunningham
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Magnetic Potentials

Ve E = () Gauss’ Law

If the divergence is zero, then B can be written as the
curl of a vector (not obvious A should exist, but it does)

New Definition: Magnetic Potential Vector
B=VxA4
Oddly familiar:

VO(VXIZI)ZO

Goddard/Cunningham
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Faraday's Law

VxE = —6—B=—E(Vx;1)
ot ot

VxE=-Vx 8_A

ot
Vx(E +5—A) =0
ot
If curl is zero, then can be
written as the gradient of a scalar Oddly familiar:
E+% - vo VX(VCD):O

3
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Electric and Magnetic Potentials

—

Eo-vo-A
%

Electric Magnetic
Potential Potential

B=VxA

With these definitions, we automatically satisfy
Faraday’s Law & Gauss’ Magnetic Law

Instead of 6 unknowns: (E,, Ey, E,) & (B,, By, B,)
we have 4: (A, A, A,) and V 4

Goddard/Cunningham
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The magnetic potential A and its
relations to E and B

EMF:—thB = j B-dS

L d -
:—ELI(VxA)-dSz—EiA =—§— di

assuming the Ioop
geometry is constant

EMF:§BE“ dl =

C

—ch—a—A).di —§— di
ot

O —e—
—~

why can we drop
gradient of ®?

Goddard/Cunningham
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Gauss’ Electric Law for Potentials

VeD=
Vesk =
Ve Assuming ¢
IS constant

yo,
Jo,

E=F

g

0/7_.
Ve [— VO — ﬁj = £ 1 equation

Goddard/Cunningham
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Ampere’s Law for Potentials

]l
[
\l

V x @
d._’
JE

Vx—=J+

“thm

a

—

Vxézy}+y5§

—

_ AE -
VxB—us—=
pe— 7y

Vx(Vle)—,uggK—VCD—%jj = 1]

3 equations
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Special Case: Static Fields

Gauss Ampere

VOE—VCD—%):'O Vx(Vx?l)—,ugg[—VCD—ﬁ—Aj:/J

. &

Ve(va)=-~ Vx(Vod)=

We studied this one already (Poisson):
Relationship between a charge
distribution and the potential field

Goddard/Cunningham
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Challenge Question:
Gauge Transformation

e Suppose E and B can be represented by the
scalar and vector potentials: ® and A.

_ A = =
E=—VCD—5 B=VxA

Which of the following is true:

(a) ® and A are uniquely defined

(b) 4 =4+V2, cI>'=cI>—Z—jL also represents E and B

(c) The divergence of A must be O

(d) The laplacian of ® must be -p/e

Goddard/Cunningham
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Lecture 15a Summary

e Since div curl A = 0 and curl grad f =0,

A ~ —
E=-Vo-—"|  |B=Vx4

satisfy Faraday’s and Gauss’ Mag. Laws
e For static fields, Poisson’s equation is

Vio=-~
&

10
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ECE 329
Lecture 15b
Section 6.3

Inductance

11
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Example: Find B for an infinitely long
solenoid with n turns per unit length

Goddard/Cunningham
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Inductance of a Coax Cable

Now, instead of applying a
voltage across the inner and
outer conductor, a current, |,
flows down the length of the
outer conductor and returns

In the opposite direction through
¥ the inner conductor

Results in magnetic field

Vi
H =
27r
In between the coax -

Goddard/Cunningham
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Inductance of Coaxial Cable

(\ << ®Hd) "
0, | '
< b p—— —

. . . : -

Z

. . J | |
B=uH = ,u a, Magnetic Flux Density [m@J
V= j BedS= j j(ﬂj(dm’z) Magnetic Flux [72]

s N\2Tr
wzﬁln(b/a)
27 i’
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Inductance

L Z% Units: Henry (H)
L="E1n(b/a)
27

L= £:iln(b/a) Inductance/Length
z 2r (H/m)

Goddard/Cunningham
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Induced emf

Faraday’'s Law ®H, "
L I* al b
emf=§E0dl __ v, Eing !
dt dt Assuming dI/dt>0

The inductance of the wire creates an emf that
opposes rapid changes in the current

16
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Steps for Finding Inductance

e Find H(r)

e Find Magnetic flux by
integrating W=IB'dS

e Inductance L =%

o Inductance/Length -

dddddddddddddddd



Relationships between Capacitance,
Conductance & Inductance

Notice in the above examples,

C =g-GeometricalFactor
L = u/ GeometricalFactor

S =0 -GeometricalFactor

This is true in general for any pair of infinitely long, parallel
perfect conductors and so we have the following:

LC=us §G/C=0/¢

If you know one (L, C, or G), you can find the other two

from the material parameters
18
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Challenge Question:
Parallel plate capacitor

e For the parallel plate capacitor, we found

VO
d g C:ﬁ:@:ﬂ
. ‘0 d d

W
If the plate separation d increases, which is true:
(a) § and &£ will both increase

(b) € and § will both increase
(c) £ will increase, but € will decrease

(d) G will increase, but £ will decrease "

Goddard/Cunningham
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(Optional) Self Inductance

Last Example New Example

There now is also H field
inside the inner wire that will
also contribute to inductance

A — “Flux Linkage”

I =

Goddard/Cunningham
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(Optional) Flux Linkage
1

Jo =

This flux line is “linked” This flux line is “linked”
to a small amount of current  to a large amount of current

AND, since flux yy is dependent on r

Flux here is LOW Flux here is HIGH

21
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(Optional) Definition of Flux
Linkage

A=(Flux Magnitude)-(Fraction of Current Linked to
the Flux Line)

Accounts for two factors:
1. The magnitude of the flux line

2. The amount of current linked to a flux line

The self inductance is then defined as:

d\N ¢N-dy 1
Ly = I _[ —j 7 E _[1 linked AW
total S total S total total S

Fraction of linked current: N = I]ﬁnked

total 22
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(Optional) Example: Self-Inductance

of a Wire
Step 1: Ampere’s -
Law inside the Wire ﬁH.dl = Lonciosed
§£ ° dl = ]enclosed
y7i

1 2
o Jg B¢(I"d¢) = Ienclosed
oy

1
_B¢ (2 W) = ]enclosed
u
1
;B¢ (2mr)=J,(Area _Enclosed)
—B,(27r) = = () 0
:u WO 23
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(Optional) Example,

continued
1B¢(27z7f)=[ ]2](7272) (r<ry)
H 2
B¢=%r—'; (Wb/m?)

Step 2: Determine One Differential Piece of Flux

dy, = B(r)-dr-l (Wb)

<
QB r
R = AT
| lB.¢ ..................... t o de—ﬂLz-drl
- - 27 7

24
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(Optional) Example,
continued

Step 3: Differential piece of flux linkage

dA=dy,-N
2
dA:de[mzj
7y
. N=Fraction of
dA :ﬂ%.dr.z current inside
27 1y radius r

Step 4: Total flux linkage
l o I
A:MjﬁW:M

277, 0 37

25
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(Optional) Example,
continued

Step 5: Internal inductance

A

— (units: Henry (H))
I 8

L

Internal inductance per unit length of the wire:

— = (units: H/m)

26

Goddard/Cunningham
ECE329 Lectures 15-17



Lecture 15b Summary

e Capacitance c¢=9/,
e Conductance a¢-=|.|/,
e Inductance r=y/I
e Relationships f=us §/C=0c/¢
e Self-inductance
L :J‘]jdﬁ” :j]linkeddl//

S total S ~total

e Next Up
— Conservation of Charge
— Boundary Conditions

27
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Lecture 16
Sections 2.5 and 5.5

Conservation of Charge

Review of Maxwell’s
Equations in Integral Form

Boundary Conditions

28
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Conservation of Charge

Say we have a container that can
accumulate charge

e

\' Start pouring charges into the
@/\ container
N A

® Flow of charges is a current, |, in Amps
If the charges don'’t leave the container

@ the charge inside the container
Increases

Current flow IN = Charge INCREASE
Current flow OUT = Charge DECREASE
29
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Conservation of Charge

| In general, we can pour charges in from
. . .
\. more than one direction, or take some
3/_\ out from other parts of the container
v
¢ Net Rate of Net Rate of

Current flow OUT ~ Charge DECREASE
o0 de J

- = d d
gJOd = — g;nC:_EIlIPdV

. d using the
o, V-J= _4p divergence
dt  theorem %0

Goddard/Cunningham
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Conservation of Charge

Can be derived by combining two of

MMF for |
of 100ps Maxwell’'s equations

C, and C, cancel

(opposite directions) . . -
0=§Hedl +§Hedl
C C,

O T = o~ od e~ -
:gJ-dS+ELjD-dS+LjJ-dS+EgD-dS

Goddard/Cunningham
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Conservation of Charge

Differential equation derivation is much faster!

vy =-P
Ot

32
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Application of multiple
Maxwell’'s Equations

e Current I flows from a point charge Q(t) at the
origin along the z-axis off to infinity. Find the
counterclockwise MMF for a circular path of
radius a in the xy plane centered at the origin.
Hint: consider a sphere and a hemisphere

4

33
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Application of charge
conservation

e For J=<X,Y,z>, find the rate of decrease of
charge contained in the unit cube: corner
vertices (0,0,0) and (1,1,1).

Goddard/Cunningham
ECE329 Lectures 15-17 From Problem 2.24a (p 126) of old book
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E and B for basic configurations

1
g " E Bl pea

E=—2 4, E=—F 4 E=Pwo(+4)
47Z'EOR 272'507/ 2‘9()
| - B
B
-
B Hol B=1tojg g ®

Goddard/Cunningham ¢ - 27Z'R 2 S n
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Lecture 16a Summary

e Maxwell’'s Equations
—Gauss Magnetic:

—Gauss Electric:

—Faraday:

-Ampere + Maxwell:

Goddard/Cunningham
ECE329 Lectures 15-17
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Lecture 16b
Sections 5.5

Boundary Conditions

37
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Maxwell’'s Egns - Integral form

ﬁﬁ-dﬁ:jﬂpdr/

They are valid for ALL closed paths and closed
surfaces, EVEN WHEN THEY SPAN A BOUNDARY
BETWEEN TWO MATERIALS 38
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Closed Path Through a Boundary

Medium 1 (above)
OéH

Medium 2 (below)

Closed path: abcd O»,8),
Apply Faraday’s Law and Ampere’s Law to the closed path

39
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Normal Vectors

“ 25 Medium 1 (above)

al — lb 01,8, H

d:. ................... :C Medlum 2 (b@IOW)
0-2,82,,“2

N

a, Vector NORMAL to the boundary. Points INTO medium 1

n

&S Vector normal to the path, TANGENT to the interface.

Use right hand rule for path to define direction
40
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Faraday’s Law at Boundary
iEOdf:—%LJ‘EOdﬁzo

CAZ A &S

E, " Ve Medium 1 (above)

l' : SIb 01,6t

d'E2 ........ o Medium 2 (belOW)

0,,6, 1,

Take limit as ad and bc go to zero
Consider remaining E, and E, TANGENT TO SURFACE

E, = E, 1.e.E 1scontinuous Ny

Goddard/Cunningham
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The closed path can enclose
surface current

Example:
1. Current on surface of a conductor

Goddard/Cunningham
ECE329 Lectures 15-17
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Ampere’s Law at Boundary

enclosed

fiied =[[TedS+ % [[DedS=1
C S dt S

Medium 1 (above)
01,6,

d . Medium 2 (below)

C 029‘929/12
Take limit as ad and bc go to zero
Consider remaining H, and H, TANGENT TO SURFACE

H, —H, =J, 1.e.H, 1sdiscontinuous becauseof J

| Js
Right Hand

(HI_HZ)t:JSXan Triangle a,x(H,—H,), =J;
L Note: we know 43
Goddard/Cunningham ([—[1 - H, )t a nothing about H,
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Closed surface through the

volume
a Medium 1 (above)
/dl : S 06,4,
! /]

lllllllllllllllllllll

Medium 2 (below)
Oy,8y M

44
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The closed volume can enclose
surface charges

Medium 1 (above)
O1éH

lllllllllllllllllllll

Medium 2 (below)

Example 05,6, 1,

1. Free charges on the surface of a conductor 45

Goddard/Cunningham
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Gauss’ Law for D at Boundary

[ Deds = [[[ pav
S d&’/\DV1 C

Take limit as ae, bf, cg, and dh go to zero
Consider D, and D, NORMAL TO SURFACE

D, - D, = p 1.e.D, 1sdiscontinuous because of p,

Goddard/Cunningham
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Finding surface charge

e Given D on the surface of a perfect conductor,
find the surface charge, p, at that point (Hint:
what is the vector a, for each surface):

(a) D=Dy<1,-2,2> pointing away from surface

(b) D=D,<1,0,v3> pointing towards surface
(c) b=Dy;<0.8,0,0.6> pointing away

47
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Gauss’ Law for B at Boundary

Take limit as ae, bf, cg, and dh go to zero
Consider B, and B, NORMAL TO SURFACE

B, = B, 1.e. B 1scontinuous

Goddard/Cunningham
ECE329 Lectures 15-17
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Challenge Question:
Boundary conditions

e Which of the following are realizable as the
field outside a perfect conductor

4 2=>30

(@) 1, 2, and 3 can be either E or H

(b) 1 can be either Eor H, but 2isE, 3is H
(c) 1 can be either Eor H, but 2is H, 3isE
(d) 1 can be neither EnorH, but 2is E, 3is H
(e) 1 can be neither Enor H, but 2is H, 3is E '

Goddard/Cunningham
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Remember this drawing!!

Medium 1

o

:Q)

+++ Pg +4++
L, &

n2 n2
Jo=a x(H,-H,) Medium 2
Ey=Ep (I‘Hz)r:JSX&n D,1-Dno=ps B,1=B,>
Js

50
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Boundary between Two Perfect
Dielectrics

o=0 JS:(yE:O pS:O

Medium 1

n1

D

:Q)

Ht1
>
>

i
= | 1

S

Medium 2

n2 n2

51
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Surface of Perfect Conductor
ECond :O HCond :O

Medium 1

>

Dn1
A
Ht1

E=0 J(X) | Do+t B,=0

E,,=0 H,=0 D;,»=0 B,=0
a xH, =J, Perf Cond
[jllt = jS X &n D, =p

52
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(Time permitting) BCs for a
rectangular cavity resonator

e The region O<x<a, O0<y<b, 0<z<d is a perfect
dielectric e=4¢, and the boundary is a perfect

conductor on all 6 sides. Inside the resonator,
the fields are:

= . X . TZ .
E = E,sin—sin—cosara,
a
- . X T . . X . TZ . A
H=H, sm—cos;sm wta_— H , cos—sm—simwita_
a a

Find p, and J, on all 6 walls.

53
Goddard/Cunningham
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Lecture 16b Summary

e Never use the differential form of Maxwell’s
equations at a boundary - only use integral form

Medium 1

; |
E, H, 1

S (|
Eq Hy,
Jo=a,x(H, - H,) Medium 2
(7,-11,) =T, <
s

54
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ECE 329
Lecture 17/
Section 5.2

Magnetic Materials

95
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Magnetic Moments

at the atomic scale
L Z

A
LR

—J4= I(ma’)a,

Internal magnetic fields are produced by electrons orbiting
the nucleus, L, or by the internal spin of electrons, S
The atom has a magnetic dipole moment, m 56

Goddard/Cunningham
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Net magnetic moment

T

@ﬁb%@%#ci&
N

%@%@

A volume of material contains many magnetic

moments. They might be randomly oriented. '



External B-field can rotate Magnetic
Moments or change Orbital Velocity

Torque
T=mXxB

Nucleus
of atom

Current I F=1dlxB,

(a) (b)

58
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Net magnetic moment

So after momentarily applying an external field, they can
get magnetized and are mostly aligned in one direction.
The internal field can keep them aligned to each other 5

Goddard/Cunningham
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Magnetization Vector

M = Nm
Magnetic dipole moment per unit volume
N = # atoms per unit volume
m = average dipole moment per molecule
Units for M: (1/m3) (A*m?) = A/m
B int /uOM
Is the magnetic flux per unit area from the dipoles

Goddard/Cunningham
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Magnetic Susceptibility

B INSIDE the material is a function of how strong and how
well-aligned all the magnetic moments are

The INTERNAL magnetic flux is INDUCED by the
application of an EXTERNAL magnetic field

Total flux = Applied + Secondary
= u,(H, + M)

-

B

total

Some materials are more easily “magnetized” than others
M=y H,

Definition of magnetic susceptibility (has no units) &1

Goddard/Cunningham
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Relative Magnetic Permeability

B o = Ho(H o + M)

total

M — ZmHext

—

Btotal :luO(l_I_Zm)[_{)ext
B=uH

p= L+ 7,) = pold,
u=1+y

—

D=g,E +P
P= Eo X E

fot

Goddard/Cunningham
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D=¢g,(1+ 7.)E

tot

D=¢k .

e=¢&(1+x,) =58

g =1+y,

r
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Diamagnetic Materials (y,,<0)

e With H_,,, the electron orbital speed
changes depending on the relative
orientation of v and H_

— Equivalent to a weak magnetic dipole that
OPPOSES H.,,

e Magnetic susceptibility is a NEGATIVE

number
Examples:
Copper Y = -0.94x10°
Lead v = -1.70x10°

Water Y = -0.88x107°

63
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Paramagnetic Materials (y,,,>0)
Positive susceptibility
e With no H.,,, domains of orbital electrons and

spinning electrons exist

e However, the domains are physically oriented
in random directions (as a function of time),
so overall B;,,=0

e With H_,, domains reorient themselves to
generate B, that ALIGNS WITH H._

e Magnetic susceptibility is a POSITIVE number

Examples:
Platinum Y = +2.90x10°
Aluminum Y = +2.10x10°

Liquid Oxygen Ym = +3.50x10° N

Goddard/Cunningham
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Ferromagnetic Materials (y,,>>1)

e Very high susceptibility
e Microscopic “domains” that have strongly oriented
magnetic dipoles

e Direction of magnetic dipole differs from one
domain to another

e Under an externally applied H field, the domains
can orient coherently (i.e. in the same direction)

e Using a strong enough applied field, the domain
orientation can become permanent

Apply External
ECE375 Lectures 15.17 Magnetic Field



Material

) n=T+
Bismuth Diamagnetic 0.99983
Silver Diamagnetic 0.99993
Lead Diamagnetic 0.99993
Copper Diamagnetic 0.999991
Water Diamagnetic 0.99999]
Vacuum Nonmagnetic 1%
Air Paramagnetic 1.00000(
Aluminum Paramagnetic 1.00002
Palladium Paramagnetic 1.0008
2-81 Permalloy powder (2 Mo, 81 N1)¥ Ferromagnetic 130
Cobalt Ferromagnetic 250
Nickel Ferromagnetic 600
Ferroxcube 3 (Mn-An-ferrite powder) Ferromagnetic 1,500
Mild steel (0.2 C) Ferromagnetic 2,000
Iron (0.2 impurity) Ferromagnetic 5,000
Silicon Iron (4 Si) Ferromagnetic 7,000
78 Permalloy (78.5 Ni) Ferromagnetic 100,000
Mumetal (75 Ni, 5 Cu, 2 Cr) Ferromagnetic 100,000
Purified iron (0.05 impurity) Ferromagnetic 200,000
Superalloy (5 Mo, 79 N1)§ Ferromagnetic 1,000,000
+By definition.

+Percentage composition. Remainder is iron and impurities.
§Used in transformer applications with continuous tape-wound (gapless) cores.

Goddard/Cunningham
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Magnetization

e An infinite plane ferromagnetic slab (n.,=100)
lies between two infinite plane sheets of
uniform current density of J=+0.1a,A/m. Find

H, B, and M inside the slab and compare to if
the slab were non-magnetic (u.=1).

—O.1ayA/m Hint:
H=(J/2)xa, =-(J/2)a,
000000
0. 1ayA/m 2NN %% ‘
Z

H=(J/2)xa =(J/2)a,
L X

y

Goddard/Cunningham
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Magnetization Current

Due to the spatial variation of magnetic dipole moments

) ) dz Itt
Z . )
< - ':' !
a A 1 /
. . : t _/d
< < i J
! A ! 7 §
H 1
! )
! )
H 1

dx = ' 1L
y 1 My(2) ™ 1 My(z+dz) |Iqgy
y4 z+dz
M, (2)= m, _ 14 [, (dxdz) _ 1, M (z+dz) = —1,.
Volume Volume  dxdydz  dy g dy
Ly, =1, +1,, =M (2) =M, (z+dz))dy
J ]tot aMy A 7 -
= = — a —
M dydz oz JM =VxM 68
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Ampere’s Law in Mag. Material
[Bj J+J LD
u ot

In magnetlc medium, we need to
include J,, with the total current

[Bj +Vx]\2+a—D
u ot

VxH = J+— H=—-M
ot Hy

—_ —_
= o (H + M) .
. 0
Goddard/Cunningham
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Connection of Concepts
for Electrodynamics

(I) and Z scalar and vector potential
Integral
t B Al | |[E=-V®D o4
polarization B=Vx4 o B 5 displacement
(material response) clectric field flux density
P P-syE K D=cE=gFE+P D
= B o - < - - - - > —, | magnetic field
M M:g[ﬂ—ﬂoj B Bru=n(f+M) |H
magnetization iy magnetic 4 i oD
(material response) flux density - VxH=J+ E
> V ) D = pvol
Proportional D, -D, =p. (A, - 2)Z =Jyxa
v Q:IOSOA or Q:IOVOIV \ 4 JS:& X(Hl_Hz
Derivative charge Q 0= IpsOdS or 0= ijOldV | charge density
>
current | J [=Jg-L or [=J-4 J | current density

Goddard/Cunningham
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3 types of materials

Conductors

e

Free electrons

Dielectrics

d

Polarized atoms/molecules
Bound electrons

Magnetic

A A Bint
T

-

"

I

Magnetic moments
Bound electrons

------------------------------ ~Pso ¢<§>¢C§>
— S — B ¢$¢¢ G@%@:
1_______D_'f_'_ef_t_j;{af’f_?fi__ " C@D¢ <@> H I
+++++++++++++P++++++++++++Pso ¢C§>$
E=0 inside E#0 inside but it is reduced | B,,=B_+B
[3:0 inside Etot=Ea+Es Btot=”H=“0(H+M)

p=p, only surface charge

V is same throughout

E i IS | to surface

Goddard/Cunningham
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Lecture 17 Summary

e Magnetic dipole moment m=IA

e Magnetization or magnetic dipole
moment per unit volume

M=Nm =XmHexternaI

— Simple linear isotropic magnetic material
e Strengthens B-field strength by (1+y,,)
e H has same value as free space

- Magnetization current Jy,=VxM
- New definition H=B/u,-M and B=pH

e Upcoming schedule: Plane Waves
— Sections 4.1, 4.2, 4.4, 4.5, 5.3, and 5.4 »

Goddard/Cunningham
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Lectures 18-20
Sections 4.1, 4.2, 4.4, 4.5
Section 4.6

Uniform Plane Waves in Free Space
Poynting’s Theorem

1
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Summary of Maxwell’s Equations

) Codl —— 2 ([ Bedc . dB
Farad L Eedl =——||Bed __ab
araday’s Law i dtfsj VxE=-"
Ampere’s Law §H~di=”i-d§+%”ﬁ-d§ Vi< j+P

C S S
Gauss’ Law ﬁé'dg =0 VelR—0
S

Gauss’ Law ﬁﬁ'dgzj“pdl/ VeD=p
S V

Continuity Eq. ﬁjodﬁz—%jﬂpﬂ/ Vej__9P

Goddard/Cunningham
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Motivation for Waves

e Maxwell's equations say...

— Time variation in J(t) leads to spatial variation of H(t)

Vi =J+2
dt
- Time variation in H(t) leads to spatial variation in E(t)

VxE= —d—B
dt
— Time variation in E(t) leads to spatial variation in H(t)
Vi =Jj+2
dt

e This recursion relationship between E(t)
and H(t) leads to electromagnetic wave
propagation

3
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Field Source

e Infinite plane sheet of current at z=0

Free space z>0
Free space z<0

..... ....../.yg '. >Z
/|
vdRE
/
e - .
J, = surface current Y J ==J (t)a,
. A ! v
In Amps per meter || At 7=0

_ Which direction do we expect the
Goddard/Cunningham . .
ECE329 Lectures 18-20 generated fields to point?



Hmm, we

did the static case

t‘bdl

Goddard/Cunningham
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H d|rect|on:q
LJ. and 1dS

t\)|~

Ku



So we expect H to be
along the *y-direction

What variables can
H, depend on??

Goddard/Cunningham
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H, only depends on z and t

Infinite plane
looks the same
everywhere so H
can’t depend on
(X,y) coordinates

Y

Z

H=H (z1t)a,

Goddard/Cunningham
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E depends only on z and t,
but in what direction is E?

vxE=-9B__, H Infinite plane
dt dt
aH looks the same
_ y oA
SRS 2 x7 sl everywhere so E

can’t depend on
(X,y) coordinates

Z

Goddard/Cunningham
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E,#0, what about E, and E,?

y = const,

d ﬁ z
but const = 0 since we can turn

off our source, i.e.set J(t) = 0.

/9x /9)/ No new information.

VeFE = / /aE Soai—O:E—const—O
/ /ay Z aZ

Goddard/Cunningham
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E then must be
along the x-direction

E=E (z,0)a.

10
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Summary so far ...

e We have E and H that are
— Perpendicular to each other
— Perpendicular to the direction of propagation

- Magnitude is constant (“uniform”) in any plane
perpendicular to the propagation direction

propagation

11
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Following Maxwell’s Footsteps

e We will SIMULTANEOUSLY solve
Maxwell’s equations to find E and

H caused ]
- B =F (z,t)a
Vi F % ! (z,t)a,
~ ~ ﬂ_j HIHy(Z,t)&y
VxH=J+— - A
a J. =—J (t)a,

12
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Apply the two
Maxwell’'s Equations

e Performing the cross product,
only two equations contain E,
or H,

Goddard/Cunningham
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Simplify to E and H

e Use constitutive relationships D=¢g4E
and B=pu4H for free space to express D
and B in terms of E and H

e We write the equations for everywhere
EXCEPT at z=0 (where the current
source is) so J, goes away - for now

2 B JH

x —_ YV __ Y
z a g
ﬂ{y _é?l)x éEx

= —go
x 2 2
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Eliminate H in favor of E only

E, H,
a4
ﬂ{y aij
&) &
FE, a(ﬁl{y]__ a(ﬁ{y]__ g(_g ﬁEx)
P ,Uoé,z P ﬂoﬁ Py ﬂoﬁ 0" 5

e Coupled 1st order partial differential
equation (PDE) - single 2" order PDE

15
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This is the “wave equation”

OE FE.

&zx :/uogo 5[2

e Why is it called a wave equation?

— The solution to this differential equation will
be a function whose shape moves like a
wave in the z-direction

- How do we solve it?
e Two techniques: Separation of variables (see
book) or factorable operators (my notes)
— We will do the solution for E, and then we
can come back and plug the solution into
Maxwell’s equation to get H

16
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Change of variables

¢ Makes the math a little cleaner

=z, /luogo Has units of time

JE. CE,

e Still the wave egn
ot ot

17
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Two possible solutions

FE. CE,

ot &
FE. COFE,
ot A

=0

"X -y =(x+y)(x—y)

S Sa g

or

X

x T a o a

Now we have two first order diff egns that each can
be a solution to the wave equation 18
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Two possible solutions

k., __E, E. E
or a or N A
If E, is a function of (t-1) If E, is a function of (t+7)
the equation is satisfied the equation is satisfied
E(r,y=Af(t-7)  E.(7,0)=Bg(t+1)
A = a constant B = a constant

Combining the two possible solutions...

E (t,t)=Af(t—17)+ Bg(t+ 7)

19
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Changing variables back to z
E (t,t)=Af(t—17)+ Bg(t+ 7)

E (z,t)=Af(t _Z’\/ﬂogo)'l' Bg(t+ Z’\/:uogo)

Traveling wave Traveling wave
propagating in the propagating in the
+z direction -z direction

20
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Solving for H

E (z,t) = Af (t — z4| &, ) + Bg(t + 24/ 148 )

Recall M, o E
ecalill... 0} 0 07

|
H (z,1) = ™ |41 (¢ = 2Js,) —~ Be(t + 24/t |

21
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Two definitions

1
Y =C =

! \ Hoéo

=speed of light =3x10° (m/s)

M = ‘/% ~ 377 (ohms) Intrinsic impedance of free space
0

22
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Rewriting the solution

E (z,t)= Af(t——) + Bg(t + —)
N

VP P

H,(z,1) = i Af (1 —Vi) — Bo(t +Vi)

770 p p

Solution is a superposition of traveling waves
- one going in +z direction

- one going in -z direction

Goddard/Cunningham
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Challenge Problem: Velocity
of propagation

e The velocities of propagation for the following
waves: f = (0.05y-t)?, g = u(t+0.02x), h =
cos(2n108t-2rz) are:

(a) 0.05a,, -0.02a,, 10°% a,
(b) 0.05a,, -0.02a,, -10° a,
(c) 20a,, -50a,, 108 a,

(d) 20a,, 50a,, 10°% a,

(e) 20a,, -50a,, -10°% a,

Goddard/Cunningham
ECE329 Lectures 18-20 From D3.11 (p 171) of old book
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Two useful identities

Backwards wave -a, Forward wave -a,

E (zt)=g(t+—) = E(z0)=f(t-—) =
A% Vp

p

E(z2,0)=E(0,t+—)=E (z+v,1,0)| |E (z,t)=E, (0,t——) = E (z—v,1,0)
\% \%

p p

These identities simply say that the backwards wave
like z=-vpt and the forward wave moves like z=vpt

They allow you to express the wave solutions in terms
of the wave at a fixed position or at a fixed time

25
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Waves move along lines with
slope =1/c in z-t space

Backwards wave -a,

Forward wave -a,

E (2,0)= E,(0,t +—) = E (z+v,1,0)
\%

E (2,0) = E,(0,i ——) = E.(z =, 1,0)

Because the
wave amplitude is
constant along a

given line, we can
track each part of
the wave using a

letter label.

' Q 22 m)
-900--600 6 900
iy, E(Z,t)
3 26
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Moving waveform

e A wave traveling in the -a, direction with
speed 100 m/s is measured at z=0:

| B C

| e Q)

A | | | 2 ;b
0 1 2 3

4 5

Find the wave amplitude at:
(@) z=200m, t=0.2s

(b) z=-300m, t=3.4s

(c) z=100m, t=0.6s

27
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Lecture 18 Summary

o Differentiate Maxwell’s Equations

VxE:—ﬁ Vxﬁ=j+@
a a
_ . OE, FE,
to derive wave equation: 7 MG

which has solution:
A Z
E.(z,t)=Af (t ——)+ Bg(t + —)
V
- P
Traveling wave Traveling wave 28
ECE375 Lectures 18.20 +z direction -z direction




Lecture 19
Sections 4.4, 4.5

Uniform Plane Waves in
Free Space

29
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Summary so far ...

e We have E and H that are
— Perpendicular to each other
— Perpendicular to the direction of propagation

- Magnitude is constant (“uniform”) in any plane
perpendicular to the propagation direction

propagation

30
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Our solution so far ...

E (z,t)= Af(t——) + Bg(t + —)
N

VP P

H,(z,1) = L ara —Vi) — Bo(t +Vi)

770 p p

Solution is a superposition of traveling waves
- one going in +z direction

- one going in -z direction 31

Goddard/Cunningham
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For a valid solution, the
waves move away from source

e Generated waves travel in ‘ I
the +z direction for z>0 4}’ | j/j‘
and -z direction for z<0
z<0 then A=0 "ﬂthen B=0
Z Z
Ex(Zat):Bg(t_l__) Ex(Zat):Af(t__)
V V
B pz A pZ
H (z,t)=——g(t+—) | H/(z,t)=—f(t——)
770 Vp 770 Vp
32
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Final Step: Boundary conditions
from the current source

—_

We have to replace — _ -~
unknown functions RZ JS JS (t)ax
f & g and constants I At z=0

A & B with something
that relates them to
the current source

33
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Near the boundary z > 0
from the z<0 and z>0 sides

z=0- z=0"

£, (z,t) = Bg(t) E, (z,t) = A1 (1)

Hy<z,z>=—§g<r> Hy<z,z>=nif<r>

34
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Apply Faraday’s Law to closed path
cutting through sheet that is parallel to
current flow
y Jo=—J (t)a.

A J.L(t At z=0

|
O —e—
sl
®
[
||
)
—tA

E, 1scontinuous

Elt — E2t

Goddard/Cunningham
ECE329 Lectures 18-20
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Use E, continuous to match the
solutions for z<0 and z>0

—

=—J (t)a
A J,L(t At z=0

—

E, 1s continuous

X

E (z=0")Ax—E (z=0)Ax =0 //
Af (1)~ Bg(1) =0 all
MRRRRNS aflllE| .
Af (1) = Bg(?)
Lk, =E,, .

ECE329 Lectures 18-20



Eliminate Bg in favor of Af

z=0 z=0"

£ (z,0)=Af (1) E (z,t) = Af (1)

Hy(Z,f)=—n£f(f) Hy(Z,f)=n£f(f)

37
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Apply Ampere’s Law to closed path
cutting through sheet that is
perpendicular to current

J =-J (t)a.

d ~ ~
§ enclosed L J-J- gOE ¢ dS —
. dt *: At z=0
Hedl =] J, is a surface
§ dl enclosed current in Amps
¢ per meter
>Z

H, 1sdiscontinuous

at current sheet
(#,-H,) =J,xa,

38
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Use H,, discontinuity to relate the
solutions to the current sheet

H, isdiscontinuous at sheet J =—=J (t)a,
t At z=0
Hy(Z:O+)Ay—Hy(Z:O_)Ay:JSAy fs(
J is a surface
A Y ‘ current in Amps
U_f(t) + n—f(t) =J (?) | I ' per meter
0 0 #
,\ /‘ /\ d 1 ‘¢_ '/ >~
(ﬁl_ﬁ2)y:(j5'x&n)y Jli
24
— f()=J(1) :
Tlo
Af(£) = %Js(t) )
Goddard/Cunningham
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The final answer at last

z<0

Ex<z,r>=%JS<t+Vi>

| z
Hy(ZDt) — _EJS(t T V_)

P

P

Goddard/Cunningham
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z>0

Z
Ex<z,r>=%JS<t—v—>

1 z
H (z,1) =5Js(f—v—)

P

p

40



Combining the expressions...

E(z,1) = %JS (tT—)a.
1 VP zz 0

H(z,0)=+—J (tT—)a,
2 V

P

propagation

41
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Transforming time and space

e A wave travelling in the a, direction with
speed 100m/s is measured at t=0:

B

1 E(z, 0)
A/\ D E zm)
-100 0 100 20 300 400

14

Sketch: C
(a) E(z, 1s)

(b) E(O, t)

(c) E(200m, t)

Goddard/Cunningham
ECE329 Lectures 18-20 From Problem 3.22 (p 200) of old book
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Lecture 19a Summary

e \Wave emanates from z=0 so must
travel +a, for z>0 and -a, for z<0

e Use integral form of Maxwell’'s Egns
to get BOUNDARY CONDITIONS

—_ ?

E_ iscontinuous H, 1sdiscontinuous

E(0H=E(07) |H(0)-H (07)=J

43
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Sinusoidal Plane Waves

e Infinite plane sheet of current at z=0

Free space z>0
Free space z<0

J. =—J,, cos(an)d.
At z=0

44
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J, =—Jg, cos(an)a,

Solution ...

- Z
E(z,0) = %JS (7,

p

Az =+1, (tF)a,
2 v,

E(z,1) = 770;” cos(wt F fz)a,
H(z,t) = i%cos(a)t T ph2)a,

zz 0
w
p=—
Vp

Goddard/Cunningham
ECE329 Lectures 18-20
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Web Demo

Period(s)= 4 [ Reset )

rrJJ. JJ

http://www.phy.ntnu.edu.tw/java/emWave/em\Wave.htmlss
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Wave Parameters

Electric Field

Phase

Angular Frequency

Linear Frequency

Phase Constant

Wavelength

Phase Velocity

Impedance

Goddard/Cunningham
ECE329 Lectures 18-20

E(z,t)= %TJSOCOS(G)I ¥ f2)a,

(V/m)

(radians)

(radians/sec)

(1/sec)

(radians/m)

(m)

(m/sec)

P

Q) 47



Sinusoidal wave parameters

For a wave in free space, find the following:

a. f if the phase of the field at a point changes
3nin 0.1us

b. A if the phase changes 0.04x in 1m
c. fif A=25m

d. A if f=5MHz

Goddard/Cunningham
ECE329 Lectures 18-20 From D3.14 (p 178) of old book
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A few additional important

properties
vV, = /lf Speed of light in free space
\E
ﬁ =1, Intrinsic impedance of free space

49
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Poynting Vector

e "Points” in the direction of energy flow
e Energy flux density

Y

Power per
unit area

S = - 770J§0 5 _ .
S=ExH=1% ,cos (ot ¥ fz)a, zz0

Goddard/Cunningham
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Notice the Triad (permutations)

VaN VaN /N
S=FExH
/N VaN VaN
E=HxS
/N /N Va\
H=SxFE
G, =a,xa,
G,=a,xa,

a =da_ xXda

Goddard/Cunningham
ECE329 Lectures 18-20

Very useful for
finding directions

S -#? i% S
H H
H
Similar to coordinate axes
X|

> Z
/ 51




Challenge problem: Finding

field directions

e If H=H, cos (6nx108t + 2ny) a, A/m, then the
directions of: (1) H at t=0, y=0, (2)
propagation, and (3) E at t=0, y=0 are:

(a) a,, -a,, -a,
(b) a,, a,, a,
(c) a,, a,, -4,
(d) a,, -a,, -4,
(e) a,, a,, -4,

52
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Example: Antenna Array

e An antenna array consists of two or more
antenna elements spaced appropriately and
excited with currents of appropriate amplitude
and phase. Find E everywhere if:

J.,=-J,cosnt a, at z=0
J.,=-].Sinot a, at z=)/4

53
Goddard/Cunningham
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Lecture 19 Summary

e Sinusoidal waves

B _ _ﬁ¢ _ 0]
¢=awtTF [z a)——ﬁ f Py
O 2z _ o
Lb=F— l——ﬂ vV, _,B

v =Af =1
p T _EI_UO

e Poynting vector (power per unit
area) is in direction of energy flow

S=ExH
e E, H S form a triad 54
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Lecture 20
Section 4.6

Power Flow/Energy Storage
Poynting’s Theoren

95
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Field Source

e Infinite plane sheet of current at z=0

Free space z<0

J, = surface current ¥

In Amps per meter

Goddard/Cunningham
ECE329 Lectures 18-20

Free space z>0

—_

J.==J (t)a.
Ve At z=0

L E=F (z,t)a,

z20

H=H (z,t)a,

56
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Combining the expressions...

EGzn="LJ tx)a.
2 1 v, 22 0
H(z,0)=+—J (tT—)a,
2 v,

propagation

propagation

o7
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Definition: Poynting Vector

The POWER provided by the current source is used
to generate the propagating E and H fields.

The E and H fields are carrying power with them as they
propagate

S=ExH
Definition for the Power Flow Density of an EM Field

Units for S: Watts/m?

58
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Integral & Differential Forms
S=ExH
“Instantaneous” Poynting vector

We can calculate power density magnitude and
direction for any single place and time if we know E
and H at that place and time.

ﬁ§0d§=ﬁ(ﬁx[—?)od§
S S

Power flow out of a CLOSED surface (units = Watts)

59
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There’s ENERGY in the field!

If the EM field is carrying
POWER, how much ENERGY
IS contained in any given

VOLUME of space? t

Free space z>0
Az

Free space z<0

60

Goddard/Cunningham
ECE329 Lectures 18-20



How much ENERGY?
S=ExH=|E|H,

Use integral form to get a special case of Poynting’s Theorem
and calculate the power flow OUT of our little closed volume

aZ

-~ Az
fSeas -
S AX
Ay
How much energy is “stored” in E and H for this volume dV?
L. 8[ExHy] Hint: Use slide 14 result:
{:}S.dsz AV P
S z a a
H, 20, E

124 a a

61
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A guestion we may ask on an
exam

The power is not a constant value as a function of time.
Remember - it has that cos?(t) dependence.

What is the TIME-AVERAGED power being carried by
the EM field?
Do derivation - it contains a trig identity

62
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Power calculations

e For H=H,cos(6nx10’t - 0.2rnz) a, A/m, find:

(a) the instantaneous power flow across a 1 m?
area, A, in the z=0 plane at t=0

(b) the instantaneous power across A at t=1/8us

(c) the time averaged power flow across A

63

Goddard/Cunningham
ECE329 Lectures 18-20 From D3.19 (p 191) of old book



Challenge Question: Power
flow

e For H=Hycos(6nx10’t - 0.2nz) a, A/m, and
Ag,0 IS @ 1m? area at the plane z=z, which
statement is true:

(a) the instantaneous power flow crossing Ag,
in the a, direction can be negative

(b) the time averaged power flow across Ag,q in
the a, direction can be negative

(c) the instantaneous power flow across Ag,q at
t=0 depends on the position z,

(d) the time averaged power flow across Ag,
depends on the position z,

Goddard/Cunningham
ECE329 Lectures 18-20 LG’s question
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Poynting’s Theorem

—

Beginwith: VeS=Ve(ExH)=He(VxE)—Ee(VxH)

65
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Poynting’s Theorem

Thus, Ve S__g(lgoEzj_étlﬂonj—EOJ

ot\ 2 ot \ 2
V § E j:_aue - aum
ot ot

u,=electric field energy density
u,,=magnetic field energy density 66

Goddard/Cunningham
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Poynting’s Theorem
—%(um +ue)=V0§+on

Integrate over the volume and ﬁﬁ o dS = J'”V oS dV
Apply Divergence Theorem: S v

-2 [ff, +uydv = ffSeds + [[[EeJ av

Rate the fields _ Power flow N Rate of work done
LOSE energy OUT of surface BY the fields
t
T T E-J is non-negative when the
Can be + or - Can be + or - fields move charge (resistive load):

J=cE so EJ =cG|E|*=0
Zero only if 6=0 (perfect dielectric)

. . . . 67
E-J is negative when the applied current injects energy
Goddard/Cunningham
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Rate of work done by the fields

E E Work done moving dq

— —> - - —dE.

o 7 |@ a dlstancidl IS dYV dFdl
dq = pdV dl =vdt dF = dqE

Rate of work done BY the fields moving a small charge dq:

dd—Vf dF le dF -V =dqE -V =E -(ov)dV =(E-J)dV

Hjﬁ e J dV = Rate of work done by the fields (Joule heating)

68
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Poynting’s Theorem for
Perfect Dielectric

J=oE=0 = i{j&dq:_%uj(umwe)dlf

If net power flows out, the energy stored inside must decrease

-

Pnet > O

out

Energy stored = ” I (u, +u,)dV 1s decreasing
V

69
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Challenge Question:
Poynting’s Theorem

o If H=Hjcos(ct + x) a, A/m and

E=nyH,cos(ct + x) a, V/m in the free space

region x>0, which statement is true for V, the

VO
(a) t
(b) t
(c) t

ume bounded by the x=0 and x=1 planes
ne net outward power flow is zero at all times
ne fields do work and thus lose energy

ne total electric field energy inside is constant

In time

(d) the time averaged electric field energy density
at each position x is the same

(e) the total electric and magnetic field energy
density at fixed position x is constant in time

Goddard/Cunningham
ECE329 Lectures 18-20 LG’s question



Time Averaged Poynting Vector

- Re[Eeja)t:I_ Ee’” + E'e /™
B B 2
_ R, Fol® L Fromi® ol L "ol
<S>:<E><H>:< e +2 e " He +2 e >
|

——<Exﬁezm’ +Exﬁ*+ﬁ*xﬁ+ﬁ*xﬁ*e_zw>

(S)=RelExT']| = Relrin i’ [§ == | 71 Refi)s

"E =7H "but E, H point in different directions

Goddard/Cunningha
ECE329 Lectures 1
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Lecture 20 Summary

e Poynting’s Theorem:

— Rate that stored field energy is lost = rate that
energy flows out boundary surface plus rate
that the fields do work (Joule heating) or minus
the rate that a current source injects energy

_g [[[Ov, +w, )iV = S 0 dS + [[[E o Jav
-~ TimVe averaged PoyntiSng vector V
(s) :%Re[ﬁxfl*]

e Next up: Waves in materials
— Sections 5.3-5.4

72
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Lectures 21-24
Sections 5.3-5.4

Plane Waves in Materials

Also Section 1.4: Polarization

1
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3 types of materials

Conductors

e

Free electrons

Dielectrics

d

Polarized atoms/molecules
Bound electrons

Magnetic

A A Bint
T

-

"

I

Magnetic moments
Bound electrons

------------------------------ ~Pso ¢<§>¢C§>
— S — B ¢$¢¢ G@%@:
1_______D_'f_'_ef_t_j;{af’f_?fi__ " C@D¢ <@> H I
+++++++++++++P++++++++++++Pso ¢C§>$
E=0 inside E#0 inside but it is reduced | B,,=B_+B
[3:0 inside Etot=Ea+Es Btot=”H=“0(H+M)

p=p, only surface charge

V is same throughout

E i IS | to surface

Goddard/Cunningham
ECE329 Lectures 21-24

D=¢E,,=P+¢E
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New Relations

J =oF
]_j:gE £ =§&¢&
E:/LIH H= HH,



Inside a material, Maxwell’s
Equations become:

Free Space B Inside Material _
Vxﬁ:j:ﬂ) Vxﬁ=aﬁ+8@
a " a
VXE: % VXE:_IIJ@
ot at
V013=,0 Ve(eE)=p
.VOE:O V‘H:O 4



A single material can have
conductive, dielectric, and
magnetic properties AT THE
SAME TIME

o #(
g #1

H #1

How does an EM wave propagate through this?

Goddard/Cunningham
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Field Source

e Infinite plane sheet of current at z=0

Free space z>0
Free space z<0

"4

J =—J,, cos(ar)ad,

J, = surface current ¥ .
At z=0

In Amps per meter v

v

Goddard/Cunningham
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Solution

. J )
E(z,t) = 770250 cos(wt F fz)a,

. J )
H(z,t) = i%cos(a)t T pra,

Goddard/Cunningham
ECE329 Lectures 21-24




Web Demo

Period(s)= 4 [ Reset )

rrJJ. JJ

http://www.phy.ntnu.edu.tw/java/emWave/emWave.html s
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Key characteristics in
FREE SPACE

e No attenuation

e E, and H, are IN PHASE for linear
polarization

e Impedance: \EFUO‘E‘

e Travel at Speed of Light: v,=c=%

e Perpendicular: E'1 H | S
S=ExH

Goddard/Cunningham
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Field Source in a MATERIAL

e Infinite plane sheet of current at z=0

Material z<0 |
G, L, & Material z>0
o, U, €
..... / - -
/|
ZBRER
/
e - .

J, = surface current Y J. =—Jg,cos(wt)a.

. A il v
In Amps per meter || At 7=0
10
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Similar Procedure for
Maxwell’s Equations

e We will SIMULTANEOQOUSLY solve
Maxwell’s equations to find E and
H caused by J

— Note: J=cE#0 inside the material

— —

6 E —ﬂ% JS — _Jx (t)&x
L = E = E (z,t)a,
VxH=0cF + Eé)—E

2 ﬁ:Hy(Z,t)&y

Goddard/Cunningham
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Apply the two
Maxwell’'s Equations

e Performing the cross product,
only two equations contain E,

or Hy
oE,  OH,
=~
Oz Ot
oOH
~=—-0oF _|-¢& oE,
Oz Ot
\

The key difference 12
Goddard/Cunningham
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Reminder from Lecture 11

Phasor Review

e’’ =cos@+ jsin @

cos(8) = Re[e’’]

sin(6) = Re[— je’

9] — Re[ej(e—ﬂ/Z)]

Re[z]=(z+2")/2

= Re
= Re

E (z,t)=E (z)cos(wt F pz+0)

:Ex (Z)eijﬂzejﬂejwf ]

E (z)e’™]

Goddard/Cunningham
ECE329 Lectures 21-24

z=elb

sind

> Re

r=1

Z>'< :e'jo

13



Solve PDEs with Phasors

e Technique simplifies the algebra

E (z,0)=Re[E (2)e’"]  H,(z,t)=Re[H (z)e™]

oE, =Re[ja)Ex(Z)ejwt] 9 = jw
ot
8Ex _ aHy h @E ~
oH OE B OH
Y | . X ~ . ~
o R =0k, ~s(jo)E,
— 14
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n~~/

OF
Oz

~/

oH

Y

oz

Goddard/Cunn
ECE329 Lectur

Differentiate again in z

—_

~/

o~ O E _OH
=—u(jo)H azzx =—u(jo) azy
T =—u(jo)-ok, —s(jo)E,]
—Oi — &\ ~
(o) x/ = jou(o + joe)E
=
F oy~
0 . _7°F.
Oz

v =+ljou(c+ joe) =a+ jp

ingham
es 21-24

15



Solve simple PDE and re-
write Phasors as Cosines

L = y°E E (z)=Ae” +Be'” y=a+jp

E (z)=Ae “e* + Be@e'*
—A@JH -0z ],BZ_I_Be¢ oz J,Bz

E (z,0)=Re[E, (z)e']

E (z,t) = Ae ™ cos(wt — fz + 0) + Be™ cos(wt + fz + ¢)

\ ] )
f f

z>0 z<0 16
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Also Solve for Hy

E (z,t) = Ae ™ cos(wt — fz + 0) + Be™™ cos(wt + fz + ¢)

\ ] )
f f

z>0 z<0
2 — H = — e
—=—u(jo), 7 \/ﬁ e
2, A —az B +az
Hy(z,t):ﬁe cos(a)t—,Bz+6?—r)—He cos(wt+ fz+¢—1)
n n

) \ )

z>0 z<0

17
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Apply Faraday’s Law to closed path
cutting through sheet that is parallel to
current flow

— — d ¢r— — a
iE-dzz—jtiB-ds =—-J (t)a,
At z=0

—

§E’Od720 A X/ JL(
C

—_

EH 1S continuous

E(z=0")Ax-E (z=0)Ax =0
Acos(wt +60) = Bcos(wt + @)
. A=Band 8 =¢

18

Goddard/Cunningham
ECE329 Lectures 21-24



Apply Ampere’s Law to closed path
cutting through sheet that is
perpendicular to current

+ [ as

enclosed

:fﬁoa’ =7
C

§ﬁ0df:1
C

enclosed

2A4

—-cos(wt+60—1)=J, cos(ar)

7| B
‘77 ‘Jso
2

Goddard/Cunningham
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SA =

and@ =1

fil

J ==J (t)a,
At z=0
fs(t
J is a surface
‘ 27| currentin Amps
A per meter
,I"]’Mw,'/ >~

19



Final Solution for E, and H,

‘77‘*]50 o
2

_|_
H(z,t) = _gSO “cos(at T fz)a,

E (z,t) = cos(wt F Pz + 7)a,

220

Strength of fields drops exponentially according to the
attenuation constant

Magnitudes |E| and |H| related through magnitude of the
complex impedance, |n|

E and H are out of phase by the phase of the complex
iImpedance, Tt =arg(n) 20
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Phasor Solution for E, and H,

J (z=0,1)=Re[-J e’ ]
E,(z,) = Re[E,(z)e™]

H (z,t)=Re[H (2)e’”]

Ex(z) _ Y50 6172&)6
2

_ +

H (z)=

z20
¥z

Jso 2~
2SO e ay

H is in phase with the current source

~~/

" Ex _ ﬁﬁy"

holds for amplitude and for phase
but they point in different directions 21
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In this drawing, the current sheet is not at z=0
Need to shift functions right by 6=t for our case

(x)! e
1= 0 R-.H )i E(z,t):—‘ngso e “ cos(wt F Bz + 1)a,
Al
’.«"'l Esizt)m
! <. Emem®cos(wt =g2)
f 4"’ “x

o

N {/ Envelopey E T e o

AZZi o
ﬂ.--'
{y) T
' Eq
HHI, )= v el

o5 (wt = f2 = 8) *R,.\v-"\ ''''''' - :
e -
+J £ A f ******
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What is the same?

e Frequency of the wave = o
e Perpendicular: E/L H | S

S=ExH

Goddard/Cunningham
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What is different?

1. The magnitude of the wave is ATTENUATED

Gets weaker by e*# for a wave travelling in +z

o = “Attenuation Constant”
Units = 1/m or Np/m or dB/m

!
t=0 Sl
\ |
. Exizt)m
. Eremorcosfwt =f2)
~
I e
! \\/Envelone:s,;e-w
B=flan™l S Sreol
.r" %

H+ IE"'-'"'I -
ylnt)=—e

LY
Cosfwl = fz = @) I - G s o4

e
. xR € U
Goddard/Cunningham \1 W::E?“‘
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What is different?

2. Magnitude relationship between E and H

E| <[l
N B
‘77‘ # T
n ="Complex Impedance” of the material

(because it is a complex number)

‘ﬁ‘ = Magnitude of the complex impedance
(Units = Ohms)

Goddard/Cunningham
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What is different?

3. Eand H are OUT OF PHASE by 1

t = “Phase Offset”
Units = radians

t=0 \\rx)!
=
b :
:I
: Extztlm
<. Ehem®cos(wt = g2)
“1
] " Enel * g
/ “a velopey Eo e~
$=§tar'|'|'l.ll‘;’i "‘,n._,‘_ “‘f
{ \
A
) :
H;u,:):%"le"’"
Cosfwl = famifl) |Tompeeeman i

E s s
. sl AR 0
Goddard/Cunningham \1 W

'€ moy,
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What is different?

4. Speed of propagation is no longer c in free space

P /B s still good

But 3 will be related to properties of the material
and actually, B can depend on ®

If relation B(w) is nonlinear, then the material has dispersion
(different frequencies travel at different speeds, e.g.

colors separate in a prism due to this dispersion) and thus a
pulse (Fourier series - sum of waves) can change its shape

as the pulse propagates .

Goddard/Cunningham
ECE329 Lectures 21-24



Challenge Question:
Propagation in =0 medium

~

e Given the phasors: E’x(z):%ewax ﬁy(z)z%emdy
= mgem = _ ]a)lu — JT - _ . . .
and definitions: 7=\ o=l 7=Vjoulo+jos) =axjp

If 6=0 and g=2¢,,
consider the veracity of the statements:

I. The fields will attenuate as they propagate
II. E and H will be out of phase
III. The velocity of propagation will be

(a) I only, (b) II only, (c) III only, (d) I, II, and

III, (e) none are true "

Goddard/Cunningham
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Lecture 21-22a Summary

e Differentiate Maxwell’s Equations

—

V><E:—,uﬁ Vxﬁ=0§+gﬁ
a a

to get complex wave equation: 0°E, _2F
2 X

which has decaying solutions:

B, 7. L~ T o o s
E(z,1)= MTSOeWZ cos(wt T fz+1)a, E (z2)= 4 2S0 et a,
JSO +OtZ ~ + .7 =
H (z,t) = 5 cos(at F fz)a, H,(z)=—2>%e™a,
2 29
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ECE 329
Lectures 22b-23

Plane Waves in Materials

30
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Hmm, Almost the entire
Greek Alphabet!!!

o
These constants

& are material properties
and affect wave

/L[ propagation: o, B, v, T, N

S XS

Goddard/Cunningham
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Wave Equation for E,

E

X

= jouU(o + 'a)gﬁ
&’ w) "

(Propagation Constant)?
Most important definition from last class

, ~
5 Ex . _2E’
%
. FE . FE.
For wave in free space, wave eqn was: = HyE,

&’ a’

Goddard/Cunningham
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Propagation Constant

E -~
&2 :yzEx
7 =vjeu(o+jos) =a+jf=|y|e"
s a COMPLEX NUMBER " m

REAL PART + IMAGINARY PART ﬁ%'i
Re

Re[7°]1<0, Im[7°]> 0

e <O
" 772 1s 1n Quadrant II = 45 =y <90

S fZz2a=0

33
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Propagation Constant

7=a+ jf=yjouo+ jos)
Calculating ¢ gives 2 equations and 2 unknowns «a, 3

—2

7V =a’-pB*+2jaf =-w’ uc+ jouc
LB =-w’us and 2af = ouc

Solving for a and . T 12 |
B using Mathematica: &= w\/z 1+(—j = Attenuation
2 we Constant

1/2
? Phase
ue o
p= a’\/;[\/lJ“(w_gj HJ Constant

34
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The key relationships

/ \1/2

- > 2 attenuation
a =2 1+ (—j —1 e %
2 e
\ Y,
( \1/2
B HE \/1 N (ijz 1 velocity
7))
V 2 \ e ) v, /B

Attenuation and velocity are functions of o (dispersion)

35
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Complex Material Impedance

7 = JOU
o+ JweE

n= ‘ﬁ‘e JT\
/ Phase difference

Magpnitude of between E, and H,

Complex Impedance

36
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Solving for [n| and =

’E ~ ~ Ae™” >0
“L_yE E@=12¢, °
0z Be™” z<0
(_7728_7&— 7E —E z>0
oF N N —jou  jou n
5x __ﬂ(ja))Hy H;v(Z):< o -
- tyBe” __£ z<0
— jou n
~ ~ 10) '
S E=*%n Wherenzjf 775\/ja),u(a+ja)5) E\/ ]a)tu
/4 o+ jog
)
)= \/ = ‘(‘ :
. . , o +(we
o =2 2 JoOu(o— joe)  ou(ws+ jo)
Ji _‘77‘ € = 2 2 2 2 1
o +(we) o +(we) r:—tan_l(i) 37
Goddard/Cunningham 2 &
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Propagation in Dielectric

e For a uniform plane wave with f=10° Hz in a
nonmagnetic medium (n=y,), the propagation
constant is: y=0.054+0.1j m-!. Find:

(a) Distance for field to attenuate by el

(b) Distance for field to change phase by 1 rad
(c) Distance that constant phase moves in 1us
(d) The ratio of |E| to |H|

(e) The phase difference between E and H

38
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Power flow in Dielectric

e Given u=p, and H=H,e " cos(6z10't—~/3z)a, , find:

(a) The instantaneous power flow across A=1m?
in the z=0 plane at t=0.

(b) The time averaged power flow across Ag,-g

(c) The time averaged power flow across Ag,-4

39
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Perfect Dielectric Material

Definition of a PERFECT dielectric: G — O

Propagation Constant:

V=4 jou(c+ joe)

7= jonlus

Goddard/Cunningham
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Perfect Dielectric Material

7= wﬁ

Y=

a=0 ,3=60\/E
I

NO ATTENUATION _w_
P ﬁ /lug

V

Speed of wave
IS less than —

1 1
y = —
in free space: ! A/ LE \/ L HENE, HE,

Goddard/Cunningham
ECE329 Lectures 21-24

41



Perfect Dielectric Material

_ @ /
n =\/ J ,u -2 Is a REAL number
o+ JjwE g

7=k’

7=0 T
‘77‘ = = =1,
E and H are IN PHASE & &o6, &,

Impedance is different than
free space - could be greater
or less, depending on material

42

Goddard/Cunningham
ECE329 Lectures 21-24



Finding parameters

e Given u=py and E=10cos(37107t-0.2x)a, , find:
(a) The frequency
(b) The wavelength

(c) The phase velocity
(d) The relative permittivity
(e) The associated H field

Goddard/Cunningham
ECE329 Lectures 21-24 From P4.18 (p275) of old book
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Imperfect Dielectric
Definition: O =* O

But material does not conduct enough to
really be considered a conductor

So, how much conductivity is “enough™?

— conductivity
Look at the O

loss tangent:

E——. dielectric

44
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Imperfect Dielectric

O Official math definition
< < 1 for what constitutes an
imperfect dielectric

W& (small loss tangent)
Also valid definitions:
Very important definition v =90
a << f3

&2 90°
Re

O°F ~ my’
‘= jou(o+ joe)E, ﬂ
N -

Tells which term is dominant

45
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Behaves like a Dielectric or
Conductor depending on

L2/
M=6L g =10

o} =

© 5100 ° O’% A Conducting

WE 4 AN Py region Céo

A & e
3 2N’ N\ d
r;% %, |

2 <,

-2
sl
o Dielectric
—<0.01 4 region

wE g
-5 - X-TAys
Visible }4—-—
Low, medium, and high Micro- Ultra-
. radio frequencies oa waves Infrared ‘ violet !

JLooJ, 4 o B b L W b L W [ T
N=1 2 3 4 5 6 7 8§ 9 10 11 12 13 14 15 16 17 18

Frequency = 10" Hz

46
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Imperfect Dielectric:
How is it different from perfect dielectric?

Only important difference: There IS attenuation in an imperfect dielectric

o #0
a2 |H
2 \¢e

Everything else is the same as in a perfect dielectric:

90, 1
~ j— j— —2
proue V== =27
-

\

N o

Pretty good approximation as long as E‘ <0.1 4

Goddard/Cunningham
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Good Conductors
Definiton: () 7%= OO

But conductivity is still large

O Also valid definitions:
—>>] Y ~45
W& a~p

Official math definition of Im '
a good conductor T -
Large loss tangent YRR,

Note that any material with >0 behaves like
a good conductor at low enough frequency

Goddard/Cunningham
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Good Conductor

Propagation Constant

7 =jouo+ jor) =+ jouc
= j\ouo

- 1+
Warning: math trick (=WJ

Goddard/Cunningham 2
ECE329 Lectures 21-24
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Good Conductor

Complex Impedance

7 = JOp  _ |JoH
o+ JweE o

_ 1+] WL (14 /) WU

f 20

—:% 7277
=~ 4

E and H are 45 deg
Goddard/Cunningham Out Of phase

ECE329 Lectures 21-24
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Good Conductor: Skin Depth

o tells us how far the E and H fields can propagate into
a good conductor

In a conductor, a=LARGE, so fields drop off in a short distance

SKIN DEPTH = Distance that the field strength is attenuated by e’

2

S=

1
o OUOC
1 Using @ = 277‘

Or 5: l
o 7##0 51
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Goddard/Cunningham
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Skin Depth

EjorJy
E «— Step function
or
J
Areas under step function
and exponential curve
are equal
PO — 1
S 5= depth of penetration »
Exponential curve
0 | { ol T ! |
0 ) 20 36 44 56 66
X —>
FIGURE 4-10

Relative magnitude of electric field E or current density J (= ¢E) as
a function of depth of penetration & for a plane wave traveling in x
direction into conducting medium. The abscissa gives the penetration
distance x and is expressed in 1/e depths (5). The wavelength in the

conductor equals 279.
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Perfect Conductor

O = 00
-
0o=0

.

e

\
o = O

Infinite attenuation

1/2

Means that neither E or H can propagate into a perfect conductor

NO TIME-VARYING FIELDS (E or H) CAN EXIST IN

53
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Challenge Question: Material
characteristics

e In what type of material would you expect
dispersion (velocity depends on frequency)?

(a) free space

(b) perfect dielectric
(c) imperfect dielectric
(d) good conductor
(e) perfect conductor

54
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Finding parameters

e For a uniform plane wave with f=10° Hz in a
good conductor, the field is attenuated by e
in 2.5m. Find the following:

(a) Distance for a 2n phase change if f=10> Hz

(b) Distance a constant phase plane travels in
1us for f=10° Hz

(c) Distance a constant phase plane travels in
1us for f=10% Hz assuming the material

properties are the same as at f=10° Hz

95
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Lecture 21-23 Summary

Perfect Dielectric

Definition: o=0
Attenuation:
Sp@@d: Vp :C/ lLlrgr SC

E,H In Phase: 7=0
Impedance: ‘ﬁ‘:nOW

a=0

Imperfect Dielectric

Definition: |¢/®e<<I1
Attenuation: a=~o/2\ule
Speed: v, melJue, <c

E,H In Phase: ;.
Impedance: ‘ﬁ‘z%m

Good Conductor

Definition: O/®&>>1
Attenuation: @ ~+@uo /2
Speed: v ~20/ou
E,H 45° Phase: .~ /4
Impedance: 7] ~Joulo

Goddard/Cunningham
ECE329 Lectures 21-24

Perfect Conductor

Definition: GO _
Attenuation: ¢ —>x |E—0
Speed: v, >0 |H—>0

E,H 45° Phase:r > /4
Impedance: [7]—>0 5



Lecture 24
Section 1.4

Polarization

o7
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Definition of Polarization

e Describes the “tip” of the time-
varying E field vector for a
particular point in space as it
varies in time

® J — 'JSOaX example

—-Field with only one component is
always linearly polarized

1o/ _
E (z,t) = 0250 cos(wt F fz) 3
Goddard/Cunningham
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Web Demo

http://www.enzim.hu/~szia/cddemo/edemo0.htm 59
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How do we treat this
mathematically?

Say we have two superimposed fields

e Propagating in same direction
e Possibly out of phase
e Possibly oriented out of plane with each other

How can we tell if the combined wave will be:

e Linear
e Circular
e Elliptical

60
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Linear Polarization

Plane in space perpendicular to propagation

direction
X
/ The tip of the E-field vector
y traces out a straight line
;/ DIRECTION: Constant
MAGNITUDE: Changes w/ time

How do we get this mathematically?

61
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Linear Polarization

Given two linearly polarized vector fields

El = EJ1 C()S((()t —+ ¢)&x E, is horizontal linear polarization (green)
E2 — iEZ Cos(a)l‘ —+ ¢)&y E, is vertical linear polarization (red)

If the vectors are IN PHASE or 180° apart, E,+E, will also be linear polarization

E +E,=cos(wt+¢)Ea,*Ea,)
Magnitude changes Direction is constant

e E.+E, o =+tan™ (&)
El

o

>E1

Polarization ANGLE depends on relative magnitudes of E; and E, 62
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Circular Polarization

Plane in space perpendicular to propagation
direction

The tip of the E-field vector

traces out a circle
DIRECTION: Changes with time
MAGNITUDE: Constant

How do we get this mathematically?

63
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Circular Polarization

Given two linearly polarized vector fields

E CO { + & E, is horizontal linear polarization (green)
0 S\ X

E =
Ez = EO Sin(a)t + ¢)&y E, is vertical linear polarization (red)
The vectors have EQUAL MAGNITUDES
The vectors are OUT OF PHASE by n/2

The vectors are PERPENDICULAR

ALL THREE CONDITIONS MUST BE MET
for E,+E, to be circular polarization

64
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How to tell: Left or Right

Handed Circular Polarization
Method 1: Left/right thumb points in propagation direction

4 A propagation A propagation

y

“Right-Hand” Polarized “Left-Hand” Polarized
(cw as seen by source) y\(ccw as seen by source)

LHCP if moving in -a, X RHCP if moving in +a,

65
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How to tell: Left or Right

Handed Circular Polarization

~Method 2: It's right handed if
Ahead £ x Behind E is in propagation direction

—

E, = E,cos(wt £ fz)x Ahead N
ExE, =z

so RHCP if
moving in +a,

E, =E,sin(at * )y

= FE, cos(at t fz — %) y Behind
y

else LHCP if
It is behind by /2 moving in -a
because ot needs to be ‘

/2 larger to be at the X
same part of the wave

Goddard/Cunningham t
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How to tell: Left or Right

Handed Circular Polarization

_ Method 3: It’s right handed if
Re[E]xIm[-E] is in propagation direction

El = FE, cos(at £ fz)x Ahead

—

E,=E,cos(wt* fz —%) y Behind

T
A / —J 5

Eee 25 = Ee (5 )

32
H

)

+

=E +E,=Ee’”

E=x=Jy Re[E]=x gives the Ahead field
| made up this notation.

note it is not a unit vector Im[—E ]=» givesthe Behind field

67
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Elliptical Polarization

Most general: two combined linearly polarized waves will
result in an elliptically polarized wave - if the conditions for
linear or circular are not satisfied.

Plane in space perpendicular to propagation
direction

The tip of the E-field vector

y traces out an ellipse

DIRECTION: Changes with time
MAGNITUDE: Changes

68
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Sum of two fields

e For E;,=E, cos(2nx108t - 2nz)a,,
and E,=E, cos(2nx108t - 3nz)a,, find the

polarization of E,+E, at the following points:

(a) (3,4, 0)
(b) (3, -2, 0.5)

(©) (-2, 1, 1)
(d) (-1, -3, 0.2)

Goddard/Cunningham
ECE329 Lectures 21-24 From D3.17 (p 184) of old book
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Challenge Question: Forming
Circular Polarization

e For what value of ¢, will the following fields
add to produce right handed circular
polarization:

E,=E, cos(2nx108t + 2nz + n/3)a,,
E,=E, cos(2nx10%t + 2nz + ¢)a,

(a) n/3
(b) -n/3
(c) n/6
(d) -n/6
(e) 5n/6

70
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Writing linearly polarized as
a sum of circular polarization

e Rewrite E=E,cos(ot+pz)a, as a sum of circular
polarized fields.

71
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Lecture 24 Summary

e Polarization describes the “tip” of E(t)
e Linear

— Direction is y7/V
- Magnitude

e Circular :
— Direction @
- Magnitude is :

e Elliptical

~ Direction y@
- Magnitude :

e Next up: Section 5.6: Wave reflection

72
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Lectures 25-26*
Section 5.6

Reflection and Transmission
Standing Waves

" In spring semester, there is 1 fewer day of instruction so
both of these lectures are covered in a single class period

1
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Normal incidence plane wave

X

[ . Medium 1 Medium 2
y G15 &4, Hy G2, €2, H2

Incident (+) —

E(Z) X
H (Z) H+ Nz 3 _éEl+e—7712)’>
)
What should
happen next? z<0 | z>0

We will analyze the case J,=0 at z=0 (no applied surface current).
For the case J.#0, use superposition of the J.=0 case

with the answer for waves generated by a current sheet. 2

Goddard/Cunningham
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Reflected and Transmitted
Waves are Generated

X

LZ Medium 1

y G15 &4, Hy

Incident (+) ——

[n 'l VA & 1 T+ 7z
E(z)=E'e’x, H(z)=—E e’y

Ui

Reflected (-) «——

™ T VZA O TT _1_— +v,z A
E(z)=E e7x, H(z)=—E ey

Ui

z<0

Goddard/Cunningham
ECE329 Lectures 25-26

Medium 2
G2, &2, Ho

— Transmitted (+)

™ Il Zn LT 1 T+ _—VzZ A
E,(z)=E]e"™x, H,(z)=—FE,e '™y

7,

z>0

At z=0, Js=0 3



Apply Boundary Conditions

Medium 1
a, I
E, H, 1
) | J (X))
> >
Et2 Ht2
Jo=a, x(H,—H,) Medium 2

Goddard/Cunningham
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Apply Boundary Conditions

X
L Medium 1 Medium 2
Z
Y 01’ 81’ H1 02, 82, “2
1x total (Z) E 8 +E e+712 sztotal (Z) :Ez+e_722

Iy 1 + -z - _+7z ry 1 T+ _—V»Z
Hlytotal(z)_ (E 7 E 4 ) HZytotal(Z)__ 26 ’
m Uy

E2x total (O+ )

IS
=
S
S}
~
<
~
Il
IS
+
+
=
|
Il

ES
1 + - 1 T+ +
lytotal(o )_r( _El ) = 77_ 2 = 2yl‘0tal(0 )

Goddard/Cunningham 771
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Solve the Equations

E'+E = E, i |
— _. _ _. ‘ E++Evl— _ ?2 EJr_E_
@( , —E ): E, m
5 Z —
Reflection Coefficient: I==-= ZZ Zl
E, m+mn,
T = €2+ _L j+E1 =1+T
1 El
. . . E 27,
Transmission Coefficient: LT==—=14+"=—"=
E, m+mn,

Goddard/Cunningham
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Challenge Question:
Special cases

e If n,=n,, we expect:

Medium 1
G1, €15 Uy

Incident (+) ——

Medium 2
G1, €1, K1

(a) I'=0, t=1 (0% reflected, 100% transmitted)

(b) I'=0, t=-1 (0% reflected,

100% transmitted)

(c) I'=1, t=0 (100% reflected, 0% transmitted)
(d) I'=-1, =0 (100% reflected, 0% transmitted)

(e) cannot be determined

Goddard/Cunningham
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Challenge Question:
Special cases

e If medium 2 is a perfect conductor, we expect:

Medium 1
G1, €15 Uy

Incident (+) ——

Medium 2
02 9 0

(a) I'=0, t=1 (0% reflected, 100% transmitted)

(b) I'=0, t=-1 (0% reflected,

100% transmitted)

(c) I'=1, =0 (100% reflected, 0% transmitted)
(d) I'=-1, t=0 (100% reflected, 0% transmitted)

(e) cannot be determined

Goddard/Cunningham
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Special Cases of

Reflection/Transmission

gl_:nz_m r §=1+F
E n,+n, E’

)

* Impedance matched: n,=n,, then I'=0, t=1
— No reflection, entire wave is transmitted

» Perfect dielectrics: 6,=0,=0, then I" and t are real since 7,
and n, are real

» Perfect conductor for medium 2: n, =2 0, then I'=-1, t=0

— No transmission, entire wave is reflected. If medium 1 is a perfect
dielectric, a standing wave is set up there since reflected wave
perfectly cancels input wave at many nodes: E(z=0)=0 always, but if
0,=0, then E(z=-mA/2)=0 also

Goddard/Cunningham
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Standing Waves

* The reflection from a PC gives I'=-1

« If region 1 is a perfect dielectric, we get standing waves
whereby the input and reflected wave add destructively at
specific points in space (vs. travelling waves f(t £ z/v))

(z)=E'e" +E e’ =E (e’ —e" )= E (-2 sin(B,z))

lx total

~ 1 (=, . — ...\ E E’
Hly o (Z) =— (El+e—712 . El—e+712) 1 (e_J,BlZ + e+]ﬂlz) — Tl 2 COS(ﬁIZ)
I m T
E(z,t) = X Re[E, (<2 sin(B,2))e’” | = X2|E,|sin(B,z)sin(wt + ZE")

- . ET . 2= .
H(z,t)=y Re[ET1 2cos(B,z)e’” 1= y—|E,"|cos(fB,z) cos(awt + LE,)

T i
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Standing Waves: on average, the
net energy transport is zero

Show <S >=<E x H > =0. Online notes use phasors. Here
we’ll use E and H explicitly (still assume ¢,=0).

E|sin( B z)sin(wt + LE )X
- 2
H(z,t)=—

1

E(z,t)=2

E|cos(B,z)cos(wt + LE)

S(z,t)=—|E"| sin(B z)cos(B,z)sin(wr + LE )cos(wt + LE)z

1 E'| sin2B,2)sin(2(wt + ZE*)): - <5’ (z, t)> =0

m . . : .
since sin(2art) 1s periodic
At any moment in time,

there is energy transport,
but it averages to zero. y

Goddard/Cunningham
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Incident wave induces surface current
on PC that radiates the reflected wave

=0
H is discontinuous at z=0, H;,=0 but H,, oscillates: a, <
7 . 2 T+ T+
H(z,t)= y—‘E1 ‘cos(a)t +/ZE")
m —
Thus, the BC’s imply a surface current is induced at z=0: Hy4 H,=0
T . 2 T+ T+
J (1) :x—‘E1 cos(wt+ ZE") y X J,
) |
This surface current is now a source that can radiate Xz
a wave away from the plane in -a, (i.e. the reflected wave): P

Eypea (2:0) = (-1) 7T (1) = 3| |cos(at + fz + ZE)
v, o ﬁ
which is precisely the wave we found when we used I'=-1. (7, 11.) 4
The part that radiates into +a, perfectly cancels out the
incident field for z>0 which gives us E=0 in the PC as

expected. Slight complication: J was created by 12
J=cE, but E=0 at the PC. Note c=w.

Goddard/Cunningham
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E(z)=TE'e"%

H(z)= —1FE+e+7l

i

Lectures 25-26 Summary

. Medium 1 | Medium 2
G4, &1, Uy | O2, &2, Hp E (2)=1E"e73
H,(z)= _LTElJre_“Z)A/
I S G
. I S
Hl H

s <
I = @;_Zf@ T=§2:—1+F—_2772_

E, m+1, E, m+1,

Next: Transmission lines: Section 6.5 & Chapter 7

Goddard/Cunningham
ECE329 Lectures 25-26
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ECE 329
Lectures 27-30
Section 6.5 and Chapter 7

Transmission Lines

Time Domain Analysis

1
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Starting Point: Uniform Plane Wave

Period(s)= 4 | Reset |

rrJJ. JJ

http://www.phy.ntnu.edu.tw/java/emWave/emWave.html|

Goddard/Cunningham
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Starting Point: Uniform Plane Wave

e Consider E and H that are
— Perpendicular to each other
— Perpendicular to the direction of propagation
— Magnitude is constant (“uniform”) in the plane perpendicular
to the propagation direction
- And for perfect dielectric media:
e E and H are in phase
e No attenuation in z-direction

E=E (z,t)a,

propagation

j7 Hy (Z,t)ay ................. 5

3

Goddard/Cunningham y
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Parallel Plate Transmission Line

Imagine a rectangular box made of perfect conductors
on the upper and lower surfaces, filled by perfect dielectric medium

Perfect conductor on top surface

_ i N\
X x=d l ) N
Z  x,y=0 H,
y \
Y=W 3 i
d<<w Z=0 Perfect conductor on bottom surface z=l

o If we place conducting sheets in the
path of the uniform plane wave, some
of the wave enters the box and is
guided by it

Goddard/Cunningham
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Parallel Plate Transmission Line

X=d| ! -

y=W < >
z=0 z=|

x=d 4

3
|1,
x=0"

Cross section of the transmission line so
Goddard/Cunningham wave is propagating into the page
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Consider boundary conditions

'Jsaz Perfect conductor

_____ T Ms_ - - - E,=0, D,=0, H,=0, B,=0
x=d —@—

E,=0, D,=p,, H,=J5, B,=0

Ex Perfect dielectric
s
x=0 ++++++++++ y=w
y—O Ps Jsaz

The E and H fields inside the transmission line induce
charge and current on the upper and lower surfaces
Apply BC's on D, and H, to find p, and J, respectively

‘pS‘:‘gEx ‘JS‘:‘Hy‘

Goddard/Cunningham
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TL Voltage

— i —Ps
*wx@@@@@@@@@@

©0 0006060060066

b
\ @$@@@@@$@@@@@@@$@@@@

L~

y=w +Ps

V(z,t)=(d)E (z,1)

Goddard/Cunningham
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TL Current — Charges on
both plates move to the right

'_ps
X=d3 g
| . Co=Ce=9e=°e=e—

b
18, -0, 0 0 &
\ e~ e~ e~ e~ &
y=W +Ps

'Jsaz

y=w J.a

I(z,t)=wH (z,t) -

Goddard/Cunningham
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TL Power

y=w

P(z,t) = j(ExH) dS = xjdij— -~ dxdy

P(z,t) =V (z,t)I(z,t)

same as in circuit theory

Goddard/Cunningham
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Converting E <~V and H & 1

d=0.01m

Xx=0" = .
y=0 w=0.2m

Find the power crossing this transverse cross section if
(a) E=3007 V/m, (b) H=7.5 A/m, (c) V=4= V, (d) I=0.5A

10

Goddard/Cunningham
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Another look at transverse

plane of TL
-I(z,t)a,

~ V=0 @
x=d

E.(z,t)

T_»Hy(z,t) &
x=0 V(zt y=w

y=0 @Y Sha,

V(z,t) and I(z,t) can be used to describe the state of the
transmission line instead of E,(z,t) and H,(z,t)

11
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Transmission Line Equations

For plane waves in
perfect dielectric:

<

But in the transmission line: <

12

Goddard/Cunningham
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Transmission Line Equations

ERcE
& \w)a
g_{gij
e \da

These are the transmission line equations!!

* They describe wave propagation along the TL
in terms of currents and voltages

e It is just another way of stating Maxwell’'s Eqns

Substituting... <

13
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Circuit Parameters

—pP. ) E,=0,D,=0, H,=0, B,=0
x= ——=c-z=F---- @— - - . .
IEX bR Rewrite the TL Equation
= using circuit parameters
y=0 ++++-|‘-)-:++++ ?9 y=w

L Inductance Flux/Current /I

L= — —
z Length Length z
:Byzd/Hyw: B.d :,tud :,Ud
z Hw Hw w
. C _ Capacitance _ Charge/Voltage _ oV

z Length Length z
_pewlEd  pw  eEw _ew
z Ed FEd d

14
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Transmission Line Equation

V__pq
24 ot
ad__cr
Z a

For lossless transmission lines
Perfect dielectric filling
Perfect conductor outer shell

Don’t forget that L & C are related:

LC = ue

Goddard/Cunningham
ECE329 Lectures 27-30

15



Distributed Circuit

y=w dz dz dz dz

One small slice of the transmission line would have
a finite inductance and capacitance.

If we put our small slices together, end to end, to make
a whole transmission line, the inductance and capacitance
would be distributed over the whole length of the TL.

How do we represent a distributed circuit element?

Goddard/Cunningham
ECE329 Lectures 27-30
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Flip the parallel plate for TL
(ground the bottom plate)

17
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Distributed Circuit

. 1(z) l(z+AZ)
One slice of the TL: N —@mm— N
L=LAz
V(z) V(z+Az)
C=(CAz
Z Z+AzZ
74
V(Z+Az)—V(Z)=—L% 1(2)~1(z+A2)=C—
Y a__ T
- A 24 a

These are the same as the TL equations
soadara/cunningham SO thiS 1S the equivalent circuit for the TL

ECE329 Lectures 27-30

18



Distributed Circuit
One slice of the TL: —@mm_

LAz

The entire TL:

19
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Characteristic Impedance

A more convenient way of representing
the distributed circuit

o) )y
Ly
o) )y
z=0 z=|
ZO — £ — V(Z, t)
NC | I(z,1)
1 1
V= =

Goddard/Cunningham
ECE329 Lectures 27-30
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Challenge Question:
Transmission Lines

N s T =
TAz TAz TAz L

AZ
(Az (Az (Az (Az

e For waves propagating down transmission
lines, which of the following is false:

(a) the impedances Z, and n, are equal
(b) the propagation speed is < ¢

(c) the propagation speed in two lines can be
different even if the impedance Z, is the same

(d) in steady state, the TL acts like plain wires

(e) the fields store energy distributed among the
inductive and capacitive segments of the TL 2

Goddard/Cunningham
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Desighing coaxial cables

Design a 50Q coaxial cable if £=2.56 and a=1cm, i.e. find b.

22

Goddard/Cunningham
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ECE 329
Lecture 28

TL Terminated by Resistive Load

Bounce Diagram

23
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Solution to TL Equation

We can solve the TL Equations the same way that we solved
the wave equation for uniform plane waves in free space:

V(z,t) = Af (t ——) + Ba(t + —)
VP Vp

1

z1)=— | Af (1~ Vi) — Bo(t+ Vi)

- P p -

Solution is a superposition of traveling waves
- one going in +z direction
- one going in -z direction

24
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Simplified shorthand notation

V(z,) =V (t——)+ V (t+—)
VP Vp

I(z,t) = ZL V+(t—vi) —V (t+ vi)

- pP p

Simplifying even more...
V=V"+V"

1 _ _
[=—WV"=V)=I"+1
25
Goddard/Cunningham ZO
ECE329 Lectures 27-30



Solution to TL equation

V=V "+V"
I:L(V+—V‘):I++I‘
ZO
= ol
ZO ZO

Solution to TL equation is summation of traveling waves
propagating in the +z or -z directions

26
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Example: TL + Resistive Load

t=0, close

27
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Example, t=0

V' =tV
Vo —1 +Rg —V =0 |* 14 IS the injection coefficient
L  — ,
Z, Rg V= 0 V,

V+ ZO Rg + ZO
V== ;
—: ]+ — 0

R,+Z,

At t=0, a wave originates at z=0 and starts to travel in
the +z direction

Until the wave propagates to the end and reflects back,
there is no V- wave, and the load resistance R has no

effect. -

Goddard/Cunningham
ECE329 Lectures 27-30



Example t=T

T= L Time required for V* wave to reach
Yp load end of the TL
VeV =R,(I"+1) ("+1)
+
(V*+V) R,
- po—yr Bz
z=| R, +Z,

Wave reflects to set up a “-” wave IN ADDITION TO the
“+” Wave

Equation 7.50a,b should 29

Goddard/Cunningham say V*+V- instead of V*-\/
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Definition: Reflection Coefficient

Voltage Reflection Coefficient

V- R, —Z,

= _
V® R, +Z,

Current Reflection Coefficient

r_vizy_ v _ .
rowiz,) v

Goddard/Cunningham
ECE329 Lectures 27-30
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Example, t=2T

Reflected wave travels back towards the source, and gets
there at t=2T

The wave gets RE-REFLECTED at the source end and
travels back toward the load as a “+” wave

The re-reflection process continues forever until steady

state conditions are reached .

Goddard/Cunningham
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Special Case TL Terminations

Short-circuited line: R =0

F_I/__RL—ZO_O—ZO__1 No voltage
VtOR +Z, 0+Z, across Ry
Open-circuited line: R =infinity
V- wo-Z, No current
F:V+:OO+Z():1 across R,
Impedance-matched line: R, = Z,
V. Z,-Z, No reflection
== =0 atR,

N — —
4 Z,+ 2,
Goddard/Cunningham
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Bounce Diagram

t=0, close
/

® 9]
40 Q
% Z,=60QQ  T=1 psec 120 O
100V™==

® 9]

z=0 z=|

First step: Calculate V*, I", T .4, T

source

ooy Zo 1000 _gop p Re=Zh_120-60 1
R, +Z, 40+ 60 R, +Z, 120460 3
Z, 60 R, +Z, 40+60 5

Second step: Construct 2 bounce diagrams
(Voltage and Current) 33

Goddard/Cunningham
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Voltage

Z,

o—_

z=0
['=-1/5

z=|

['=1/3

t=0

1 usec

2 usSecC

3 usec

4 usec

S usec

6 usec

Goddard/Cunningham Z
ECE329 Lectures 27-30

Current

C— P
Z,

o—_ >—O
z=0 z=|
'=1/5 ['=-1/3

34
> Z




Voltage Current

co—4d ) COo—=_ P
Z, Zy
Cc—4_ — c—@ Y—
z=0 z=| z=0 z=|
I I'=1/5 ['=-1/3

6 usec

Goddard/Cunningham Z
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Voltage Current

co—4d ) COo—=_ P
Z, Zy
Cc—4_ — c—@ Y—
z=0 z=| z=0 z=|
I I'=1/5 ['=-1/3

6 usec

Goddard/Cunningham Z
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Voltage Current

C—=E —O C—=E —O
Z, Zy
c—=a )— o—=e >—=—©
z=0 z=| z=0 z=|
['=-1/5 '=1/3 I'=1/5 ['=-1/3
t=0

1 usec

2 usSecC

|=2/3-1/15
=3/5

3 usec

4 usec

S usec

6 usec

Goddard/Cunningham Z
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Plotting the Line Voltage/Current

The bounce diagram is a 2D plot! Just have to
sketch a cross sectional graph of the data in blue.

Goddard/Cunningham
ECE329 Lectures 27-30
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Question: What is V(z) at t=0.25 usec?

V [volts]
['=-1/5 '=1/3 60

t=0 V=0V

1 usec

V=60V

z=0 z=|

2usec

3 usec

4 usec

S usec

6 usec

Goddard/Cunningham Z
ECE329 Lectures 27-30
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Question: What is V(z) at t=0.75 usec?

V [volts]
['=-1/5 '=1/3 60
t=0
1 usec ‘
z=0 z=|

2usec

3 usec

4 usec

S usec

6 usec

Goddard/Cunningham Z
ECE329 Lectures 27-30

40



Question: What is V(z) at t=1.5 usec?

V [volts]
80|
['=-1/5 =13 @60
t=0
1 usec
z=0

2usec

3 usec

4 usec

S usec

6 usec

Goddard/Cunningham Z
ECE329 Lectures 27-30
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Question: What is V(t) at z=0.25* m?

V [volts]
80|
I 60
t=0
1 usec < .
0 1 2 = usec

6 usec

Goddard/Cunningham Z
ECE329 Lectures 27-30
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Challenge Question:

P Bounce Diagram

20 O £ t=0, close
% Z,=10Q  T=1psec 30 ©
30V =~

® <)

z=0 z=L
e What is V(L,1.01 pus)?

(a) 10V

(b) 15V

(c) 20V

(d) 25V

(e) None of these

43
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ECE 329
Lecture 29

Algebra of the Bounce Diagram

44
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Steady State

If [ .I',<1, then eventually, the magnitude of the reflections
will die down, and the voltage and current reach constant,

steady state values

(V=601 -4 —
15 15

<
1 1
V. =20(- > + ”s +...)  Sum of all - waves = 18.75V

>+...)  Sum of all + waves = 56.25V

( 1 1
Im=1(1- TREYE +...)  Sum of all + waves = 0.9375A
4
1 1 1
[ =——(1- e — = -
s 3( St ) Sum of all — waves = -0.3125A

\

i 1Y 115 45
Goddard/Cunningham =0 15 1+1/15 16
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In SS, TL Looks Like a Wire

V=Vi+Ve=75V I =I+1I,=0.6254

SS
@ + >
40 Q
V. 120 O
100V ™=
. _
z=0 z=|
— (OO0 T OO —
LAz LAz LAz LAz
CAz CAz CAz CAz ]
1200 1007
v, = =75V I, = = 0.6254
5 (40+120)Q 7 (40+120)Q 46

Goddard/Cunningham
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Algebra of the Bounce Diagram

Voltage divider: R -Z,

S s T A L
R +Z, [+] p L%
— ()
R, *
V- Zy V, R,
f(t) L
z=0 z=|

V-(0,0)=T,V"(0,t-2T) <— Reflected wave is the forward wave at time 2T ago
’ g ’ and multiplied by reflection coefficient I'

V(0,0)=V"(0,0)+V (0,)= f(t)— R 1(0,1)

V(0,0)—V~(0,1)

1(0,6)=17(0,1)+ 17 (0,¢) = New wave is source + old

Z, wave 2T ago multiplied by
RT reflection coeff. I'| T

Goddard/Cunningham
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Impulse Response at z=0

For f(t)=0(t), the solution of: | 0.0 =z60)+1,r,r"(0,0-27)
IS an impulse response:

V(0,t) = Tsi(FSFL)”&t —n2T)=h"(¢t)

V(0,6)=T,V"(0,t—2T) =T\, i(rSrL)" S(t—(n+1)2T)=h™(¢)

h*(t)
TS(FSFL)18(t-2T) Ts(rsrL)zé(t"]'T) Ts(rsrL)38(t'6T)
1:0(t)
T { t S
h-(t)

[t 0(t-2T) [ tg(Ts)18(t-4T)

! t

1_‘LTS(FSFL)ZS(1:'6T)

t ..

Goddard/Cunningham
ECE329 Lectures 27-30
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Writing Moving Delta Functions

o(1) o 1T a pulse centered att =0
_>
5(; _i) - l d forward-moving pulse
\4 ! centered at z = vt

z=vt

a forward-moving pulse that
passes through (z, t) = (0, 2T)

5([t-2T]- [Z_O]) = S5(t—=-27)

4 1%
<4
z o
S(t+5) l a backward m_ovmg pulse
1% centered at z = -vt
z=-vt

a backward-moving pulse that
passes through (z, t) = (L, T)
49

s([t-T]+ il RS
\%

V

Goddard/Cunningham because T = L/v
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Impulse Response for any (z,t)

V'(0,1)= Tsi(FSFL)"ﬂt —n2T)=h"(¢t) Fs 1—*l_

V=0V

t=0 -,

V=(0,t)= FLZ'SZ(FSFL)né(t —(n+1)2T)=h (1) T W

For arbitrary position z, 2T M
replace t with t £ z/v,

- 1 3T
V(=1 Y (O1,) 6 ~—-n21)| |[I=— "=V
= e d AT

0

V(Z,t)=FLTSHZ:(;(FSFL)”5(t+Z—(n+1)2T) 5T w
Note: the voltage is nonzero t

only on the bounce lines

Goddard/Cunningham
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General Solution for any Source

For f(t)=5(t), the solution was:

Vi(zt) =1, ([,F,)" 6(t ———n2T)
= " I=2 @ -r)
_ - z Z()
Vo(z,t)=T,7, ) (I[,) 8t +——(n+1)2T)
n=0 vp

For arbitrary f(t), convolve the solution with f:

V(2 =7, (0E,) £ (t -2 —n2T)
= T [= L(V+ —V)
_ - Z ZO
Vo(z,0)=T,7, ) (L0, f(t+——(n+1)2T)
n=0 Vp

Note: the voltage can be nonzero in between the bounce lines

depending on the function f 51

Goddard/Cunningham
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Challenge Question:

Bounce Diagram
A

20 O £ t=0, close
% Z,=10Q  T=1psec %30 0

30V =~

® <)

z=0 z=L
e What is I(L, ©)?

(a) 0.0A

(b) 0.5A

(c) 0.6A

(d) 1.0A

(e) None of these

52

Goddard/Cunningham
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Lectures 27-29 Summary
e Transmission Line Equations

e Characteristic impedance & Speed
_ | L _[V(z0) 1
o E_|1(z,t)

e Bounce Diagram ;= _— |

=4V

V=76V

3 usec

e Round Trip Equation

V0,0 =1, f (1) + L0,V (0,6 =2T) |V (z,0) =7, ) (TsL,)" f(t ———n2T) |1 =" =1

Vi(z,t) =TI, i (T f(e+ =R (n+1)27)

ECE329 Lectures 27-30 VP
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ECE 329
Lecture 30

TL Discontinuities

(Optional) TL Circuits with Reactive
Elements

54

Goddard/Cunningham
ECE329 Lectures 27-30 © Lynford Goddard and Brian Cunningham - Copying, publishing or distributing without express written permission is prohibited.



t=0, close

Goddard/Cunningham
ECE329 Lectures 27-30

Zy1 Vo

incident>

<reflected

TL Discontinuity

Loz Vo

transmitte>

95



TL Discontinuity

What happens at the boundary between two TL's?

V* It incident> transmitte> AVARS i
AVl <reflected

Assume that (+) wave hits the junction from the left
56

Goddard/Cunningham
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Before + wave hits boundary

+ |+
V*

Z01 incident

ZOZ

As + wave hits boundary

\VAR AVARE bt 4 b

V++, |++

incident

ZO1

transmitted

Goddard/Cunningham
ECE329 Lectures 27-30

: reflected

ZOZ

What equations should we
write for the boundary?

o7



Calculation Space

Goddard/Cunningham
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Voltage Reflection Coeff
_ 4 _ Zoz _Zm
SVt Z,+Z,

Fraction of incident voltage that gets reflected back

[

VVoltage Transmission Coeff

Ve vVt V-

Tv: + = + =1+ +
V V V
7, =1+1

Fraction of incident voltage that gets transmitted thr%L)Jgh

Goddard/Cunningham
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Current Transmission Coeff

I I'+I I

TC: + = + :1+_+
I/ I/ I/
7. =1-1

Fraction of incident current that gets transmitted through

60

Goddard/Cunningham
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Power

I+t
})incident T V ]
P reflected = V 1
Qs
transmitted =~ V ]

Some of the incident power is reflected back and the rest
Is transmitted through to the second line

61

Goddard/Cunningham
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TL Discontinuity Looks Like
Load Resistor with R=2,,

The reflection coefficient for the two configurations are
the same, but power is not dissipated in the first case,
rather it is transmitted down the line.

——— )
Lo 4% Lo R=Zy,
——— )
YARESYA YARESYA
1“ — 02 01 F — 02 01

62
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Challenge Question:
TL Discontinuity

Z : Z

0 | 0
2,
e For a right moving wave (into the splitter), the
fraction of power that is reflected is:

(a)1/9, (b) 1/4, (c) 1/3, (d) 1/2, (e) 2/3

Given your answer, what is the power

transmitted down each line?

63
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Example

500 £,=90Q2  Zy,=100Q Z73=90Q
(1) T=2 usec  T=2 pusec T=2 psec

500

o(t) is a unit impulse function.
First step: Calculate V*, I*, and I" at each location

Second step: Draw a bounce diagram to determine
magnitude of pulses that come out the end of the third TL

64
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Step 1: V*, I+, T

500 Z,1=90Q2  Z,,=100Q Z73=90Q
500
(1) T=2 usec  T=2 pusec T=2 psec
'=1/3 ['=-1/3 '=0
I'=0 '=-1/3 r=1/3
V' =V, Zy =10 20 =050V
R, +Z, 50+50
[ = a _0-50 =0.016 4

Z, 50
65
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50Q
o(t)
r=1/3| r=-1/3 r=-1/3ﬂ£=1/3
m—>
(=0 psec ,=4/3 | 1,=2/3 || 1,=2/3
t=2 usec
t=4 usec
t=6 usec
t=8 usec
t=10 usec
t=12 usec
z

Goddard/Cunningham
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50Q
o(t)
r=1/3| r=-1/3 r=-1/3ﬂ£=1/3
m—>
(=0 psec ,=4/3 | 1,=2/3 || 1,=2/3
\/+=0.50
t=2 usec
t=4 usec
t=6 usec
t=8 usec
t=10 usec
t=12 usec
z

Goddard/Cunningham
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50Q
o(t)
r=1/3| r=-1/3 r=-1/3ﬂ£=1/3
m—>
(=0 psec ,=4/3 | 1,=2/3 || 1,=2/3
\/+=0.50
t=2 usec
*=0.676
t=4 usec
t=6 usec
t=8 usec
t=10 usec
t=12 usec
z

Goddard/Cunningham
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50Q
o(t)
L
=0, 1=13 | Ir=-1/3 |/ 1r=-1/3 | r=1/3 | |\ =0
m—>
=0 psec t,=4/3 | 1,72/3 || 1,=2/3
\/+=0.50
t=2 usec
*=0.676
t=4 usec v
\V-=-0.22 \/*=0.4445 t
t=6 usec
t=8 usec
t=10 usec
t=12 usec
69
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50Q
5(t)
L
=0, 1=13 | Ir=-1/3 |/ 1r=-1/3 | r=1/3 | |\ =0
m—>
=0 psec t,=4/3 | 1,72/3 || 1,=2/3
\/+=0.50
t=2 usec
*=0.676
t=4 usec v
\V-=-0.22 \/*=0.4445 t
t=6 usec
*=0.0746
t=8 usec
t=10 usec
t=12 usec
70
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50Q
o(t)
L
=0, 1=13 | Ir=-1/3 |/ 1r=-1/3 | r=1/3 | |\ =0
m—>
=0 psec t,=4/3 | 1,72/3 || 1,=2/3
\/+=0.50
t=2 usec
*=0.676
t=4 usec v
\V-=-0.22 \/*=0.4445 t
t=6 usec
*=0.0746
t=8 usec
*=0.0496
t=10 usec
t=12 usec
71
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Example 2

V* wave incident from the left
What is reflected voltage and current into line 17?
What is transmitted voltage and current into line 27

Goddard/Cunningham
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Equivalent circuit “seen” by V+ when it gets to the

end of line 1:
VH+\V/- VTR
V- R, —Z,
R Z F — N =
1 02 V® R +Z,
What is R, for this
" RL — (Rl)H(Rz T Zoz)

equivalent circuit?

Goddard/Cunningham
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V++V V++

trans

Zoy,

How much voltage gets transmitted through to line 27?

o+

VAV VR, Vi L= =il
V™" =V"1+T

R, Loy ( )

_ yo 2 e

trans
Zy, +R,

74
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Time Domain Reflectometry

A powerful way to analyze discontinuities and resistive or
reactive elements in transmission lines.

Method: Send a very narrow impulse (pulse width << T,)
down the line and measure the reflected voltage waveform.

Reverse the bounce diagram calculation to determine the
nature of the discontinuities.

. g = Transmission
500 Zy1=90Q2 | line or device
T=T.=1ns under test
v(t) — ¢ ° - V,=10°m/s
z=0

T

75
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Time Domain Reflectometry

- e Transmission

50Q Z£y1=50Q2 | Jine or device
T=T.=1ns under test
V(t) - — v,=10°m/s

z=0
V() [ V(z=0,t)t
1V 0_5\/" O.2|_I5V 5ns
2ns “

-0.375V

76
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500

V(1)

t=0 ns
t=1 ns
t=2 ns
t=3 ns
t=4 ns
t=5ns

t=6 ns

— )
Z,,=500

T=T,=1ns

z=0

Transmission
line or device
under test
v,=10%m/s

r=0 T'=1/2 | I[=-1/2 =777
T

1,=3/2 | 1,

=1/2

\/*=0.5

V*=0.2

“=0.75

V=277

V=-0.375

+=777

Goddard/Cunningham
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) Transmission

500 Zy1=90Q2 | line or device
T=T.=1ns under test
Vi) - e V,=10'm’s
Z:
'=0 =1/2 |  I=-1/2 I'=-
=312 | t,=1/2
t=0 ns V=05
t=1ns V=02 =0.75
t=2 ns
t=3 ns V-=-0.75
t=4 ns V=-0.375 =0.375
t=5ns
Z,,=1500

Goddard/Cunningham

N

ECE329 Lectures 27-30

Short at z=0.15m

78



Lecture 30 Summary

oTL discontinuity looks like a load
resistor with R=2Z,, but no power is

dissipated : - ' 3

_ Zop =2 T = Zop =2
Ly + 2y Zyy+ 2y

r

eTDR reverses bounce diagram
calculation to infer TL properties

e Next class
— Chapter 7 (TL in frequency domain) 7

Goddard/Cunningham
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(Optional)

ECE 329
Lecture 30b

TL Circuits with Reactive Elements

80
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(Optional)
Inductive Termination

t=0, close

Sy

No initial charge £~
or current

What happens?

« A “+” wave originates at t=0

 The + wave travels down the TL until it reaches the end
attime T

* The wave meets the inductor and a reflected “-" wave begins

 The V- and |- waves will be a function of time, because of the
Inductor

Goddard/Cunningham
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(Optional) _
Inductive Termination

t=0+
V+
; [
“f
Lo T L
Vo== °
z=0 z=|
pe o
y)
LV,
Z, 27,

82
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(Optional) _
Inductive Termination
t=T+

V* + V(1)

0=
. O
2 Z,
r VY For the inductor:
Z, 27, .
dt

83
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(Optional)
Two ways to solve

e Rigorous mathematical method

—Laplace Transform
e We will do this first

e Shortcut method

84
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(Optional)
Diff Egn for the Inductor

_ oo AU+ T (D)
V=l = (V@)=L

b=t )
2 dt\27Z, Z,

v, L dv ()
2

-- -V (1)

Z, dt
VO, 2oy iy _Zs

dt L L 2

Laplace Transform V-(t’) to F-(s) t'=t-T

A Z N ZVI
sV (s)=V (0)+—=V (s)=——>—2—
() =V O)+ ==V () ==—= "~

Goddard/Cunningham
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(Optional)
Laplace Transform for Inductor

Initial Condition At t=T, i.e. t’=0, inductor current = 0
since inductor “looks” like an OPEN CIRCUIT

) V. V(0 .
[=r'+1 (=0 = o YO_4 = y0=r2
2Z, Z,

A Ve Z, »_ Z,V, 1 - _sL-Z, V,
— ___Yv_ Y _ S) =
sV () 2+LV(S) L2S:> (s) L+7, 25

In s-space, we have V(s) = I'(s) V*(s) with:

I'(s)=

Z(s) =2, I}+(S) _ Yo Z(s) = sL foraninductor
Z(s)+Z, 2s

86
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(Optional)

Invert Laplace Transform

V, N Vo sL—Z, 'V, 2sL

Vo

V(s)=V*"+V =

V(t_) — Voe—(ZO/L)l" — Voe—(ZO/L)(t—T)

V(t) [volts]

A

Goddard/Cunningham
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t>T
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Optional)
Shortcut Method

_ —(Zy/L)(t-T)
V(t) [volts] V()= Voe T

A
Vo
t
T
At t=T the inductor At t=infinity the inductor
“looks” like an OPEN “looks” like a CLOSED CIRCUIT
CIRCUIT

88
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(Optional)
Shortcut Method

=T+ V* + VH(T)
O I
Z @
0 I* + I-(T)=0
Z, T
Vo e
. e )
z=0 z=|
t=infinity V*+ + V(1)=0
Z @
0 I* + 1-(t)
Z, T
Vo e
* 89
z=0 z=|

Goddard/Cunningham
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(Optional)
Shortcut Method

V(1) [volts] What happens “in between”?

A :
We know V(t) has exponential
v decay with time constant of L/Z,
0
t
T
At t=T the inductor At t=infinity the inductor
“looks” like an open ckt “looks” like a closed ckt

90
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(Optional)
Summary of Shortcut Method

e Solve for voltage and current with inductive or
reactive elements in their initial uncharged state
— Inductor: Open
— Capacitor: Short

e Solve for voltage and current with elements in
their final charged state
— Inductor: Short
— Capacitor: Open

e Solve for circuit time constant for exponential
function that occurs between initial and final states

e Warning: Method can only be used for reactive
elements charged by a DC source with no back
reflections

91
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(Optional)
Shortcut Method

P=Z,0 e

L e

L Zeq
eq

Goddard/Cunningham
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(Optional)
Shortcut Method

Inductor Voltage / Capacitor Current

A Ae—t/f

A

A Ae—(t—T)/r For t>T
_K__» .,

. T t
Goddard/Cunningham
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(Optional)
Shortcut Method

Inductor Current / Capacitor Voltage

A /—A(I_et/r)

t

A(l — e_(t_T)/T) For t>T

A f
> 94

Goddard/Cunningham T t
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(Optional)
P6.21 (p430) — TDR example

t=0, close
/‘

. | D e PAPAPAN e | I

Zor Ly
T Loy Loy
Vo, == 1

. ————— ) —— )

z=0 z=|

Vz=0
Vo Measured voltage
at z=0
0.25V,

»

2T,

No initial charge or current. Determine the unknown
single element (R, L, or C) and the ratio Z,,/Z,, 95
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(Optional)
Lecture 30 Summary

e Reactive terminations and
discontinuities require solving
differential equations or studying
start/end behavior & time constants

— Reflection coefficient I varies in time

r=7 C —||—/\/WVW
eq Z
C ™

T—L —((Im—VWW—
_Z L Zeg

e Next class
- Chapter 7 (TL in frequency domain)
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ECE329 Lectures 27-30



ECE 329
Lectures 31-34

Sections 7.A, 7.3, 7.1
(Section 31-34 in Online Notes)

Line Terminated by an Arbitrary Load
Smith Charts

Short and Open Circuited TLs
Half and Quarter Wave Transformers

Goddard/Cunningham
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Example

e Find I' for a TL with Z,=60Q that is
terminated with an RLC series combo:
R=30Q, L=1uH, C=100pF at the
following radian frequencies (a) =108
and (b) o=2x108
- Hint: Z.=1/(joC) and Z =joL

Goddard/Cunningham
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TL's in Co-sinusoidal steady state

I(d) —
o P—T
/
g V(d) Z, N

N
I
2
N
Il

el
I
Il

Distributed circuits are (1) =Re[Fe'™]
best handled with phasor o et
and Fourier techniques (>0 = Rel/(2)e™]
and with Smith charts I(z,0) = Re[I (z)e’™]

Goddard/Cunningham
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Phasors satisfy usual TL equations

o __od
0z ot
o__o9
0z ot
V=V’
[ = iﬁe”ﬂz
ZO

Goddard/Cunningham
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—_

L~
d 12/ = —SCw'V
dz

o~

Ji -
d — =—SCw’]
dz

\

dv -~
= =—C(jwl
e (Jol )
dl ~
— =—C(jaV
= (JoV)
L= w+ £C
Z,=vJee |1




Boundary Condition at Load

L, -7
[, =-t—=20 =0y
A R Y
| /
f
V(d)=V"e™ +V e ™ =y e (14T, M)
T(d):ZL(WW - -fﬂd)— M (-Tpe™)
0 0
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Key Definition:

> . e_—T
Z(d)= K(d) “ é v(d) Z, N
[(d) F=Vy L |
-2 jpd : Zg
Z(d)=12, 1+FL6_2W Equ_lval_ent y % % Z(d)
1-T,e Circuit : J
Piy=F 20—y i,emy
Z(h)+2Z,

Line Impedance

I(d) —

Allows you to solve for V* and
thus get V(d,t) and I(d,t)

Goddard/Cunningham
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Challenge Question:
Line Impedance

L]

~ 1(d) —
2y V@ ] —
1(d) ? V(d) Z,
A F=Vj |
1+T,e =
2D=7

e What is the smallest distance d from the load
for which input impedance = load impedance?

(a) d.,;,=A/8
(b) d.,,i,=A/4
(c) d.,in=A/3
(d) d.,,i,=A/2
(€) dmin=2

Goddard/Cunningham
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Challenge Question:
Line Impedance

= I(d) —
Z(d) — K(d) . * %_—T
1(d) ? V(d) Z,
2jpd "=Ys o]
1+T,e™ ’
2D =7

e What is the smallest distance d from the load
for which input voltage = load voltage?

(a) d.,;,=A/8
(b) d.,,i,=A/4
(c) d.,in=A/3
(d) d.,,i,=A/2
(€) dmin=2

Goddard/Cunningham
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Key Definition: Generalized
Reflection Coefficient

[(d)= ;EZ ;

Ve ™
V+ejﬂd

I'(d)=

_ —2jpd
=Ie

Allows you to find the backwards
wave if forward wave is known

Goddard/Cunningham
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Key Definitions: Admittance and
Normalized Impedance

Characteristic
Admittance

Normalized
Impedance

Normalized
Admittance

Goddard/Cunningham
ECE329 Lectures 31-34

¥

1
ZO

z(d) =

Z(d)
ZO

z(d) =

1+T(d)

1-T(d)

y(d)=

1
z(d)

y(d) =

1-T(d)

1+1'(d)

[(d)=T,e "

10



Converting between
Impedance and Reflection

I'(d)=T,e*™

_1+I'(d)

2=

Invert to solve z(d)—1
I'(d) =
for I'(d) (@) z(d)+1

Goddard/Cunningham
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z—1
I =
z4+1
Z=r+Jjx
r=>0
FIF,,-FJFZ ﬁ; SO e (s e e
2 2 — _
. reo+x"—1 - ;
2 2
" (r+D +x
2x
L, = > 2
(r+1)" +x

PrintFreeGraphPaper.com

_ © Analog Instruments Company
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ECE 329
Lecture 32

Short and Open Circuited Lines

13
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Standing Waves for SC Line

I(d) —
— e

Generator
V(d) Z, Z, =0

V(d)=V"(e™ —ePY=2V" sin(fBd)

I(d)= I;—(ejﬂd +e ) =2Y V" cos(fd)
0
Z(d)= K(d) = jZ, tan fBd 14

Goddard/Cunningham ] (d)
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Standing Waves for SC Line

V(d,t)=Re[V (d)e’™]=Re[2V" sin(Sd)e’ ]

_ Re[zejﬂ'/z Vo ej@ Sin(ﬂd)eja)t]
B=2n/A
I (ot+0+7/2
=2V "|sin(fBd) Re[e’” '] gy  Oscillates
B in time
= 2|V *|sin(5d) cos(wt + 0 + 7/ 2) m“ .
= =2/ |sin( Sd) sin(at + O) ¢ 2 |
N
1(d,t)=2Y,\V"|cos(fd)cos(wt + O) d LMN % |

15
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Standing Waves for SC Line

O§ci!lates
V(d,t)=-2V"|sin(Sd)sin(wt + 6) ,nime
I(d,t) =2Y,|V"|cos(fd)cos(wt + 0) d < cig
N
V(0,t)=0 always (voltage null) M =
I1(0,t) varies (current maxima) d < E

Dependence is different than
traveling wave: ot £ pz

16

Goddard/Cunningham
ECE329 Lectures 31-34



Input Impedance for SC Line

2
Z. =Z(l)=jZ,tan Bl = jZ tan !

0 I Ly |

Zy

/o

Goddard/Cunningham
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Is equivalent to: % Z
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SC Line can act as an inductor
or a capacitor depending on fl

TL looks
like an open
at /4
fggged TLI ks
-2 like a short
at /2
44— . 1

0.00 0.25 0.50 0.75 1.00 1.25 1.50

’n

Z. = jZ,tan Bl

n

If tan(pl)>0, shorted
TL is inductive

If tan(pl)<0, shorted

N

Input Reactance / Z;, (ohms)
o

TL |S CapaC|tlve Beta * L in units of 2r
cd/——

e.g. Bl<n/2 Equivalent

or I<n/4, TL I<<1/4 Circuit: L

is inductive e |

18
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Show that the equivalent
inductance is L=¢l if A,>>4|

Z. = jZ,tan fl
Z, = joL

Goddard/Cunningham
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For I=even A/4, TL is a short
For I=odd A/4, TL is an open

 0=ashort for fl=nx, n=0,1,2,...
Z. = jZ,tan fl = <

 w=anopen for fl=(n+1/2)x

If Z,,=0, voltage drop is zero, just like a short
If Z,,=00, current is zero, just like an open

\ \

o
Voltage
o
Current

Bl=nn BlI=(n+1/2)n
|=even A/4 |=odd \/4 20
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Example

e A TL is shorted and your job is to find
the location to fix it. You are equipped
with a tunable frequency generator and
an ammeter. Compare this to TDR.

21
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Exerci

Locate z(0) and
I'(0) of the shorted
line on the S.C.,
and observe how
z(d) and I'(d) vary
as d increases,
noting in particular

to what happens at

d = A/4 (open
conditions are
reached) and at d
= M2 (back to
short conditions)

Goddard/Cunningham
ECE329 Lectures 31-34

SE
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Standing Waves for OC Line

I(d) —

’—P—'

Generator v(d) Z, Z =00
d=I d d
1_1L

0
1

V(d)=V"(e™ +eP)=2V" cos(Sd)

I[(d)= g—(ejﬁd —e Y =2Y V" sin(fd)
0

Goddard/Cunningham Z(d) V(d)

ECE329 Lectures 31-34
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Standing Waves for OC Line

Same phasor algebra as before p=2n/n
with current & voltage reversed! _ Oscillates
d=/4 h in time
I(d,t) =-2Y,|V*|sin(fd)sin(wt +6)  d <+ V = |
@
\
ANAS B
V(d,t)=2\V"|cos(fd)cos(wt +0) d < ‘;g |

I(0,t)=0 always (current null)

V(0,t) varies (voltage maxima)
24
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Input Admittance for OC Line

2
Y, = Y() = j¥, tan Al = ¥, tan 2"

Vp

Ly Is equivalent to: Z=11Y,,

25

Goddard/Cunningham
ECE329 Lectures 31-34



OC Line can act as an inductor
or a capacitor depending on Il

TL looks
like a short
at V4
Open
Load TL looks
g like an open
at N2

4
0.00 0.25 0.50 0.75 1.00 1.25 1.50
Beta * L in units of 2r

’n

Y, = jY, tan fi

n

o

If tan(pl)<0, shorted
TL is inductive

If tan(pl)>0, shorted
TL is capacitive

1
N

Input Admittance /'Y, (1/ohms)

o m— S
e.g. Bl<n/2 Equivalent 1
or I<a/4, TL I<<2/4 Circuit: +C
IS capacitive e .

26

Goddard/Cunningham
ECE329 Lectures 31-34



Show that the equivalent
capacitance is C=¢l if A>>4]

Y, = j¥, tan
Y. = joC

Goddard/Cunningham
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For |I=even A/4, TL is an open
For |I=odd A/4, TL is a short

( 0=anopen for Bl=nr, n=0,1,2,...
Y, = jYtanfil =

o0 =ashort for pl =(n+1/2)x

.

If Y.,=0, current is zero, just like an open
If Y, ,=00, voltage drop is zero, just like a short

\ \

o
Current
o
Voltage

Bl=nn BlI=(n+1/2)n
|=even A/4 |=odd A/4 28
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Exerci

Locate z(0) and
I'(0) of the open
circuited line on
the S.C., and
observe how z(d)
andI'(d) vary as d
increases, noting
in particular to
what happens at d
= M4 (short
conditions are
reached) and at d
= M2 (back to
open conditions)

Goddard/Cunningham
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v(d) is z(d) shifted by A/4

e Proof:

1+T(d+2/4) 1+T(d)et2hV4
1-T(d+A/4) 1-T(d)et2/BA/4

2ﬂ£=22—7z£=7z
4 A 4

z(d £ 1/4) =

_14+T(det™ 1-T@) 1
~1-T(de*™ 1+T(d) z(d)

W(d) = 2(d + 1]4)

Thus, the Smith Chart can be used for both zand y

Opens and shorts exchange with each other every A/4

30
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Lectures 31-32 Summary

e As d increases by A/4, SC and OC TL switch
from being a short (V=0) to an open (I=0)

e Smith Chart is a bilinear transformation of the
half plane z(d) (r=0) onto the unit circle |[T'|=£1

2(d)—1 (@)= 1@
2(d)+1 1-T(d)

e How to Use Smith Chart

Calculate z(0) and find it on chart using r and x
Find T'(0) as the distance and angle from origin
Move CW along circle of radius [T'(0)| to obtain I'(d)
Read off z(d) by looking at grid location (r,x)

5. If needed, find y(d) on the same circle, 180° away
31
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ECE 329
Lecture 33

Microwave Resonators

32
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Natural Resonances

e Alossless T.L. of any length | with B=2n/
open and/or short terminations on .

: : Oscillates
either ends can be considered a d=1/4 Dt
“microwave resonator” W” )

— It can sustain unforced voltage and d < §

current standing-wave oscillations at a 3

set of discrete resonance frequencies o,

- Example, for SCTL, z,,=c (open) or 0 M
(short) has standing waves for the set of d <
A, satisfying |=n\_/4

Current
4—>

33
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Parallel & Series Resonances

e We can find A, and o, by applying B=21/1
the appropriate BCs at both ends Oscillates
e Series resonance if z;,(1)=0 d=M4" " intime
— Analogous to an LC circuit in series and Wﬁ o 1
requires a short placed across TL at d=l d < %’
>

— Like a short input

Zin=O h
APATATAY

— T

Current

e Parallel resonance: y;,(l1)=0

- Analpgous to an LC circuit in parallel and
requires an open across the TL at d=|
yin=0 g

— Like an open input
Goddard/Cunningham _$
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Parallel & Series Resonances
4 simple cases

Zo Z,=0 Zo Z, =00
d=| d=0 d=| d=0
Shorted Load Open Load
L=A/4, 3N/4, S5)/4, ... i L=)\/4, 3%/4, 504, ... 0 Loa d
Input is like an open . - t Input is like a short I t o
=> Parallel resonance oy =>» Series resonance e :
L=0/2, %, 3012, ... . L=0/2, 2, 3012, ...
laad = | Y o}
Input is like a short I. 5 < Input is like an open " t
=> Series resonance npu . => Parallel resonance pu
35
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Examples

a) Find the 3 lowest frequencies for

parallel resonances if the load is
shorted and v=c, [=3m.

b) Find the resonance frequencies for a

10m long TL that is open circuited at
both ends if v = 2/3 c.

36
Goddard/Cunningham
ECE329 Lectures 31-34



ECE 329
Lecture 34

Half-wave and quarter-wave
transformers

37
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Half-wave transformers

e Given a fixed drive frequency o, there is
a length of line I=A/2 such that:

I

in

V, N

N

d=L/2 d=0

e Note: Current and voltage both invert
their algebraic signs

38
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Half-wave transformers

In—— I =-Ii;—
———
) i

i Vin Zy Vi =-Vj,|N

s F e
d=\/2 d=0

e Proof:
T P2 null
e/ =t =

V(d)=V*e™ +V e /™

V=V (AI2)=—V" =V ==V (0)=-V,
. Vie —y e/ Yyt 41T _ 7
g Z, Z, R

Goddard/Cunningham
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Challenge Question:
Half-wave transformers

Iin IL='Iin—l
2 T 7T
Vin Zy Vi =-V;,|N
F=V, J J
° <) )—l

e What is the input impedance of a half-wave
transformer?

(a) Zin = ZO

(b) Zin = Zy+2Z,

(c) 2, =1/(1/2,+1/2))
(d) Zi, = Z,

(e) Z,, = Z,%/Z,

Goddard/Cunningham
ECE329 Lectures 31-34 LG’S question
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Quarter-wave transformers

e Given a fixed drive frequency o, there is
a length of line I=A/4 such that:

Iin IL=_J.Vin/ZOj
° —
Z, ; 1
Vin Lo Vi =-1IinZ, N
F=Vg \l/ _\L—1
d=1/4 d=0

e Note: The current through the load
does not depend on Z, (current-forcing)

41
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Quarter-wave transformers

IL=‘jVin/Zo—l

) 1
’ Vln ZO VL JImZO N
s e ]
d=1/4 d=0

e Proof:

+ jBAI4 t+jm/2
pTIPMA _ St

=+
V(d) Ve + e /H

Vo=V =iV =, Z,=1,=—jV. /Z

!
~
N
+
+
.
~
-
hﬁ
!
!
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Challenge Question:
Quarter-wave transformers

Iin a I|==_jvin/ZOj
Z, r T
Vin Zy Vi =-1LinZ, NJ
F=Vg J J
® <) )—l
d=\/4 d=0

e What is the input impedance of a quarter-
wave transformer?

(a) Zin = ZO

(b) Zin = Zy+2Z,

(c) 2, =1/(1/2,+1/2))
(d) Zi, = Z,

(e) Z,, = Z,%/Z,

Goddard/Cunningham
ECE329 Lectures 31-34 LG’S question
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Verifying an Identity

I_in IL=_jVin/ZOj

)
’ é Vin Zo Vi =-1I;nZg N
F=Vg L _J/—l

d=x/4

e Verify the Lecture 32 result:

Goddard/Cunningham
ECE329 Lectures 31-34

T

d=0

y(d)=z(d £1/4)
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Half-wave transformer as 2
quarter-wave transformer

1 ) 1
9 Vin Vi =-1I;nZy Vi =-Vi, N
F=Vg \l/ €—i_\l/—l
d=1/2 d=1/4 d=0

45

Goddard/Cunningham
ECE329 Lectures 31-34



Examples

e For Z,=50+50jQ, find Z, for a A/4
transformer with Z,=50Q.

e Check your answer with a Smith Chart.

e Find V,, if a source with open circuit
voltage V,=100V and Thevenin
impedance Z,=j25Q is connected

e Find I, and <P >.

Goddard/Cunningham
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Examples

e For Z,=1000, find Z,, for a 31/4 TL if
Z,=50Q.

e Check your answer with a Smith Chart.

e Find V| and I, if a source with open
circuit voltage V,=j10V and Thevenin
impedance Z,=25Q is connected.

47
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Lecture 34 Summary

e TL transformers can be used to change the
load impedance Z, to a new value as seen at
the input port Z,, and thus adjust V, and [

o If the TL is A/4, then we have current forcing:

n~~/

[, =—iV /Z
j ]~m : ZLZin — Z(?
VL — _j[inZO
o Ifthe TL is /2, then I and V both change their
own signs:
I, =—1

48
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ECE 329
Lectures 35-36
Rao - Sections 7.2, /7.3
Online Notes — 35-36

Line Terminated by an Arbitrary Load
Standing Wave Parameters
Smith Charts

Goddard/Cunningham
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TL's in Co-sinusoidal steady state

Id) —
Z
V(d) Z, N
F=V, ‘ |
z=-| ; Z z=0
d=I d=0
Imposed condition on load f(t)=Re[Fe'”]

end will result in some form

— [ Jjor
of standing wave oscillation V(z,1)=Re[V(z)e™ ]

[(z,1) =Re[l (2)e’]

Goddard/Cunningham
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Summary of Equations

ZL _Zo

I, = V=T, V" r(d)=T,e*"™

Z, +Z,

V(d)=V"e™1+T,e )=V (1+T(d))

~ B VtelP B s )+ /Bl B
[(@d) == —(-Te V) = ——(-T(@)
V(d) 1+1'(d) 2(d :1+F(d)
AD=F 0 11 D=1
z(d)—-1

r(d) =

2(d)+1

Goddard/Cunningham
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Standing Wave Parameters

Amplitude of the standing waves:
V(d) V" | 1+T(@)] Im(T)
T(d) =Y, |V || 1-T(d)] P

r id
: : Re(T)
TN T \ Position
4 Of Viax

Where would V;, be?

Goddard/Cunningh . ?
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Standing Wave Parameters

+ —
V _1 dmax
2.00 , . , : |
sl V7| (+]T)) !

V() EV|[1+T(d)]
I(d) =Y, |V |[1-T(d)| o

51.00—
0.75
0.50}

0.25! . I AN
A\ V-7

R J\‘)(( " ‘ ‘
('IM r o id 00% 4 3 2 1 0
! 0 Re(T) d in units of A/4

/ 2.00
FAAN ;

Y X _r S

D ':, 1 75!

Im(I)

... | '=0.75e"4

1.50¢

Unlike SC or OC where |I'|=1,
now we have imperfect nulls for
voltage and current b/c |I'|<1 0.25!

Goddard/Cunningham
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Standing Wave Parameters

'=0.75eiv/4 VoWR = I;max =7 r=1.0eiv4 VSWR = I;max = o0
2.00 , - : , mlln 200 min
[V A+[T])

1.75} 1.75¢
1.50¢ 1.50¢
1.25¢ 1.25¢
> 1.00} > 1.00}
0.75 0.75¢
0.50¢} 0.50¢}
0.25¢ |V+ |(1 T 0.25¢
0.005 3 / 5 0 0'005 / 2 0
dln unjts of A/4 d in unijts of A/4
\% V \% V V
I t
ot=0ton ot=0ton
Peak positions move in time because it is Peak positions stay constant
a standing wave plus a travelling wave because it is purely a standing wave

Goddard/Cunningham
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Pure Standing Wave Animation
oad

['=1, VSWR=00, max V at |

2 2 2
15 15 15
1+ 1t 1+
05+ 05- 05+
of o of
05} 05+ =051
Ar ElS Ar
15F 15 50
En ET
2 2 2
15 15 15
1+ 1r 1+
05+ 05+ 05+
of o ot
05} 05 051
Ar ElS Ar
15F 154 5
En =T A2 4 En
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Partial Standing Wave Animation
['=0.25ew/4, VSWR=1.667, max V at A/16

15 . . r : 15 . . i . . 15 . . . ,
1F 1
051 05+
of ok
05 -0.5F
s Ak
15¢ %4
15 15
1 1
051 05+
oF o
-05F 051
Ak AL
15 L ! L ! . L -15 . T s - = 1.5
-14 -12 -10 -8 6 -4 2 0 -14 -12 -10 -8 -4 -2 0 -14

Animations courtesy of Dr. Mojtaba Fallahpour, ECE 329 (Spring 2015) 9
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Challenge Question: VSWR

I(d) —

Z

° é V(d) Z,
F=V,

z=-| — Z
d=lI

o If Z =Z,=50Q and Z,=100Q, what will be the

VSWR?

(a) o

(b) 2

(c) 1

(d) 1/2

(e) 0

Goddard/Cunningham
ECE329 Lectures 35-36 LG’S queStiOn

d <—

d=0
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Standing Wave Useful Facts

7

=z(d
1—|F| Z( max)

Thus,

VSWR = Z(dmax) — y(dmin)

Goddard/Cunningham
ECE329 Lectures 35-36
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y(d) =z(d £ 1/4)




Lecture 35 Summary

e As d increases, amplitude |V(d)| varies like
|1+T"| while |I(d)]| varies like |1-T|

. + I ﬂ
o 7i+Ir)

1.50¢

:..," \X_)((\ x““ . 1 .25’
(‘1M r o id > 1.00}
: 0 L Re(I')

_ 0.75
- 0.50}

0.25¢
S : V" 1(-|T))
LT I 0.00 ‘ ‘

5 4 3 2 1 0
d in units of A/4

e VSWR = Vmax/Vmin = Z(dmax)

Goddard/Cunningham
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ECE 329
Lecture 36
Sections /.2

More Standing Wave Parameters and
More Practice with Smith Charts

Goddard/Cunningham
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Example: VSWR

measurements

e Find Z, if VSWR measurements are
made on a line with Z,=60Q:

(a) SWR=1.5andd,, =0
(b) SWR =3.0and d,,, = 3 and 9 cm

(c) SWR =2.0and d,,, = 3 and 7 cm

14
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Calculation Space
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Example: Input Impedance

e Find Z,, if Z,=45+60jQ and Z,=75Q and
V,=C for the following cases:

(a) f = 15MHz, | = 5m
(b) f = 50MHz, | = 3m

(c) f=37.5MHz, | = 5m

17
Goddard/Cunningham
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Calculation Space
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R =30Q
C, =1nF

V,=100£0°V  |=1 5qom

»=108%rad/s

e Using SC, determine: (a) z(0), (b) T'(0),
(c) VSWR, (d) locations of V.,

19
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Calculation Space
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R =30Q
C, =1nF

V,=100£0°V  |=1 5qom

»=108%rad/s

e Continue the problem and using SC,
determine: (e) I'(1), (f) Z;,, (g) V(1), (h)
I(1), (i) <P>

21
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Calculation Space
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ECE 329
Lectures 3/7-39
Sections 7.3
Online Notes: 37-39

Average Power
Quarter Wave Transformer Matching
Single Stub Matching

(Optional) Double Stub Matching
Distribution Networks
Lossy Line

Goddard/Cunningham
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Average Power

e In a lossless TL circuit,

(F,)=(P(d))=(F,)

Note that <P<d>>=%Re[7<d>7 )]

(e E)
Hint: Re[z-z*]=0 =---_2 z 7 | 2z —(1- \F\)

and so |I'||? represents the power
reflection coefficient

Goddard/Cunningham
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Impedance matching

e When Z #Z,, power is reflected back to
the generator and VSWR>1 (bad)

e Impedance matching achieves VSWR=1
by adjusting the input impedance, Z,
to be equal to the TL characteristic
impedance, Z,

Goddard/Cunningham
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Quarter Wave Matching

Transformer
Before:
2.00
1.75/ |V (1+|T)) |
1.50 7 .__
;ii || VSR = Z: ZO N_I
o i
2(2)2 V1A= |T ) v 1-|T|

After inserting a quarter-wave transformer,
Z,=2, so no more reflections and VSWR=1
<~ M4 < d, —

l

q

R — | — ——

Z, oz, z, [N

Goddard/Cunningham Adjust Z, and dCI for match

ECE329 Lectures 37-39




Quarter Wave Matching

Transformer
<~ Al4 | d——
'__':'_’:*)_T
Z— — Z,
Z, | Z, | Z, [N

Key Observations:
Zo and Z, are real since TL's are lossless
Z,=Z2, for a match so Z; must be real

Z,Z,=Z, since we have a QW transformer

H W=

Z>, must be real from equation #3

5. d, must be at a voltage max or min from #4

Goddard/Cunningham
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Quarter Wave Matching

Transformer
<~ Al4 | d——
'__':'_’:*)_T
Z— — Z, }
Z, | Z, | Z, [N

rd _A0 0 = angle(T",)
max 472_
d, =+
d_. :19+/1 mod A /2
k 4r 4 6

Goddard/Cunningham
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QWT (2 cho

Z,=50Q; load is
R=30Q in series

Hints:

Find z(0)

Get [T | &6
Find dmaXI min
Get both Z,’s

Goddard/Cunningham
ECE329 Lectures 37-39
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Similar to Optics

e Anti-reflection coatings:
— thickness=A/4 and n,=sqrt(n;n,)

MgF,: n=1.38
Air: n=1 \ Glass: n=1.8

1/4 Ales

Anti-reflection coatings work by producing two reflections
that interfere destructively with each other.

'{TE phase change

http://hyperphysics.phy-astr.gsu.edu/Hbase/phyopt/antiref.html

Goddard/Cunningham
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Challenge Question: QWT matching

A4 , d,
Li— — 4
Z, Z, | Z, N
segment1 ' segment2 ' segment3

e For QWT matching, which is false:
(a) VSWR=1 in segment 1
(b) segment 1 can have any length

(c) there is a voltage min or max at both the left
and right edges of segment 2

(d) I'(d)=1 in segment 3

(e) d, can be increased by integer multiples of
A/2 without affecting the matching

Goddard/Cunningham
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QWT Matching

segment 1 segment 2 segment 3

e Forz, = 4 and the QWT located at the nearest
voltage minimum, draw the Smith Chart
circles in each of the three segments

10
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Single Stub Matching

Before:
2.00 T
Ve a+
178l V1 (+]T)) -
1.50¢ 1
1.25¢ 1
i1.00* 1
0.75 1
0.50¢ 1
L . 1Y
025 V(=T

5 4 1 0

3 2
d in units of A/4

After inserting a
shorted stub in
parallel, y.,,=1 so
no more reflections
and VSWR=1

— ; I |
Vmax _I
VSWR = e ZO N
_ I+
-7 — ey

More convenient than QWT since | :

stub has same impedance

Goddard/Cunningham

Adjust d. and I, for match
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Single Stub Matching

Key Observations:
1. y,,=1 for a match because Z,,=Z, 2 vy,,=2Z,/Z;,=1
2. Yi,=Y; +Y. since admittance adds for parallel elements
3. Y.=1/(j tan Bl,)=jb is purely imaginary for SC line

a) See Lect 32, slide 18: Z,,=jZ,tan(Bl,)

b) Needed amount of susceptance, b, depends on |I' | ,

Goddard/Cunningham
ECE329 Lectures 37-39



(Optional)
Single Stub Matching

%—dsﬁ

Zin_'il"{ : ' N

Zy Y v | Y N

: S
.RI \ FL

S

Vi=Vm—y,=1—jb

o1y b Y b
[ =0 Y _p ik o T |
I+y 2-jb 4+ b
ch=t 2l
Goddard/Cunningham \/1_ | 1_‘L |

ECE329 Lectures 37-39
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(Optional)
Single Stub Matching

27

=7

: . . 1bH>0
I I sk =t Ertan D) Y

2—jb 4+b 2 2 ifb<0

A T 4. b
sd =—|0F=—tan"' (=) | modA/2 15
Goddard/Cunningham T 2 2
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(Optional)
Single Stub Matching

%—dsﬁ

Zin — : ' N

Zo Yo r_ YV N
- Ys
| Is 2r
\: p- 2
= jb= : = tan(fl )——l
5P jan(BL) T
A
Sl =—rtan (——) modA/2
2 y

Goddard/Cunningham
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Smith Chart for Single Stub

Key Observations:
1. y,,=1 for a match, y.=jb is purely imaginary for the SC stub

2. Thus y,'=y,,-y.=1-jb must be on the unit conductance circle

17
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Smith Chart for Single Stub

1. Find z(0) on S.C.

2. Go Y2 revolution around regular
|II’(0)| circle to find y(0)
3. From y(0), move clockwise towards

generator until intersection with unit
conductance circle (distance is d.)

4. Read off y;'=y(d,); b=-Im(y;)

Need a stub with susceptance +b so
on a clean S.C., find |, such that
y(l.)=jb starting from short: y(0)=co

19
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on unit conductance circle
Thus, we need a stub with
y(l)=-2j at d,;=0A from load
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Find length for
shorted stub:

Y(Is)='2j
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Challenge question: Single stub tuning

. ds
—{ : D—T
7. — N
N :1" ' )
Zo Yo ——1"Vv [N
l Ys

— v& —
N I
o If the stub is left open instead of being shorted,
which is false:

(a) the same splice position d, will work
(b) the needed admittance y. is unchanged
(c) the admittance y,' is unchanged
(d) the length |, must be increased by A/4 (mod A/2)

(e) the positions of any voltage max or min along
the stub are unchanged

Goddard/Cunningham
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Lecture 38 Summary

e Quarter wave transformer matching
inserts a length of 1=A/4 of a specific
impedance Z,=sqrt(Z,Z,) at a distance d,
from the load, where voltage is min or max

A4 dq

max 4 7Z'

- E+% mod A /2

Pros: Easy design y A7
Cons: Have to redo QWT for each f o5

Goddard/Cunningham
ECE329 Lectures 37-39
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Lecture 38 Summary

e Single stub matching inserts a shorted stub of
the same impedance, Z,, but with a specific
length, |, and distance, d., from the load (not
necessarily at V., or Vi)

. dg
Pros: Z=Z, on all lines Zin_”:r' JI
Cons: Adjusting d. Zo Yoy |N
may be inconvenient — — —
N -
s
e Find d, by moving CW from to the unit

conductance circle y, =1-jb; then find I, by going
CW from y.(0)=c0 to y.(l.)=+jb

) :itan_1 (——) mod A /2 26

Goddard/Cunningham 272-
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P

How do | figure out
which variables
are important?

O C ¢

Pressure Temperature Flow Rate
RF Power DC Bias Current Rotation Time

What is the data
There must be a telling me?
more accurate

technique ...

Voltage (1V)

10 15 20 25
Time (ns)

| get to design
my own experiments
in this class!

Principles of Experimental Research is an inter-disciplinary
course designed for first year graduate students and
advanced undergraduates. The course counts as an ECE lab
elective (B.S.) or Professional Development (M.Eng.), yet
students from any engineering or science department are
encouraged to attend. The course focuses on: (1) design of
experiments, (2) prevalent experimental techniques, (3) data
collection, organization, and statistical analysis techniques, (4)
oral and written presentation of scientific material, and (5)
scientific computing languages and software. The main course
objective is for students to develop the basic skills needed for
pursuing a career or an advanced degree involving — &
experimental research.

Prof. Goddard * 4 Credit Hours for Grad and Undergrad Students
(An ECE Lab Elective or MEng Professional Development Course)
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(Optional)

ECE 329
Lecture 38(b)

Double Stub Matching

28
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(Optional)
Double Stub Matching

Before:

VoQa+|T
| 710+ T)) |

>
S
|
N
o
Z L

After inserting two

shorted stubs in
parallel, y.,,=1 so
no more reflections

and VSWR=1

since stub locations are fixed

Goddard/Cunningham Adjust I, and |, for match
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(Optional)
Double Stub Matching

e Derivation proceeds similar to SSM, but
algebra gets complicated quickly (p468)

y’2 = Vi — Vs =1—jb,

o 1- ys __jb, o2 o~ Jb
’ 1+y, 2-jb, 1 1 2-jb,
-T, f
= Plug in T b
Y .y ug in T’y from above

y{ =V Vqa=V— jb1 Plug in y, from above

y, is known: start with y(0) and move CW by d, (predetermined); so just
have to solve for b, and b, satisfying the real/imag parts of y,=y-jb,

Goddard/Cunningham
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(Optional)
Double Stub Matching

e y, depends on b, and not b; so can
solve for b, from real part of y, =y,-jb,

g =Re[y,]=Re[y,]= functionof b,

, _ Cos d,, J_r\/l/g'— sin”® fd,,
2 sin fd,,

Note that there will be no solution if g' > 1/sin?pd,,

Goddard/Cunningham
ECE329 Lectures 37-39
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(Optional)
Double Stub Matching

e With b, solved, can find b; from the
imaginary part of y, =y,-jb,

=Im[y,]=Im[y,]-b =

. =Im[y,]-b = functionof b,

_ b)sin2pd,, -2b,cos2pd,,
' 2-2b,sin2/d,, +2b?sin® fd,,

Finally, given b, and b,, we can find I, and |, using:

A
-1
[ =—tan (——) mod A/2
Goddard/Cunningham 27[
ECE329 Lectures 37-39
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(Optional)
Example: Design DSM

e Z,=50Q, Termination is Z=30-40jQ and we
choose to fix d;=0 and d,,=0.3751

Goddard/Cunningham
ECE329 Lectures 37-39
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(Optional)
Double Stub Matching w/ S.C.

AN "Y1

Key Observations:
1. For a match, y," must be on unit conductance circle
2. Thus, y, is on the auxiliary circle
a) Auxiliary circle is UCC pivoted CCW towards
the load by d,,

34
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conductance circle to

y, on AUX

b1 ='O.89 Or
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lS
.
g

Find susceptance to go
from y, along constant



ing

Find correspond
Yy, by going from
AUX to UCC

j or

1-0.53
1+2.5]

Yo

Yo

b,=0.53 or
b,=-2.5

018
pyal

AGHE

1L
O TRADS
ppCH] =5

0.24

0.
.
OF RETLECTION QOB CIErT e 027

0.25
0.25

Q26

o,
024 27

Es

SSION COEFFIC !y
=

)

<
0BLF o_,i
b0 —> aweldd

&80

0o

Goddard/Cunningham
ECE329 Lectures 37-39




Lecture (ggggsagummary

e Double stub matching inserts two shorted stub
of impedance Z, with specific lengths, |, and |,, at
fixed spots, d, and d,+d,,, from the load

Pros: Z=Z, on all lines,
fixed d1, d12
Cons: Many calculations

":‘.i'.;s-a- | S

Yin —“xyz
b,

e Go from y(0) to y, a distance d, along |T(0)|
circle. Find b, by going from y, along constant
conductance circle to y, which is on the AUX
circle. Find y, by pivoting AUX by d,, to UCC and
read off b,=-Im(y,).

A

e Calculate I; and |, using: ls—gtan‘l(——) 40

Goddard/Cunningham
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ECE 329
Lecture 39
Online Notes - 38, 39

Distribution Networks
Lossy Line

Goddard/Cunningham
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Corporate Ladder

e A network for combining 4 identical
loads Z, into an equivalent single load
2i.=Z A4

- | By symmetry,
the average
power delivered
.| toeachloadis
identical.

All TLs are Z,

Equivalent Circuit

Z, N 42

Goddard/Cunningham
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Corporate Ladder

e Verify Z,,=Z, by calculating Z, and Z,

43
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Calculation Space

ytot=22L

ytot=2ZL

SO Z,=Y=22;
and thus y,=y,/2

Hence, y; =Y,

Z,
and z,=z,

Yiot=Y(M4)+y(M4)=22, a4

Goddard/Cunningham
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Corporate Ladder

o If Z,=2Z,, then the TL segment lengths
can be freely varied without affecting
Z.. (phased array antennas)

All TLs are Z,

Equivalent Circuit

7 o What would the
0 N
VSWR here be?

Goddard/Cunningham
ECE329 Lectures 37-39
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segment 1 :segment 2 | segment 3

e For the corporate ladder, which is true:

(a) there are no reflections anywhere in the ladder
(b) VSWR=1 in segment 1

(c) all the generator power is dissipated at the loads
(d) the power is dissipated evenly among the loads

(e) all segments can be made A/2 instead of A/4

46
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Distributed Circuit of Lossless TL

One slice of the TL:

VN__paa_ -
124 ot ot
The entire TL:

— (0D

LAz

CAz

CAz

Z+Az

CAz

CAz

47
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Distributed Circuit of Lossy TL

Model the Ohmic losses in conducting wires and
leakage losses in the imperfect dielectric in between

One slice of the lossy TL.:

%F=—0w£+ﬂﬁ' éﬁ:—OwC+§y’
z 0z
(z+AZz)
CAz GAZ V(z+AZ)

Z Z+Az
48
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Solution of Lossy TL

Vid)y=V*e™ +V e ™ V=a+jB=+(joL+R)joC+G)

N + v - - - .
I(d):Vf _Vf 7 = jwL+R
Z, Z, jaC+G

These reduce to the lossless results as ‘Rand G > 0

7 =\J(joL)jeC) = jor/LC = jvﬁ - jf

joC \C

49
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Lossy TL (high-frequency limit)

7 =4(joL +R)joC+G) 7 _ |JoL+R
jaC+G

R G
= jwLC || 1+—— | 1+—— .
! \/[ ij]( jcoC] . [JeL _ \E
JjaC C

~ joLC +%(ZE+GZOJ

0

B~aNLC &leEJﬁZoj

2| Z,

Similar to lossless case Signals are attenuated

50
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50Q and 75Q coax are
so popular because ...

e The shunt conductance of the imperfect
dielectric is small compared to the series
resistance of the conductor, so:

21 Z, 2 Z,

Plugging in the formula for R and Z, of a coax

with inner and outer radii a and b, you can show
a is minimized when b/a = 3.59 (for fixed b),
which works out to 50Q and 75Q for a dielectric
and air filled coax, respectively. Loss decreases

with b, so use thicker coax to reduce loss. .

Goddard/Cunningham
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Suggested courses that build

ECE 350

ECE 446

ECE 451
ECE 452
ECE 454
ECE 455

ECE 453
ECE 460

Goddard/Cunningham
ECE329 Lectures 37-39

on ECE329

Fields and Waves II
Principles of Experimental Research

Advanced Microwave Measurements
Electromagnetic Fields
Antennas
Optical Electronics

Wireless Communication Systems
Optical Imaging

Other
Pre-Reqs

313

350
350
350
350

342
313
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P

How do | figure out
which variables
are important?

O C ¢

Pressure Temperature Flow Rate
RF Power DC Bias Current Rotation Time

What is the data
There must be a telling me?
more accurate

technique ...

Voltage (1V)

10 15 20 25
Time (ns)

| get to design
my own experiments
in this class!

Principles of Experimental Research is an inter-disciplinary
course designed for first year graduate students and
advanced undergraduates. The course counts as an ECE lab
elective (B.S.) or Professional Development (M.Eng.), yet
students from any engineering or science department are
encouraged to attend. The course focuses on: (1) design of
experiments, (2) prevalent experimental techniques, (3) data
collection, organization, and statistical analysis techniques, (4)
oral and written presentation of scientific material, and (5)
scientific computing languages and software. The main course
objective is for students to develop the basic skills needed for
pursuing a career or an advanced degree involving — &
experimental research.

Prof. Goddard * 4 Credit Hours for Grad and Undergrad Students
(An ECE Lab Elective or MEng Professional Development Course)
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Good luck on the finall

e [t was a pleasure teaching
ECE329 this semester

—-Thank you for studying so hard ©

54
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ECE 329

Review for Final Exam

(page and chapter #'s are for the old book)

Goddard/Cunningham
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Chapter 1
Coulomb’s Law

Electric Field Around a Point Charge

\/

\\ Field strength is
proportional to the
density of field

lines

E-—2

a
R
4re R’

Goddard/Cunningham
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* Important

Calculating the Electric Field

R E = a
2 "R
Point Charge at position . 47Z'EOR

X1,V 1,2
X1.¥1.21) Position where we want
> > 3 to calculate electric field

R = \/(x2 — xl) + ()/2 — yl) + (Z2 — Zl) at Position (XQ,YQ,ZQ)
5 = (x, —x)a, +(y, —J’1)&y +(z,—z)a, Unit vector pointing along

K R direction from Q to Point

» ¢ E

Use superposition for 3

extended charges ‘ R, 4'

Goddard/Cunningham R
ECE329 Cumulative Review 3



* Important

Patented 5-Step Program for
Problem Solving

1. MAKE A LARGE CLEAR DRAWING

a. Also draw cross-sections if the problem is in 3D

b. Pick a coordinate system that is appropriate for the
symmetry of the problem

2. Divide charge distributions into tiny pieces
3. Find dE of one tiny piece

4.Use SYMMETRY to eliminate any
components that cancel (i.e. add to ZERO)

5.INTEGRATE to add contribution of ALL the
tiny pieces

Goddard/Cunningham
ECE329 Cumulative Review



Example: F due to line of charge (1)

dx X

P
<«

d »d »

<« Ll | >

L a

What is the small amount of force, dF, applied by a small sliver of

the rod?
Differential
_ _/ charge in one
Q | small sliver
= dx (coul)
L n
dF == =~-qa,
Differential force 4 TTEYX
applied to g

Goddard/Cunningham
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Ampere’s Force Law

]a’l

R

—

]dl

dF Idl de

Force on current 1 due to current 2

Goddard/Cunningham
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Lorentz Force Equation

If a region of space contains BOTH an E field and a B field, a moving
charge will experience force from both at the same time...

— —

FTOTAL:FE+ M

—_

Frorar =qE +qv xB

Goddard/Cunningham
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Application: Mass Spectrometers

e Part I: Velocity Selector

— Particles with a specific velocity in
crossed EM fields are undeflected

A AZ
EOaZ B ".@

— VOax

rora = 4(Ey —voBy)a, =0 iff v, = EO/B;O

Goddard/Cunningham
ECE329 Cumulative Review
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Chapter 2

Surface Integrals

e Flux = # of arrows that pass thru a
surface; it depends on:

- The density of vectors

- The angle of the surface g

—-The area of the surface ﬁi
Flux = BedS 9

Goddard/Cunningham
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http://upload.wikimedia.org/wikipedia/commons/7/72/Flux_diagram.png

“"Closed” Bug Catching Net

Bug Density
Vectors
(Bugs/m?)

—

(normal to net section) 10
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* Important

Gauss’ Law for B Fields

Net flux of magnetic field lines through any
closed surface MUST be zero.

{:}E-dﬁzo
S

Goddard/Cunningham
ECE329 Cumulative Review
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* Important

Gauss’ Law for E-fields

e Field lines begin on + charges, end on - ones

— Electric flux out = Net charge enclosed, regardless of
shape or location of charges

X E /
\N
/ S~
/ S\
|

/ N

s ~
’/

T % \ WE o ﬁD ° dS o Qenclosed
I /
! ® ’ >
/ *‘ FLUX OUT = CHARGE ENCLOSED
\ >
R
S 4

12
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Use Symmetry to Find Flux

6-sided cube with
Q at the center:

Flux out of entire box = Q
o Flux out of one side = Q/6

6-sided cube with
Q NOT at the center:

Flux out of entire box = Q
Flux out of one side = ???

Hemisphere and bottom disc

with Q at the center:

Flux out of top hemisphere = Q/2
Flux out of bottom disc =0
(E is perpendicular to dS)

Goddard/Cunningham
ECE329 Cumulative Review
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* Important

Faraday’s Law

C
. Ee BedS
0s *i j

e The EMF generated in the loop is the
NEGATIVE of the rate of change of the
magnetic flux enclosed in the loop

e Right Hand curls around C so thumb
points in direction of dS

14
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Induced emf around rectangular
loop in a time-varying B field

Rectangular wire loop
In the xz-plane

—_

y B = B,coswta,

>

Steps:

- Fodl =L [[BedS
1. Write down Faraday’s law fE° = dtjsj .
Write down expression for dS. DIRECTION!
Perform dot product B*dS

Solve double integral over limits of the loop

(1L

Take time derivative of result. Putin“-"sign!

o bk~ w b

Goddard/Cunningham
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* Important

Ampere’s Law

There are TWO sources of MMF: - C
1. Flow of charges due to current J S
2. Time-varying electric field \- -
\ — J
Called (by Maxwell) Ve J
- dt i
“Displacement Current” dr

§Fl-di=”i-d§+ijj5-d§
C S dt S

MMF _ “Regular” Current N Displacement Current

(Amps) (Amps) (Amps)
16
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Displacement Current

dg

e Current flow changes amount of charge L, T

— Since the charge changes, the electric flux out of the
surface changes, i.e. a displacement current

E(t) = o0

4re,R* "

W, = ” g,E® ds = &, E(Surf Area)
S

—> =&, o) —(47R%) = O(1)
. (1) dre,R
N
] — dWE — dQ
L= —
dt dt
= a9 _ I, sodisplacement current out = regular current in

dt 17

Goddard/Cunningham
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B for an infinitely long solid
cylindrical conductor

The path with radius=r<a
“encloses” only a portion
of the entire current

Y y
/ No changing D-field so
X Ampere’s Law, with dyg/dt =0: 3
§F] ¢ di :]enclosed — _U“j ¢ dS;
C S
2mrH , = iszz inside or =1 outside 18

Goddard/Cunningham y/78)
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* Important

Conservation of Charge

In general, we can pour charges in from
i\.‘. more than one direction, or take some

out from other parts of the container

Net Rate of _ Net Rate of
Current flow OUT Charge DECREASE

- = d d
g.].d = — g;m:_ajﬂpdl/

19
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Chapter 3

Curl measures circulation

.

o

7

AR

R

.
7

.
i
o g‘g

.

e
A

e

5

i o "

R
R ARERREERRRT

:
:
:

At
Rt

B
e

R

oo

R,

R

i
R
i

s
L
s

R
o
s

'y

e e
- Rive
R W

No rotation! Anti-clockwise Clockwise
rotation. rotation.

20
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Divergence measures
# of field lines created

X S h' L
5y AN L v o b
5 % IR v ™ LI
. T ‘1. LR T i %
% i
Bl g i e
e R o s T e b \l.
T ST ..:i.:i:: T \ '4,::::.::- e 3 P
B T e e B % \
Y N 1\ T
R % oy LI T
™o P 5 ™
L N E
R e
Y
£y LY

Flux in = flux out Flux out = flux in Flux out < flux in
SO NO sources or Positive Negative
sinks inside V. divergence. divergence.
Must be a source Must be a sink or
inside V. drain inside V.
21
Goddard/Cunningham

ECE329 Cumulative Review



Curl and Divergence

Goddard/Cunningham
ECE329 Cumulative Review

ﬂ;ﬁo

dx

YES DIVERGENCE
NO CURL
Varies ALONG

dE
L 20

dx

NO DIVERGENCE
YES CURL
Varies ACROSS

22



Curl and Divergence

jj(vxv).d§=5£v.di

S C

Stokes’ Theorem

/’(\D\f‘\
§;< Qaq \))" — — pug
9 ”jVOV dV:HVOdS
¢ 0
N\ y oV

Divergence Theorem

Goddard/Cunningham
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*** Extremely Important

Maxwell’'s Equations

Faraday’s Law i}ﬁ.dj:_%ﬂg.dg VxE:—d—E
dt
Ampere’s Law §H-di=”i-d§+i”5-d§ ng:j+@
C S dt S dt
Gauss’ Law ﬁéodﬁzo Veb—0
Gauss’ Law ﬁ;ﬁoa’g:”jpdf/ VOIjzp
s v
Continuity Eq. ﬁ‘] §=——jjjpdV V.j:_c;_p
[

Goddard/Cunningham
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* Important

Realizable Fields

e Is it time dependent (d/dt)?

e Is there any free charge p or current
density J?
o Apply Maxwell’s equations

V'DZ,O V.BZO Voj:—d—p
dB dD at
vxE=-98 VxH =J+2P
dt t

Goddard/Cunningham
ECE329 Cumulative Review
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Field Source

e Infinite plane sheet of current at z=0

Free space z<0

J, = surface current
in Amps per meter

Goddard/Cunningham
ECE329 Cumulative Review

Free space z>0

26



Solution

EGzn="LJ tx)a.
2 1 v, 22 0
H(z,0)=+—J (tT—)a,
2 v,

propagation

27
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* Important

Two definitions

1
Y =C =

’ \ Hoéo

M, = /& =~ 377 (ohms)
€y

= speed of light =3x10° (m/s)

Intrinsic impedance of free space
[E[=nolH|

Goddard/Cunningham
ECE329 Cumulative Review
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* Important

Web Demo

Period(s)= 4 [ Reset )

tis1=4.4 e

rrJJ. JJ

http://www.phy.ntnu.edu.tw/java/em\Wave/emWave.html|

Goddard/Cunningham
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* Important

Sinusoidal Plane Waves

J, =—Jg, cos(an)a,

E(z,0) = %JS tF Vi)&x

p

A(z) =+ (17 =)a,
2 v

p

. J A
E(z,t)= 7702‘90 cos(wt F fz)a,
. J A
H(z,t)= i%cos(a)t T fBr)a,

zz 0
w
p=—
Vp

Goddard/Cunningham
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** Very Important

Wave Parameters

Electric Field

Phase

Angular Frequency

Linear Frequency

Phase Constant

Wavelength

Phase Velocity

Impedance

Goddard/Cunningham
ECE329 Cumulative Review

E(z,t)= %TJSOCOS(G)I ¥ f2)a,

(V/m)

(radians)

(radians/sec)

(1/sec)

(radians/m)

(m)

(m/sec)

P

Q) 31



* Important

Polarization

Linear

Circular

Elliptical

A

DIRECTION: Constant
MAGNITUDE: Varies

F = F cos(at + d)a,

—

F, =+F, cos(wt + @)a,

The vectors are IN PHASE
Fi

Fi+F,

:Fz

Goddard/Cunningham
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X

t

DIRECTION: Varies
MAGNITUDE: Constant

F =F, cos(ot + ¢)a.

—

F, = Fsin(ot + §)a,

The vectors must be:
EQUAL MAGNITUDE
OUT OF PHASE by r/2
PERPENDICULAR

“Left-Hand”

Polarized

CCW as seen

by source

X

t

DIRECTION: Varies
MAGNITUDE: Varies

Most general:
If it is not linear
or circular

Left/right thumb points
in propagation direction

“‘Right-Hand”
Polarized
CW as seen
by source



Writing Fields in Free Space

e Sinusoidal field propagating in a, has left
circular polarization, A=3m, E(0,0)=Eya,

T

e Answer: B=2n/A=2n/3 rad/m;
e M=c > f=1x108 Hz > o=2nf=27x108 rad/s
e E, is max first then Y4 period later E, is max

e E=E, cos(nt-pz) a, + E, sin(wt-pz) a,
e H=Ey/ng cos(wt-pz) (-a,) + E¢/ng sin(wt-pz) a,

33
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* Important

Definition: Poynting Vector

The E and H fields are carrying power with them as they
propagate _ R _
S=FExH

Definition for the Power Flow Density of an EM Field

Units for S: Watts/m?
f§SedS = {f(ExH)eds
S S

Power flow out of a CLOSED surface (units = Watts)

34
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* Important
Poynting’s Theorem
—%(um +ue)=V0§+on

Integrate over the volume and ﬁﬁ o dS = J'”V oS dV
Apply Divergence Theorem: S v

-2 [ff, +uydv = ffSeds + [[[EeJ av

Rate the fields _ Power flow N Rate of work done
LOSE energy OUT of surface BY the fields
t
T T E-J is non-negative when the
Can be + or - Can be + or - fields move charge (resistive load):

J=cE so EJ =cG|E|?=0
) Zero only if 6=0 (perfect dielectric)
<S>:Re[—E><H*] | . . - 35

2 E-J is negative when the applied current injects energy

Goddard/Cunningh . . .
eCE320 Cumulative Review 1IN0 the fields (the current sheet at z=0 is a power source)

E =Re[E(2)e’],H = Re[H (2)e’™ ]



* Important

Chapter 4

3 types of materials

Conductors

e

Free electrons

Dielectrics

d
@

Polarized atoms/molecules
Bound electrons

Magnetic

AT A Bint
T
Magnetic moments
Bound electrons

I

------------------------------ ~Pso ¢<§>¢C§>
— S S— B <@>$¢<@><ﬁ>¢
Q. otectricsion 1. " <§>¢¢ I
+++++++++++ S hagie
E=0 inside E#0 inside but it is reduced B,=B.*+B,
[3:0 inside Etot=Ea+Es Btot=”H=“0(H+M)

p=p, only surface charge

V is same throughout

E i IS | to surface

Goddard/Cunningham
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D=¢E,,=P+¢E
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kK ok Extreme/yconneCtion Of Concepts

Important

Integral
A

. —

polarization
(material response)

>
Proportional

v
Derivative

Goddard/Cunningham
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for Electrostatics

electrostatic
potential

V
A

el
[l

-VV

v

—_ —

P<—P:50;56E—>E

——D=¢cE=¢,E+P—>» )

electric

field

Q:IOSOA or Q:IOVOIV

O«

charge

displacement
flux density

—

T

V.l_j:pvol

Dln_D2n :IOSO

0= IpsodS or Q= IIOVoldV

3

charge
density

37




kK ok Extreme/yconneCtion Of Concepts
for Electrodynamics

Important

d and Z scalar and vector potential
Integral
t B i| | |[E=-VD o4
polarization B=Vx4 N B 5 displacement
(material response) clectric field flux density
P PeeyP | E PechzeE+P D
- < > - < - — - > —, | magnetic field
M M:E(”_”Oj B Brui=w(A+M) H
magnetization Hty ) magnetic 4 = oD
(material response) flux density ~ VxH=J+ E
> v ) D = pvol
Proportional D -D, —p. (H1 —H, )t =J,xa
- O=p,d or OQ=p, 1V v Jy=a X(Hl_Hz
Derivative charge Q 0= I,OsodS or Q= IpVoldV P | charge density
> —_
current | [ I=Jg-L or [=J-4 J | current density
38

Goddard/Cunningham
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I={Js(x)dx or I=][JdS
S




Conducting Slab D4.2 (p217)

Pa

P1

Z
T E, T E, ‘ Conducting slab ; l E, l E,
2

PB

e Neutral slab 2 p;=-p,
* Ecive=0 2 E,=(pgt+p2-pa-p1)/2€9=0

P1=(pg-Pa)/2, P2=(pa-ps)/2

39
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‘. Dielectric Slab

+Op
Fr+++++++t+++++rrFFF+++++
Secondary = DIE|€CtrIC Slab, Xe
—Pp
FFFFFFFFFFFFFFFFFFFFFFFF P
P P ps/Es E-field strength
Total ~— T reduced by (1+y,)

gOZe 1+ze

— — — D-field strength is
D = EEToml =& (1 + Ze)ETotal = Pgo same as free space
because charge is fixed

If instead voltage were fixed, then 40

Goddard/Cunningham E-field would be same as free space
ECE329 Cumulative Review




Magnetic Sheets D4.6 (p238)

e Hint (Single infinite current sheet)

y H=(J/2)xa,, H=(J/2)xa,,
1 =-(J/2)a, =(J/2)a, I
Answer:
n=100p, I
H=0 H=J3, [ H=0

I |
l
B=uH |

41

Goddard/Cunningham B=p,(H+M) to solve for M=99H
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**% Extremely Important

Inside a material, Maxwell’s
Equations become:

Free Space B Inside Material _
Vxﬁzj:ﬂ) Vxﬁ=aﬁ+8@
a " a
VXE: % VXE:_IIJ@
ot at
V013=,0 Ve(eL)=p
VOE:O V‘H:O 42
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* Important

Solve PDEs with Phasors

e Technique simplifies the algebra

E (z,0)=Re[E (2)e’"]  H,(z,t)=Re[H (z)e™]

oE, =Re[ja)Ex(Z)ejwt] 9 = jw
ot
8Ex _ aHy h @E ~
oH OE B OH
Y | . X ~ . ~
o R =0k, ~s(jo)E,
_ 43
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** Very Important

Final Solution for E, and H,

‘77‘*]50 o
2

_|_
H(z,t) = _gSO “cos(at T fz)a,

E (z,t) = cos(wt F Pz + 7)a,

220

Strength of fields drops exponentially according to the
attenuation constant

Magnitudes |E| and |H| related through magnitude of the
complex impedance, |n|

E and H are out of phase by the phase of the complex
iImpedance, Tt =arg(n) 44
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* Important

- |
§=4tan L}i
AZZE .-'1
IB.--'
{y)

Cosfuwt=fz=-@) !

o
e

N + J
H(z,0) = —g SR

cos(at ¥ fz)a,

Goddard/Cunningham
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4 AR .
E(z,t)= MTSOe“"Z cos(wt F [z + 7)a,

Esizt)m
Efe=%cos(wt =f2)

o

S / Envelope; E T p=at
.




“imeenent - Complex Propagation
Constant and Impedance

(9Ex2 vl ol v = | : _ : —| Jv
=7’E. 7=+jou(c+ jos)=a+ jB=|le

Oz” I N

¥ Re[7°]<0, Im[7°]>0 Attenuation Phase
L 77 is in Quadrant II constant
= 45 <y <90
. Bza>0 yn = jou

: =>T+y=x/2

77 _ JOH _ ‘77‘6]1 o v
o+ jowe AN yin =0+ jos

I Phase diff. T

Ratio of between E Very useful!

[E| to [H| and H 46
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** VVery Important

Dielectrics vs Conductors

Perfect Dielectric

Definition: o=0
Attenuation:
Speed: v =clyue <c

E,H In Phase: =0
Impedance: [7|=7, lu /e

a=10

Imperfect Dielectric

Definition: |¢/®e<<I1
Attenuation: a=~o/2\ule
Speed: v, melJue, <c

E,H In Phase: ;.
Impedance: |[;7|~ 7, [u /e

Good Conductor

Definition: O/®&>>1
Attenuation: @ ~+@uo /2
Speed: v ~20/ou
E,H 45° Phase: .~ /4
Impedance: 7] ~Joulo

Goddard/Cunningham
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Perfect Conductor

Definition: O > _
Attenuation: a > © Z*Z—> 0
Speed: v, —0 H—0

E,H 45° Phase: 7o 7x/4
Impedance: |;7|_>() a7



** Very Important

Boundary Conditions

e Never use the differential form of Maxwell’s
equations at a boundary - only use integral form

Medium 1

; |
E, H, 1

S |
Eq H,
Jo=a,x(H, - H,) Medium 2

48
Goddard/Cunningham (ﬁl _];Iz)‘ a
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Chapter 5
Example: Potentials for a Point Charge

—

74 E=-VV

sl

N
k>

~

— —  “Absolute” potential at
V(?‘) =—|Eeodl r, using zero potential

atr=0o0

A A Since dr<0
- | dr | d, = dm,, going from r=co

=
I

Surfaces of
constant potential
are spheres in 3D

-same amount of work

Goddard/Cunningham
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Superposition Example:
Potential of a Line Charge

z=a p,=107""(C/m) Find Potential at point “P”,
g 1 m away from the line
'Z r a=1lm ’
Z=Z
Tm P VP — : j 40
dre, ° 1
1 p,dz'
Z=—a V= 4 j l
72.80 -a 4

v 1 j p,dz'

P dre, ° Alz7 +1°
v, . ln(z'+x/z'2+1)[Z
41, ¢

50
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Example 5.5 (p-n junction)

2
VV=-ple
E=-VV
p E Vv
qND /’_
d; _-‘d d; &
qN, \/
-eN,d /e
aE_p a__
dx ¢ dx
o,
E=[Eaix V=-(Ed
)4 J £

Goddard/Cunningham
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** Very Important

Goddard/Cunningham
ECE329 Cumulative Review

Steps to Find Capacitance

s X5d, V=V,

Equipotential € IS constant and

“E_ lines p=0 in between
x=0, V=0
Laplace Equation V2 = () Vi(x)= Vog
Find V using boundary conditions
Find E using E=-VV
Find D using D=cE
Get surface charge density on one conductor
using BC p.=a,*(D,—=D,,) p=e,/d
oharee 0= (drea)(p,) ’
apacitance &
° c=9/7, c=2"



Coaxial Cable

Perfect
— csndeucctors 1 a a V

ov
—>r——=¢,=>V =c/Inr+c,

Cylindrical Coords

r=b V=0 E=E, r
e cable 0O Vib)=0=c,=—c,Inb
V(a)=V,=c, =V,/In(a/b)
V)=V, In(r/b)
In(b/a)
o dV _
dr  rin(b/a)
| eVy(aln(d/a)),r=a 2 el
P o ay.r=b T ingra)

Goddard/Cunningham
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Inductance of a Coax Cable

Now, instead of applying a
voltage across the inner and
outer conductor, a current, |,
flows down the length of the
outer conductor and returns

In the opposite direction through
¥ the inner conductor

Results in magnetic field

=L
27

In between the coax y

Goddard/Cunningham
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Inductance of Coaxial Cable

(\ << ®Hd) "
0, | '
L<

- : R |

) > ] « _ |
. . J | |
B=uH = ,u a, Magnetic Flux Density [m@J
V= j BedS= j j(ﬂj(dm’z) Magnetic Flux [72]

s N\2Tr
Y= &ln(b/a)
27 -
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Inductance

L Z% Units: Henry (H)
L="E1n(b/a)
27

L= £:iln(b/a) Inductance/Length
z 2r (H/m)

Goddard/Cunningham
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* Important

Relationships between Capacitance,
Conductance & Inductance

Notice in the above examples,

C = g-GeometricalFactor
L = u/ GeometricalFactor

S =0 -GeometricalFactor

This is true in general and so we have the following:

L=us G/C=0c/¢

If you know one (L, C, or G), you can find the other two

from the material parameters
57
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Chapter 6

Transmission Line

-I(z,t)a,

V(z,t)
E.(z1)

T Hzt ©
—_—

=0 —
” V=0 y=w
y=0 I(z,)a,

V(z,t) and I(z,t) can be used to describe the state of the
transmission line instead of E,(z,t) and H,(z,t)

58

Goddard/Cunningham
ECE329 Cumulative Review



Transmission Line Equations

2- {23
& \w)a

-
V__ o4
24 o
ad_ cor
74 o

g_{gij )
& \d)a

N~

These are the transmission line equations!!

» They describe wave propagation along the TL
in terms of currents and voltages

* It is just another way of stating Maxwell's Eqns

Goddard/Cunningham
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** Very Important

Bounce Diagram

t=0, close

/.

—a
40 O
Z,=600 T=1 usec 120 Q
100V

° '9)
z=0 z=|

First step: Calculate V*, I, I'o.q) Tsource

ooy Zo 1000 _gop p Re=Zh_120-60 1
R, +Z, 40+ 60 R, +Z, 120+60 3

: R,—Z, 40-60 1
]+:V :60:1A [ =—5 20— __ -
Z, 60 R.+Z, 40+60 5

Second step: Construct 2 bounce diagrams

(Voltage and Current)
60
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** Very Important

Voltage
Co—=_
Z0
T 2

Goddard/Cunningham v4
ECE329 Cumulative Review

Current
C— P
Z0
(C oy | )
z=0 z=|

|=2/3-1/15

=3/9




** Very Important

In SS, TL Looks Like a Wire

Voo =V + Ve =T5V

I =1+, =0.6254

@ + >
40 Q
Vs 120 O
100V =
. -
z=0 z=|
LAz LAz LAz LAz
CAz CAz CAz CAz ~

Goddard/Cunningham
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** Very Important

Algebra of the Bounce Diagram

1 + + 21
For f(t)=0(t), the solution of: [V (0.0=7d@O+L L,V (0.~7)
IS an impulse response:

Vi0,0)=7,> (I[,)" 5(1— nz—l) =h*(1)
n=0 Vp
V=(0,0)=T,V"(0,t —2—1)
VP

I, Y (L) 8- (n+1) f—l> 1 (1)

For arbitrary position z, replace t with t £ z/v,

V(=1 (OT,) 6 -2 —n2)
= v v r .
P P [ = Z_ (V - V )
Vo(z6) =T,7, > (T,,)" 8(t+——(n+1) 2—1) 0
n=0 Vp Vp t

Note: the voltage is nonzero only on the bounce lines

Goddard/Cunningham
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** Very Important

Algebra of the Bounce Diagram

For f(t)=5(t), the solution was:

Ve =1. Y (OT,) 6 -2 —n2h)

n=0 v v 1 + -

A [=—W =V

V() =T, Y (O, 80+ 2~ (n+ 1) 2
n=0 v

p vP

For arbitrary f(t), convolve the solution with f:

V*(z,o=rsi<rsn>"f<r—vi—nf—l> 1

—_= P P [=—W"-V")
ZO

Vo (z,t)= FTZ(FF)f(t+——(n+1) )

Note: the voltage can be nonzero in between the bounce lines

depending on the function f 64

Goddard/Cunningham
ECE329 Cumulative Review



* Important

Writing Moving Delta Functions

o(1) o 1T a pulse centered att =0
_>
5(; _i) - l d forward-moving pulse
\4 ! centered at z = vt

z=vt

a forward-moving pulse that
passes through (z, t) = (0, 2T)

5([t-2T]- [Z_O]) = S5(t—=-27)

4 1%
<4
z o
S(t+5) l a backward m_ovmg pulse
1% centered at z = -vt
z=-vt

a backward-moving pulse that
passes through (z, t) = (L, T)
65

s([t-T]+ il RS
\%

V

Goddard/Cunningham because T = L/v
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Example 2, Step 1: V*, I+, T

500 Z,,=50Q  Z,,=100Q  Z,;=50Q
500

(1) T=2 usec  T=2 pusec T=2 psec

r=1/3 r=-1/3 r=0

=0 [=-1/3 '=1/3

Zy =1 Sl =0.50
R +7Z, 50+50

=% 018
Z, 50

66
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50Q

5(t)

Z,,=50Q)

T=2 usec

I'=0 r=1/3| 1=-1/3 | 1r=-1/3 |/ 1r=1/3 | 1=0
m—>
t=0 psec 1,~4/3 | t,=2/3 | | 1,=2/3
*=0.50
t=2 usec
H =0.675
t=4 usec V-=-0.2 +=0.4443
t=6 usec
*=0.07456
t=8 usec
=0.0496
t=10 usec
t=12 usec

Goddard/Cunningham
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Transmission Line Junction
ViRV VR,

Equivalent circuit “seen” by V+ when it gets to the end of line 1:

V- VR,

V- RL B Zm
R Z F — N =
! 02 V* R, +7Z,
What is R, for this
equivalentL circuit? RL — (Rl)H(Rz + Zoz)

68
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V++V V++

trans

Zoy,

How much voltage gets transmitted through to line 27?

o+

VAV VR, Vi L= =il
V™" =V"1+T

R, Loy ( )

_ yo 2 e

trans
Zy, +R,

69
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Optional

Inductive Termination
t=T+

V* + V(1)

Ve SV
2 Z,
r VY For the inductor:
Z, 27, .
dt

70
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Optional

Diff Egn for the Inductor

_ a1 e Y 0)
V=l = (@)=L

heyer gL 0
2 dt\27Z, Z,

Voo LAV _p
2 Z, dt
- /
VO, Zoy-y=-tolo
dt L L 2
Laplace Transform V-(t') to F(s) t'=t-T

A Z N ZVl
sV (s)=V (0)+—=V (s)=——>—2—
() =V O)+ ==V () ==—= "~

Goddard/Cunningham
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Optional

Laplace Transform for Inductor

Initial At t=T, i.e. t'=0, inductor current = 0
Condition since inductor “looks” like an OPEN
CIRCUIT
(0 )
[=r'+1 (=0 = o YO_4 = y0=r2
2Z, Z,

. V. Z. -~ Z. V.1 5 sL-Z,V,

V_ - 0 + 0 V_ = —_O_O_ — V S)= 0 0

sV (s) 2 L () L 2 g (5) sL+Z, 2s

In s-space, we have V(s) = I'(s) V*(s) with:

Z(s)—7Z n
(8)=2Z, V+(S)=& Z(s) = sL foraninductor

)= Z(s)+ Z, ¥

72
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Optional

Invert Laplace Transform

2s 2ssL+Z, - 2s sL+Z, _S+ZO/L

I}(S)ZI}JF-I—I}_:VO-FVO SL—ZO_VO 2sL VO

V(t_) — Voe—(ZO/L)l" — Voe—(ZO/L)(t—T) t>T

V(1) [volts]

A

Vo

73
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Optional

Shortcut Method

V(1) [volts] What happens “in between”?

A :
We know V(t) has exponential
v decay with time constant of L/Z,
0
t
T
At t=T the inductor At t=infinity the inductor
“looks” like an open ckt “looks” like a closed ckt

r=2,C 4|C|—NV\ZNV»

~— L _amww 74
L,

L Ze,
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Optional

Initial distribution = Forward +
Backward waves

The voltage (made up of charges on the TL) will begin

to spread by forming + and — waves.
75
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Optional

Example. TL w/ Z,=500

V(Z,O) |(Z,O)
50 | 14

>
) 4

l : »
z=I/2 z=| z=I/2 z=|

V(z,0)+50/(z,0) Vo (2.0) = V(z,0)-50/(z,0)
2 ’ 2

A B A

50 | V(20 50 L \+(2.0)
f;& ;
i N

z=|/2 z=| z=I/2 z=|

V7 (z,0)=

76
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* Important Chapter 7

Phasors satisfy usual TL equations

—_— —_—

oV ol 14 - dV _
oz o - el dz “
ol oV I _ [ _
e d_:—@(ja)V) ﬂz—s&ozl
0z o | dz ] dz

17 _ Vieijﬂz IB _ a)@ 17 _ V+ejﬁd n V—e—j,Bd
_ | 1

T=+2—c" |z _Jo@| |T=@ e _y e

77
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** Very Important

Key Definition: Line Impedance

I(d) —

Z(d)= K(d) _Zgé v(d) Z, N
[(d) F=V, .

2 jpd
Z(d)=12, I+1,e 2]. y Equivalent F_\Z/g % % Z(d)
1-T, e/ Circuit "

Py=F—20
Z(h+Z,

—V* (e +T,e ")

Allows you to solve for V* and
thus get V(d,t) and I(d,t) 78
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** Very Important

Key Definition: Generalized
Reflection Coefficient

[(d)= ;EZ ;

Ve ™
V+ejﬂd

I'(d)=

_ —2jpd
=Ie

Allows you to find the backwards
wave if forward wave is known

79
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** Very Important

Key Definitions: Admittance and
Normalized Impedance

Characteristic
Admittance

Normalized
Impedance

Normalized
Admittance

Goddard/Cunningham
ECE329 Cumulative Review

y =
ZO

Z(d)
ZO

z(d) =

1

y(d)EZ(d)

z(d) =

1+T(d)

1-T(d)

y(d) =

1-T(d)

1+1'(d)

[(d)=T,e "
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*** Extremely Important

Summary of TL Equations

ZL _Zo

I, =

V- =IL,V* I'(d)=T,e*™

Z, +Z,

Vd)=V"e™1+T, e ") =V"e™1+T(d))

_ - V+ej,3d B g V+ej,6’d B
I(d) = Z. (1-T,e ") = Z (1-T(d))
Z(d)z@zzo”r(d) 2@y = @)
[(d) "1-T(d) 1-T(d)
4 _z(d)-1
)= =0 D=

Goddard/Cunningham
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*** Extremely Important

L]
CE COMPONENT (R/Za), OR CONDUCTAMNCE COMPOMNENT (G /Y o)
L3
_ |
.C. isa map

between the
half-plane r=0
and the disc
IT|<1

PrintFreeGraphPaper.com

_ © Analog Instruments Company
Goddard/Cunningham Used with permission
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* Important

Standing Waves for SC Line

I(d) —
D

Generator
V(d) Z, Z, =0

V(d)=V"(e™ —e™)=2jV"sin(fd)

1(d) = Z—(e’ﬂd +e ) =2Y V" cos(fd)
0

Vd) .
Z d = — = Z tan d 83
Goddard/Cunningham ( ) ](d) J 0 ﬂ
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* Important

Standing Waves for SC Line

O§ci!lates
V(d,t)=-2V"|sin(Sd)sin(wt + 6) ,nime
I(d,t) =2Y,|V"|cos(fd)cos(wt + 0) d < cig
N
V(0,t)=0 always (voltage null) M =
I1(0,t) varies (current maxima) d < E

Dependence is different than
traveling wave: ot £ pz

84
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Input Impedance for SC Line

Z. =7Z(l)=jZ, tan Bl

a|/)—o
2y Is equivalent to: % Z

/o

85
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* Important

SC Line can act as an inductor
or a capacitor depending on fl

o

4
00 05 10 15 20 25 30

'n

Z. = jZ,tan Bl

o

If tan(pl)>0, shorted
TL is inductive

If tan(pl)<0, shorted

1
>

Input Reactance / Z, (ohms)
o

TL |S CapaC|tlve Beta * L in units of
cc—/———e

e.g. Bl<n/2 Equivalent

or I<n/4, TL I<<n/4 Circuit: L

is inductive e |

86
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For Bl=0,x,2x,... TL is a short
For Bl=n/2,3n/2,... TL is an open

 0=ashort for fl=nx, n=0,1,2,...
Z. = jZ,tan fl = <

 w=anopen for fl=(n+1/2)x

If Z,,=0, voltage drop is zero, just like a short
If Z,,=00, current is zero, just like an open

\ \

o
Voltage
o
Current

Bl=nn BlI=(n+1/2)n
|=even A/4 |=odd \/4 87
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Standing Waves for OC Line

Same phasor algebra as before p=2n/n
with current & voltage reversed! q=yja  Oscillates
h in time
I(d,t) =-2Y,|V*|sin(fd)sin(wt +6)  d <+ V = |
@
\
ANAS B
V(d,t)=2\V"|cos(fd)cos(wt +0) d < ‘;g |

I(0,t)=0 always (current null)

V(0,t) varies (voltage maxima)
88
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For Bl=0,n,2x,... TL is an open
For Bl=n/2,3n/2,... TL is a short

( 0=anopen for Bl=nr, n=0,1,2,...
Y, = jYtanfil =

o0 =ashort for pl =(n+1/2)x

.

If Y.,=0, current is zero, just like an open
If Y, ,=00, voltage drop is zero, just like a short

\ \

o
Current
o
Voltage

Bl=nn BlI=(n+1/2)n
|=even A/4 |=odd A/4 89
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* Important

Parallel & Series Resonances

e We can find A, and o, by applying
the appropriate BCs at both ends

e Series resonance if z,(1)=0

— Analogous to an LC circuit in series and
requires a short placed across TL at d=I

— Like a short input
z,,=0

— T

e Parallel resonance: y;,(l1)=0

— Analogous to an LC circuit in parallel and
requires an open across the TL at d=|

— Like an open input

Goddard/Cunningham
ECE329 Cumulative Review

d=\4

AN

AATATY.

- 1

yin=0 gz

_—

B=2mn/\

Oscillates
in time

Voltage

Current

90
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* Important

Parallel & Series Resonances

Zo Z,=0 Z, Z, =

d=I d=0 d=I d=0

Shorted Load Open Load
L=A/4, 3\/4, 5)/4, ... i, v L=A/4, 3\/4, 5)/4, ... Loa d
Input is like an open . - t Input is like a short I t o
=> Parallel resonance oy =>» Series resonance v :
L=A/2, A, A2, ... e L=A/2, A, 3M2, ...
toad - o

Input is like a short ® - Input is like an open

=» Series resonance

=» Parallel resonance

Goddard/Cunningham
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** Very Important

Standing Wave for Arbitrary Load

V(d)HV T 11+T(d)|
[ 1(d)[=Y, [V I1-T(d)|

Im(I)

..., I'=0.75e"/4

-
S
o
S
.
.
wet®
-----

Unlike SC or OC where |I'|=1,
now we have imperfect nulls for
voltage and current b/c |[I'|<1

Goddard/Cunningham
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A

2.00 e dma":4—9
.| V04T § -
1.50} f
_ VSWR = Lne
i1'00’ Vmin
0.75 I+|T|
0.50| f = T
i I A o
025 IV A-|T])
0'005 4 3 f2 | 1 0 VSWR = Z(dmax)
d in units of A/4
= y(dmin)
92
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** Very Important

Quarter Wave Transformers

< A4 | diﬁ
Z1_’§ é—’ Z, .
Z, i Z, i Z, N

Key Observations:

1. Zyand Z, are real since TL's are lossless
Z,=Z2, for a match so Z; must be real
Z,Z,=Z.2 since we know | y(d) = z(d £ 1/4)

Z>, must be real from equation #3

i & W N

d, must be at a voltage max or min from #4
93

Goddard/Cunningham Adjust Z, and dq for match
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** Very Important

Quarter Wave Transformers

e Quarter wave transformer matching
inserts a length of 1=A/4 of a specific
impedance Z,=sqrt(Z,Z,) at a distance d,
from the load, where voltage is min or max

A4 d

Pros: Easy design

Z,=12,2,||d, =

Cons: Have to redo QWT for each f

Goddard/Cunningham
ECE329 Cumulative Review

max 4 7Z'

E+% modA/2

A

min
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** Very Important

Smith Chart for Single Stub

Key Observations:
1. y,,=1 for a match, y.=jb is purely imaginary for the SC stub
2. Thus y,'=y,,-y.=1-jb must be on the unit conductance circle

a. Needed amount of susceptance, b, depends on ||

95
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** Very Important

Single Stub Matching

e Single stub matching inserts a shorted stub of
the same impedance, Z,, but with a specific
length, |, and distance, d., from the load (not
necessarily at V., or Vi)

. dg
Pros: Z=Z, on all lines Zin_”:r' JI
Cons: Adjusting d. Zo Yoy |N
may be inconvenient — — —
N -
s
e Find d, by moving CW from to the unit

conductance circle y, =1-jb; then find I, by going
CW from y,(0)=0o0 to y.(l.)=+]jb or using formula:

so= i‘[an_1 (——) mod A /2 96
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o 24
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o
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A o S
=1
0L
ale
==
&0
£
[=]
SlalT
== ;
g0
=
- =
5

|
|
Tk
o
e
&
Lo

Find length for
shorted stub

zfzomoxm -
L TRANSMISSION COEFFroE

=(0.25+0.098).
.=0.348)
or use.

IS

l) modA/2
b

A tan ' (—
2

I =

0.151A=0.349)\
Goddard/Cunningham
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Optional

Double Stub Matching w/ S.C.

Yin "i_yg? Y ’\.b % N

Key Observations:
1. For a match, y," must be on unit conductance circle
2. Thus, y, is on the auxiliary circle
a) AUXILIARY CIRCLE is UCC pivoted CCW towards
the load by d,,

99
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d,,=0.375\
2(0)=0.6-0.8]

o 1)
= =

14
16
[2.0
3.0
4.0
£5.0

[EN B (ol e o0 SN BESY
= M=l |=f |=T =

12

- ™
= =

CE COMPONE

To gety, on
UCC, need y, on

AUX so draw AUX
first using given d,,

Goddard/Cunningham
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pral

Lo SEFLECTION COEFFICIENT T
]

oY TRALISMISSION COEFFrotin] 1

2 &

d,

0)
0)

(
|
1

Repeat DSM
=0.
=0
=(.
nced
y(0)
=
<, j
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Find susceptance to jump
from y, along constant
conductance circle to
y, on AUX

b1 ='O.89 Or
b,=-2.72
A

1
[ =—tan"' (——
s =t (=)

) D S e = =Y
=0 |=| |=f | =

12
14
1
1.8
[2.0
3.0

o 1) -
= = = =

4.0

5.0
1
20
]

CE COMPONENT (/' Z0), OR CONDUCT.

TPONENT (G /Y o)
0.2 9

o b

1,=0.134A or
1,=0.056A

Goddard/Cunningham
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Find correspond
Yy, by going from
AUX to UCC

ing

pral
ANGLE
“lo TrRANSML
3

=3

)

— Yp—

o

-— —

B io o

o ¢ 30

1 .21

T v O T

NI [T
AN N

= 00
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Optional

Double Stub Matching

e Double stub matching inserts two shorted stub
of impedance Z, with specific lengths, |, and |,, at
fixed spots, d, and d,+d,,, from the load

Pros: Z=Z, on all lines,
fixed d1, d12
Cons: Many calculations

! jb,

- ™
s

2

e,
i

X R
1

e Go from y(0) to y, a distance d, along |T(0)|
circle. Find b, by going from y, along constant
conductance circle to y, which is on the AUX
circle. Find y, by pivoting AUX by d,, to UCC and
read off b,=-Im(y,).

A

. L1
e Calculate I; and |, using: |/, =——tan 1(_3) modA/2| 104
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Corporate Ladder

e A network for combining 4 identical
loads Z, into an equivalent single load
2i.=Z A4

- | By symmetry,
the average
power delivered
.| toeachloadis
identical.

All TLs are Z,

Equivalent Circuit

Z, N} 105
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Distributed Circuit of Lossy TL

Model the Ohmic losses in conducting wires and
leakage losses in the imperfect dielectric in between

One slice of the lossy TL.:

%F=—0w£+ﬂﬁ' éﬁ:—OwC+§y’
z 0z
(z+AZz)
CAz GAZ V(z+AZ)

Z Z+Az
106
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Solution of Lossy TL

Vid)y=V*e™ +V e ™ V=a+jB=+(joL+R)joC+G)

N + v - - - .
I(d):Vf _Vf 7 = jwL+R
Z, Z, jaC+G

These reduce to the lossless results as ‘Rand G > 0

7 =\J(joL)jeC) = jor/LC = jvﬁ - jf

joC \C

107
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Good luck on the finall

e [t was a pleasure teaching
ECE329 this semester

—-Thank you for studying so hard ©

108

Goddard/Cunningham
ECE329 Cumulative Review



	Cover
	First Day Syllabus Information
	ECE 329 ��Fields and Waves I
	Introduction
	Zoom expectations
	Other administrative
	How to get an A in ECE329
	How to get an A in ECE329
	Upcoming Schedule

	Lect1_Introduction
	Lect2-3_Lorentz_Coulomb_Surf
	Lectures 2-3�Sections 1.3-1.6, 2.2, 2.5
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Magnetic force
	Lorentz Force Equation
	Application: Mass Spectrometers
	Application: Mass Spectrometers
	Current = Moving Charge
	Magnetic force
	Electrostatic Force
	Coulomb’s observations
	Slide Number 15
	Slide Number 16
	Electric Field Around a Point Charge
	Surfaces of Constant E Magnitude are Spheres
	Field Lines
	Electric Field Around a Point Charge
	Electric Field Around a Point Charge
	Calculating the Electric Field
	Slide Number 23
	Example: Calculate the E-field of a Dipole at a Point
	Example: E of Dipole
	Example: E of Dipole
	Example: E of Dipole
	Example: E of Dipole
	Patented 5-Step Program for Problem Solving
	Example Charge Distributions
	Example 1: Find Total Charge of a Linear Charge Distribution
	Example 1: Find Total Charge of a Linear Charge Distribution
	Example 2: F due to line of charge
	Example 2: F due to line of charge
	Example 2: F due to line of charge
	Example 2: F due to line of charge
	Example 3: E due to line of charge
	Example 3: E due to line of charge
	Example 3: E due to line of charge
	Example 3: E due to line of charge
	Example 4: E due to ∞ line of charge
	Lecture 2 Summary
	Lecture 3�Sections 2.2, 2.5
	Electric Field Around a Point Charge
	Surface Integrals
	Surface Integral describes the Flux of a Vector Field
	Trick that works sometimes
	In the general case …
	Slide Number 49
	Electric Flux = Charge Enclosed
	Same Flux Out of Any Surface
	Superposition
	Simple Example 1
	Simple Example 2
	Challenge Question 1
	Challenge Question 2
	Example 3: E due to ∞ line of charge
	Example 3: E due to ∞ line of charge
	Example 4: E due to a surface of charge
	The (Fictional) Yadaraf Bug:�Flux and Surface Integrals
	Yadaraf Bug Travel Paths
	Yadaraf Bug Travel Paths
	Yadaraf Bug Counter
	Yadaraf Bug Travel Paths
	Bug Counting Net
	“Closed” Bug Counting Net
	So magnetic flux, B, through a CLOSED surface is always zero 
	Gauss’ Law for B Fields
	Lecture 3 Summary

	Lect4-5_DiffForm
	Lectures 4-5�Sections 3.1-3.3
	Fundamental Theorem of Single Variable Calculus
	Fundamental Theorem of Multi-Variable Calculus
	Ñf is a conservative field
	Curl
	Physical Interpretation of Curl
	Physical Interpretation of Curl
	Meaning of Curl
	Curl
	Example: Curl
	Stokes’ Theorem
	Optional:  Derivation of Stokes’ Theorem
	v is a conservative field�iff Ñ x v = 0
	Curl at a Point
	Maxwell’s Equations in Differential Form
	Faraday’s Law In �Differential Form
	Challenge Question
	Maxwell’s Equations in Differential Form
	Ampere’s Law In Differential Form
	Divergence
	Meaning of Divergence
	Meaning of Divergence
	Divergence
	Example: Divergence
	Divergence Theorem
	Optional: Derivation of Divergence Theorem
	Maxwell’s Equations in Differential Form
	Does B satisfy Ñ.B=0 
	Maxwell’s Equations in Differential Form
	E-field of pn junction (ECE 340)
	Blank space for work
	Challenge Question
	Continuity Equation in Differential Form
	Useful Relationships
	Example: Continuity Eqn.
	Summary of Maxwell’s Equations

	Lect6-7_Potentials_Poisson
	Lectures 6-7�Sections 6.1-6.2
	Electric Potential
	Electric Potential - Definition
	Potential: Mount Electron
	Potential
	Slide Number 6
	Gradient Definition
	Gradient Operator
	Scalar Potentials
	Example: Potentials for a Point Charge
	Example: Potentials for a Point Charge
	Example: Potentials for a Point Charge
	Challenge Question:�Scalar Potentials
	Potential Superposition
	Superposition Example: Potential of a Line Charge
	Scalar Potentials
	Useful facts about Potential
	Gradient Function in Cylindrical and Spherical Coordinates
	Laplacian Operator
	Poisson Equation for Potentials (static fields, constant e)
	Potential of pn junction (ECE 340)
	Maxwell’s Eqns - Integral form
	Closed Path Through a Boundary
	Normal Vectors
	Faraday’s Law at Boundary
	The closed volume can enclose surface charges
	Gauss’ Law for D at Boundary
	Challenge Question:�Boundary Conditions
	Connection of Concepts �for Electrostatics
	Lecture 6-7 Summary

	Lect8-9_Conductors_Dielectrics
	Lectures 8-9�Section 5.1
	Atomic Model of Conductivity
	Conduction of Free Electrons
	Conduction of free electrons
	Holes are missing electrons
	Resistors
	Resistivity
	Conductivity
	Slide Number 9
	Conductivity
	Ohm’s Law
	Maxwell’s Equations in a Conductor
	Perfect Conductor (PC) in an Applied Electric Field
	Perfect Conductor (PC) in an Applied Electric Field
	E=0 inside perfect conductor
	Infinite plane conducting slab
	If E=0 inside a PC, how about H?
	Challenge Question:�Point charge above a sheet
	Lecture 8 Summary
	ECE 329�Lecture 9
	Atomic Model of Dielectric Polarization
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Dielectric Susceptibility
	Slide Number 28
	Slide Number 29
	Unlike conductors where E=0, in the dielectric slab, the total field is reduced (but NOT eliminated) by the secondary field produced by the surface polarization charge
	Example
	Example
	Example
	Example
	Example
	Example
	Dipole Atoms in Alternating E Field
	Recall from the Example
	Polarization Current
	Ampere’s Law in a Dielectric
	Ampere’s Law in a Dielectric
	Definition of Dielectric Constant
	Definition of Dielectric Constant
	Ampere’s Law in a Dielectric
	Recall Example
	Infinite plane dielectric slab
	Challenge Question:�Spherical shell dielectric
	Lecture 9 Summary

	Lect10-11_Capacitance_Cond
	Slide Number 1
	Parallel-plate Capacitor
	Steps to Find Capacitance 
	Non-uniform permittivity
	Coaxial Cable
	Coaxial Cable
	Challenge Question:�Coaxial cable capacitance
	Challenge Question:�Coaxial cable capacitance
	Energy Stored in a Capacitor
	Current Flow for a Capacitor
	Conductance
	Conductance
	Conductance/Length for Coaxial Cable
	Conductance/Length of Coaxial Cable
	Steps for Finding Conductance
	(Optional) The Laplace Transform
	(Optional) The Laplace Transform
	(Optional) Application of the Laplace Transform
	Lecture 10 Summary
	Lecture 11
	The Lorentz-Drude model
	The Lorentz-Drude model: DC conductivity
	Ohm’s Law!
	Review of PHASORS
	Phasor Review - Complex #’s
	Phasor Review - Complex #’s
	Phasor Review with vectors
	The Lorentz-Drude model: AC conductivity
	The Lorentz-Drude model: AC conductivity
	Challenge Question:�AC conductivity
	(Preview)  Time Averaged Poynting Vector
	Susceptibility
	DC Susceptibility
	Lecture 11 Summary

	Lect12-14_BiotSavart_Ampere_Faraday
	Lectures 12-14�Sections 1.6, 2.4, 2.1, 2.3
	Magnetism and Electricity
	Ampere’s observations
	Magnetic Field of Bar Magnet
	Magnetism and Electricity
	Magnetic Flux Lines
	Magnetic Flux Lines
	Current = Moving Charge
	Ampere’s Force Law
	Biot-Savart Law for finding B
	Force between two wires
	Example: Find B for an Infinite Line of Current
	Patented 5-Step Program for Problem Solving
	Step 1 - draw a picture�Step 2 - divide the line into segments dl�Step 3 - find dB for one small segment
	Step 4:  Use symmetry to eliminate components Step 5: Integrate over the whole object
	Magnetic flux density (B) around a line of current
	“Static” Ampere’s Law
	New Definition:�Magnetic Field Intensity Vector
	Current Distributions
	Challenge Question
	Static Ampere’s Law
	Example: Infinite Plane Sheet of Current
	Step 1 - draw a picture
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	And now for the math …
	General Formula for H due to infinite current sheet
	Sample problem
	Lecture 12 Summary
	Lecture 13�Section 2.4
	“Static” Ampere’s Law
	“Static” Ampere’s Law
	Ampere’s Law Physical Meaning
	Static Ampere’s Law
	Problem with Static Ampere’s Law
	Problem with Static Ampere’s Law
	Problem with Static Ampere’s Law
	James Clerk Maxwell’s Genius Breakthrough
	“New” Definition: Displacement Flux Density Vector
	Displacement current from a time varying E-field
	Ampere’s Law (Non static)
	Ampere’s Law Rules
	Displacement Current
	Displacement Current
	Displacement Current from time varying charge
	Challenge Question 1
	Challenge Question 2
	Lecture 13 Summary
	Lecture 14�Sections 2.1 and 2.3
	Slide Number 52
	Conservative Forces
	The Force From a Static EM Field is Conservative
	Non-conservative Fields: Electromotive Force (emf)
	Summary of Conservative Fields
	Faraday’s Law
	Lenz’s Law
	The curve C and surface S
	Faraday’s Law Rules
	Slide Number 61
	Induced emf around rectangular loop in a time-varying B field
	Faraday’s Law Rules
	Example Problem: Induced emf around closed path
	Slide Number 65
	Slide Number 66
	Example Problem: Motional EMF
	Challenge Question
	Comparing Faraday and Ampere’s Law
	EMF and MMF
	Lecture 14 Summary

	Lect15-17_VecPot_Ind_Cont_BCs_MagMat
	Slide Number 1
	Magnetic Potentials
	Faraday’s Law
	Electric and Magnetic Potentials
	The magnetic potential A and its relations to E and B
	Gauss’ Electric Law for Potentials
	Ampere’s Law for Potentials
	Special Case: Static Fields
	Challenge Question:�Gauge Transformation
	Lecture 15a Summary
	Slide Number 11
	Example: Find B for an infinitely long solenoid with n turns per unit length
	Inductance of a Coax Cable
	Inductance of Coaxial Cable
	Inductance
	Induced emf
	Steps for Finding Inductance
	Relationships between Capacitance, Conductance & Inductance
	Challenge Question:�Parallel plate capacitor
	(Optional) Self Inductance
	(Optional) Flux Linkage
	(Optional) Definition of Flux Linkage
	(Optional) Example: Self-Inductance of a Wire
	(Optional) Example, continued
	(Optional) Example, continued
	(Optional) Example, continued
	Lecture 15b Summary
	Lecture 16�Sections 2.5 and 5.5
	Conservation of Charge
	Conservation of Charge
	Conservation of Charge
	Conservation of Charge
	Application of multiple Maxwell’s Equations
	Application of charge conservation
	E and B for basic configurations
	Lecture 16a Summary
	Lecture 16b�Sections 5.5
	Maxwell’s Eqns - Integral form
	Closed Path Through a Boundary
	Normal Vectors
	Faraday’s Law at Boundary
	The closed path can enclose surface current
	Ampere’s Law at Boundary
	Closed surface through the volume
	The closed volume can enclose surface charges
	Gauss’ Law for D at Boundary
	Finding surface charge
	Gauss’ Law for B at Boundary
	Challenge Question: Boundary conditions
	Remember this drawing!!
	Boundary between Two Perfect Dielectrics
	Surface of Perfect Conductor
	(Time permitting) BCs for a rectangular cavity resonator
	Lecture 16b Summary
	ECE 329�Lecture 17�Section 5.2
	Magnetic Moments�at the atomic scale
	Net magnetic moment
	Slide Number 58
	Net magnetic moment
	Magnetization Vector
	Magnetic Susceptibility
	Relative Magnetic Permeability
	Diamagnetic Materials (cm<0)
	Paramagnetic Materials (cm>0)�Positive susceptibility
	Ferromagnetic Materials (cm>>1)
	Slide Number 66
	Magnetization
	Magnetization Current
	Ampere’s Law in Mag. Material
	Connection of Concepts �for Electrodynamics
	3 types of materials
	Lecture 17 Summary

	Lect18-20_PlaneWaves_Poynting
	Lectures 18-20�Sections 4.1, 4.2, 4.4, 4.5�Section 4.6
	Summary of Maxwell’s Equations
	Motivation for Waves
	Field Source
	Which direction do we expect the generated fields to point?
	Slide Number 6
	So we expect H to be�along the ±y-direction
	Hy only depends on z and t
	E depends only on z and t, but in what direction is E?
	Ex≠0, what about Ey and Ez?
	E then must be�along the x-direction
	Summary so far …
	Following Maxwell’s Footsteps
	Apply the two�Maxwell’s Equations
	Simplify to E and H
	Eliminate H in favor of E only
	This is the “wave equation”
	Change of variables
	Two possible solutions
	Two possible solutions
	Changing variables back to z
	Solving for H
	Two definitions
	Rewriting the solution
	Challenge Problem: Velocity of propagation
	Two useful identities
	Moving waveform
	Lecture 18 Summary
	Lecture 19�Sections 4.4, 4.5
	Summary so far …
	Our solution so far …
	For a valid solution, the�waves move away from source
	Final Step: Boundary conditions from the current source
	Near the boundary z  0 from the z<0 and z>0 sides
	Apply Faraday’s Law to closed path cutting through sheet that is parallel to current flow
	Use Et continuous to match the solutions for z<0 and z>0
	Eliminate Bg in favor of Af
	Apply Ampere’s Law to closed path cutting through sheet that is perpendicular to current
	Use H|| discontinuity to relate the solutions to the current sheet
	The final answer at last
	Combining the expressions…
	Transforming time and space
	Lecture 19a Summary
	Sinusoidal Plane Waves
	Solution …
	Web Demo
	Wave Parameters
	Sinusoidal wave parameters
	A few additional important properties
	Poynting Vector
	Notice the Triad (permutations)
	Challenge problem: Finding field directions
	Example: Antenna Array
	Lecture 19 Summary
	Lecture 20�Section 4.6
	Field Source
	Combining the expressions…
	Definition: Poynting Vector
	Integral & Differential Forms
	There’s ENERGY in the field!
	How much ENERGY?
	A question we may ask on an exam
	Power calculations
	Challenge Question: Power flow
	Poynting’s Theorem
	Poynting’s Theorem
	Poynting’s Theorem
	Rate of work done by the fields
	Poynting’s Theorem for Perfect Dielectric
	Challenge Question: Poynting’s Theorem
	Time Averaged Poynting Vector
	Lecture 20 Summary

	Lect21-24_WavesInMaterials_Polarization
	Lectures 21-24�Sections 5.3-5.4
	3 types of materials
	New Relations
	Inside a material, Maxwell’s Equations become:
	A single material can have conductive, dielectric, and magnetic properties AT THE SAME TIME
	Field Source
	Solution
	Web Demo
	Key characteristics in�FREE SPACE
	Field Source in a MATERIAL
	Similar Procedure for Maxwell’s Equations
	Apply the two�Maxwell’s Equations
	Phasor Review
	Solve PDEs with Phasors
	Differentiate again in z
	Solve simple PDE and re-write Phasors as Cosines
	Also Solve for Hy
	Apply Faraday’s Law to closed path cutting through sheet that is parallel to current flow
	Apply Ampere’s Law to closed path cutting through sheet that is perpendicular to current
	Final Solution for Ex and Hy
	Phasor Solution for Ex and Hy
	Slide Number 22
	What is the same?
	What is different?
	What is different?
	What is different?
	What is different?
	Challenge Question: Propagation in s=0 medium
	Lecture 21-22a Summary
	Slide Number 30
	Hmm, Almost the entire Greek Alphabet!!!
	Wave Equation for Ex
	Propagation Constant
	Propagation Constant
	The key relationships
	Complex Material Impedance
	Solving for |h| and t
	Propagation in Dielectric
	Power flow in Dielectric
	Perfect Dielectric Material
	Perfect Dielectric Material
	Perfect Dielectric Material
	Finding parameters
	Imperfect Dielectric
	Imperfect Dielectric
	Slide Number 46
	Imperfect Dielectric:�How is it different from perfect dielectric?
	Good Conductors
	Good Conductor
	Good Conductor
	Good Conductor: Skin Depth
	Slide Number 52
	Perfect Conductor
	Challenge Question: Material characteristics
	Finding parameters
	Lecture 21-23 Summary
	Lecture 24�Section 1.4
	Definition of Polarization
	Web Demo
	How do we treat this mathematically?
	Linear Polarization
	Linear Polarization
	Circular Polarization
	Circular Polarization
	How to tell: Left or Right Handed Circular Polarization
	How to tell: Left or Right Handed Circular Polarization
	How to tell: Left or Right Handed Circular Polarization
	Elliptical Polarization
	Sum of two fields
	Challenge Question: Forming Circular Polarization
	Writing linearly polarized as a sum of circular polarization
	Lecture 24 Summary

	Lect25-26_ReflectionTransmission_StandingWaves
	Slide Number 1
	Normal incidence plane wave
	Reflected and Transmitted Waves are Generated
	Apply Boundary Conditions
	Apply Boundary Conditions
	Solve the Equations
	Challenge Question:�Special cases
	Challenge Question:�Special cases
	Special Cases of Reflection/Transmission
	Standing Waves
	Standing Waves: on average, the net energy transport is zero 
	Incident wave induces surface current on PC that radiates the reflected wave
	Lectures 25-26 Summary

	Lect27-30_TLs_TimeDomain_Bounce_Terminations
	Slide Number 1
	Starting Point: Uniform Plane Wave
	Starting Point: Uniform Plane Wave
	Parallel Plate Transmission Line
	Parallel Plate Transmission Line
	Consider boundary conditions
	TL Voltage
	TL Current – Charges on both plates move to the right
	TL Power
	Converting E ↔ V and H ↔ I
	Another look at transverse plane of TL
	Transmission Line Equations
	Transmission Line Equations
	Circuit Parameters
	Transmission Line Equation
	Distributed Circuit
	Flip the parallel plate for TL (ground the bottom plate)
	Distributed Circuit
	Distributed Circuit
	Characteristic Impedance
	Challenge Question:�Transmission Lines
	Designing coaxial cables
	Slide Number 23
	Solution to TL Equation
	Simplified shorthand notation
	Solution to TL equation
	Example: TL + Resistive Load
	Example, t=0
	Example t=T
	Definition: Reflection Coefficient
	Example, t=2T
	Special Case TL Terminations
	Bounce Diagram
	Slide Number 34
	Slide Number 35
	Slide Number 36
	Slide Number 37
	Plotting the Line Voltage/Current
	Slide Number 39
	Slide Number 40
	Slide Number 41
	Slide Number 42
	Challenge Question:�Bounce Diagram
	Slide Number 44
	Steady State
	In SS, TL Looks Like a Wire
	Algebra of the Bounce Diagram
	Impulse Response at z=0
	Writing Moving Delta Functions
	Impulse Response for any (z,t)
	General Solution for any Source
	Challenge Question:�Bounce Diagram
	Lectures 27-29 Summary
	Slide Number 54
	TL Discontinuity
	TL Discontinuity
	Slide Number 57
	Slide Number 58
	Voltage Reflection Coeff
	Slide Number 60
	Power
	TL Discontinuity Looks Like�Load Resistor with R=Z02
	Challenge Question:�TL Discontinuity
	Example
	Step 1: V+, I+, G
	Slide Number 66
	Slide Number 67
	Slide Number 68
	Slide Number 69
	Slide Number 70
	Slide Number 71
	Example 2
	Slide Number 73
	Slide Number 74
	Time Domain Reflectometry
	Time Domain Reflectometry
	Slide Number 77
	Slide Number 78
	Lecture 30 Summary
	Slide Number 80
	Slide Number 81
	Slide Number 82
	Slide Number 83
	Two ways to solve
	Diff Eqn for the Inductor
	Laplace Transform for Inductor
	Invert Laplace Transform
	Shortcut Method
	Shortcut Method
	Shortcut Method
	Summary of Shortcut Method
	Shortcut Method
	Shortcut Method�Inductor Voltage / Capacitor Current
	Shortcut Method�Inductor Current / Capacitor Voltage
	P6.21 (p430) – TDR example
	Lecture 30 Summary

	Lect31-34_TLs_Frequency_Smith_OpenShort_Transformers
	Slide Number 1
	Example
	TL’s in Co-sinusoidal steady state
	Phasors satisfy usual TL equations
	Boundary Condition at Load
	Key Definition:  Line Impedance
	Challenge Question:�Line Impedance
	Challenge Question:�Line Impedance
	Key Definition:  Generalized Reflection Coefficient
	Key Definitions:  Admittance and Normalized Impedance
	Converting between�Impedance and Reflection
	Smith Chart
	Slide Number 13
	Standing Waves for SC Line
	Standing Waves for SC Line
	Standing Waves for SC Line
	Input Impedance for SC Line
	SC Line can act as an inductor�or a capacitor depending on bl
	Show that the equivalent inductance is L=Ll if l>>4l
	For l=even l/4, TL is a short� For l=odd l/4, TL is an open
	Example
	Exercise
	Standing Waves for OC Line
	Standing Waves for OC Line
	Input Admittance for OC Line
	OC Line can act as an inductor�or a capacitor depending on bl
	Show that the equivalent capacitance is C=Cl if l>>4l
	For l=even l/4, TL is an open� For l=odd l/4, TL is a short
	Exercise
	y(d) is z(d) shifted by l/4
	Lectures 31-32 Summary
	Slide Number 32
	Natural Resonances
	Parallel & Series Resonances
	Parallel & Series Resonances 4 simple cases
	Examples
	Slide Number 37
	Half-wave transformers
	Half-wave transformers
	Challenge Question:�Half-wave transformers
	Quarter-wave transformers
	Quarter-wave transformers
	Challenge Question:�Quarter-wave transformers
	Verifying an Identity
	Half-wave transformer as 2 quarter-wave transformer
	Examples
	Examples
	Lecture 34 Summary

	Lect35-36_TransmissionLines_ArbitraryLoad_VSWR
	Slide Number 1
	TL’s in Co-sinusoidal steady state
	Summary of Equations
	Standing Wave Parameters
	Standing Wave Parameters
	Standing Wave Parameters
	Pure Standing Wave Animation�G=1, VSWR=∞, max V at load
	Pure Travelling Wave Animation�G=0 , VSWR=1, Vmax=Vmin
	Partial Standing Wave Animation G=0.25ejp/4, VSWR=1.667, max V at l/16
	Challenge Question: VSWR
	Standing Wave Useful Facts
	Lecture 35 Summary
	Slide Number 13
	Example: VSWR measurements
	Slide Number 15
	Calculation Space
	Example: Input Impedance
	Calculation Space
	Example
	Calculation Space
	Example
	Calculation Space

	Lect37-39_AvgPwr_StubMatching_DistribNetwks_LossyLine
	Slide Number 1
	Average Power
	Impedance matching
	Quarter Wave Matching Transformer
	Quarter Wave Matching Transformer
	Quarter Wave Matching Transformer
	Example: Design a QWT (2 choices)
	Similar to Optics
	Challenge Question: QWT matching
	QWT Matching
	Slide Number 11
	Single Stub Matching
	Single Stub Matching
	Single Stub Matching
	Single Stub Matching
	Single Stub Matching
	Smith Chart for Single Stub
	Slide Number 18
	Smith Chart for Single Stub
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Challenge question: Single stub tuning
	Lecture 38 Summary
	Lecture 38 Summary
	Slide Number 27
	Slide Number 28
	Double Stub Matching
	Double Stub Matching
	Double Stub Matching
	Double Stub Matching
	Example: Design DSM
	Double Stub Matching w/ S.C.
	Slide Number 35
	Slide Number 36
	Slide Number 37
	Slide Number 38
	Slide Number 39
	Lecture 38(b) Summary
	Slide Number 41
	Corporate Ladder
	Corporate Ladder
	Calculation Space
	Corporate Ladder
	Challenge question: Corporate ladder
	Distributed Circuit of Lossless TL
	Distributed Circuit of Lossy TL
	Solution of Lossy TL
	Lossy TL (high-frequency limit)
	50W and 75W coax are�so popular because …
	Slide Number 52
	Slide Number 53
	Good luck on the final!

	Lect40_FinalReview
	Slide Number 1
	Coulomb’s Law�Electric Field Around a Point Charge
	Calculating the Electric Field
	Patented 5-Step Program for Problem Solving
	Example: F due to line of charge (1)
	Ampere’s Force Law
	Lorentz Force Equation
	Application: Mass Spectrometers
	Surface Integrals
	“Closed” Bug Catching Net
	Gauss’ Law for B Fields
	Gauss’ Law for E-fields
	Use Symmetry to Find Flux
	Faraday’s Law
	Induced emf around rectangular loop in a time-varying B field
	Ampere’s Law
	Displacement Current
	B for an infinitely long solid cylindrical conductor
	Conservation of Charge
	Curl measures circulation
	Divergence measures�# of field lines created
	Curl and Divergence
	Curl and Divergence
	Maxwell’s Equations
	Realizable Fields
	Field Source
	Solution
	Two definitions
	Web Demo
	Sinusoidal Plane Waves
	Wave Parameters
	Polarization
	Writing Fields in Free Space
	Definition: Poynting Vector
	Poynting’s Theorem
	3 types of materials
	Connection of Concepts �for Electrostatics
	Connection of Concepts �for Electrodynamics
	Conducting Slab D4.2 (p217)
	Dielectric Slab
	Magnetic Sheets D4.6 (p238)
	Inside a material, Maxwell’s Equations become:
	Solve PDEs with Phasors
	Final Solution for Ex and Hy
	Slide Number 45
	Complex Propagation Constant and Impedance
	Dielectrics vs Conductors
	Boundary Conditions
	Example: Potentials for a Point Charge
	Superposition Example: Potential of a Line Charge
	Example 5.5 (p-n junction)
	Steps to Find Capacitance 
	Coaxial Cable
	Inductance of a Coax Cable
	Inductance of Coaxial Cable
	Inductance
	Relationships between Capacitance, Conductance & Inductance
	Transmission Line
	Transmission Line Equations
	Bounce Diagram
	Slide Number 61
	In SS, TL Looks Like a Wire
	Algebra of the Bounce Diagram
	Algebra of the Bounce Diagram
	Writing Moving Delta Functions
	Example 2, Step 1: V+, I+, G
	Slide Number 67
	Slide Number 68
	Slide Number 69
	Slide Number 70
	Diff Eqn for the Inductor
	Laplace Transform for Inductor
	Invert Laplace Transform
	Shortcut Method
	Initial distribution = Forward + Backward waves
	Example.  TL w/ Z0=50
	Phasors satisfy usual TL equations
	Key Definition:  Line Impedance
	Key Definition:  Generalized Reflection Coefficient
	Key Definitions:  Admittance and Normalized Impedance
	Summary of TL Equations
	Smith Chart
	Standing Waves for SC Line
	Standing Waves for SC Line
	Input Impedance for SC Line
	SC Line can act as an inductor�or a capacitor depending on bl
	For bl=0,p,2p,… TL is a short� For bl=p/2,3p/2,… TL is an open
	Standing Waves for OC Line
	For bl=0,p,2p,… TL is an open� For bl=p/2,3p/2,… TL is a short
	Parallel & Series Resonances
	Parallel & Series Resonances
	Standing Wave for Arbitrary Load
	Quarter Wave Transformers
	Quarter Wave Transformers
	Smith Chart for Single Stub
	Single Stub Matching
	Slide Number 97
	Slide Number 98
	Double Stub Matching w/ S.C.
	Slide Number 100
	Slide Number 101
	Slide Number 102
	Slide Number 103
	Double Stub Matching
	Corporate Ladder
	Distributed Circuit of Lossy TL
	Solution of Lossy TL
	Good luck on the final!



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
  ]
  /NeverEmbed [ true
    /AcadEref
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AIGDT
    /Algerian
    /AmdtSymbols
    /AMGDT
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /BankGothicBT-Light
    /BankGothicBT-Medium
    /BaskOldFace
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BlackadderITC-Regular
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /Calibri-Light
    /Calibri-LightItalic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Castellar
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /Chiller-Regular
    /CityBlueprint
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /ComicSansMS-BoldItalic
    /ComicSansMS-Italic
    /CommercialPiBT-Regular
    /CommercialScriptBT-Regular
    /Complex
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CountryBlueprint
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CurlzMT
    /Dutch801BT-Bold
    /Dutch801BT-BoldItalic
    /Dutch801BT-ExtraBold
    /Dutch801BT-Italic
    /Dutch801BT-Roman
    /Ebrima
    /Ebrima-Bold
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EuroRoman
    /EuroRomanOblique
    /FelixTitlingMT
    /FencesPlain
    /FootlightMTLight
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Gabriola
    /Gadugi
    /Gadugi-Bold
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /GDT
    /GENISO
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /GothicE
    /GothicG
    /GothicI
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GreekC
    /GreekS
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /HoloLensMDL2Assets
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /ISOCP
    /ISOCP2
    /ISOCP3
    /ISOCPEUR
    /ISOCPEURItalic
    /ISOCT
    /ISOCT2
    /ISOCT3
    /ISOCTEUR
    /ISOCTEURItalic
    /Italic
    /ItalicC
    /ItalicT
    /JavaneseText
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KunstlerScript
    /LatinWide
    /LeelawadeeUI
    /LeelawadeeUI-Bold
    /LeelawadeeUI-Semilight
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Magneto-Bold
    /MaiandraGD-Regular
    /MalgunGothic
    /MalgunGothicBold
    /MalgunGothic-Semilight
    /Marlett
    /MaturaMTScriptCapitals
    /MicrosoftHimalaya
    /MicrosoftJhengHeiBold
    /MicrosoftJhengHeiLight
    /MicrosoftJhengHeiRegular
    /MicrosoftJhengHeiUIBold
    /MicrosoftJhengHeiUILight
    /MicrosoftJhengHeiUIRegular
    /MicrosoftNewTaiLue
    /MicrosoftNewTaiLue-Bold
    /MicrosoftPhagsPa
    /MicrosoftPhagsPa-Bold
    /MicrosoftSansSerif
    /MicrosoftTaiLe
    /MicrosoftTaiLe-Bold
    /MicrosoftYaHei
    /MicrosoftYaHei-Bold
    /MicrosoftYaHeiLight
    /MicrosoftYaHeiUI
    /MicrosoftYaHeiUI-Bold
    /MicrosoftYaHeiUILight
    /Microsoft-Yi-Baiti
    /MingLiU-ExtB
    /Ming-Lt-HKSCS-ExtB
    /Mistral
    /Modern-Regular
    /MongolianBaiti
    /Monospace821BT-Bold
    /Monospace821BT-BoldItalic
    /Monospace821BT-Italic
    /Monospace821BT-Roman
    /Monotxt
    /MonotypeCorsiva
    /MS-Gothic
    /MSOutlook
    /MS-PGothic
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MS-UIGothic
    /MT-Extra
    /MTExtraTiger
    /MVBoli
    /MyanmarText
    /MyanmarText-Bold
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NirmalaUI
    /NirmalaUI-Bold
    /NirmalaUI-Semilight
    /NIVision
    /NSimSun
    /OCRAExtended
    /OldEnglishTextMT
    /Onyx
    /Origin
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /PanRoman
    /Papyrus-Regular
    /Parchment-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /Playbill
    /PMingLiU-ExtB
    /PoorRichard-Regular
    /Pristina-Regular
    /Proxy1
    /Proxy2
    /Proxy3
    /Proxy4
    /Proxy5
    /Proxy6
    /Proxy7
    /Proxy8
    /Proxy9
    /RageItalic
    /Ravie
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /RomanC
    /RomanD
    /RomanS
    /RomanT
    /Romantic
    /RomanticBold
    /RomanticItalic
    /SansSerif
    /SansSerifBold
    /SansSerifBoldOblique
    /SansSerifOblique
    /ScriptC
    /ScriptMTBold
    /ScriptS
    /SegoeMDL2Assets
    /SegoePrint
    /SegoePrint-Bold
    /SegoeScript
    /SegoeScript-Bold
    /SegoeUI
    /SegoeUIBlack
    /SegoeUIBlack-Italic
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUIEmoji
    /SegoeUIHistoric
    /SegoeUI-Italic
    /SegoeUI-Light
    /SegoeUI-LightItalic
    /SegoeUI-Semibold
    /SegoeUI-SemiboldItalic
    /SegoeUI-Semilight
    /SegoeUI-SemilightItalic
    /SegoeUISymbol
    /ShowcardGothic-Reg
    /Simplex
    /SimSun
    /SimSun-ExtB
    /SitkaBanner
    /SitkaBanner-Bold
    /SitkaBanner-BoldItalic
    /SitkaBanner-Italic
    /SitkaDisplay
    /SitkaDisplay-Bold
    /SitkaDisplay-BoldItalic
    /SitkaDisplay-Italic
    /SitkaHeading
    /SitkaHeading-Bold
    /SitkaHeading-BoldItalic
    /SitkaHeading-Italic
    /SitkaSmall
    /SitkaSmall-Bold
    /SitkaSmall-BoldItalic
    /SitkaSmall-Italic
    /SitkaSubheading
    /SitkaSubheading-Bold
    /SitkaSubheading-BoldItalic
    /SitkaSubheading-Italic
    /SitkaText
    /SitkaText-Bold
    /SitkaText-BoldItalic
    /SitkaText-Italic
    /SnapITC-Regular
    /Stencil
    /StylusBT
    /SuperFrench
    /Swiss721BT-Black
    /Swiss721BT-BlackCondensed
    /Swiss721BT-BlackCondensedItalic
    /Swiss721BT-BlackExtended
    /Swiss721BT-BlackItalic
    /Swiss721BT-BlackOutline
    /Swiss721BT-Bold
    /Swiss721BT-BoldCondensed
    /Swiss721BT-BoldCondensedItalic
    /Swiss721BT-BoldCondensedOutline
    /Swiss721BT-BoldExtended
    /Swiss721BT-BoldItalic
    /Swiss721BT-BoldOutline
    /Swiss721BT-Italic
    /Swiss721BT-ItalicCondensed
    /Swiss721BT-Light
    /Swiss721BT-LightCondensed
    /Swiss721BT-LightCondensedItalic
    /Swiss721BT-LightExtended
    /Swiss721BT-LightItalic
    /Swiss721BT-Roman
    /Swiss721BT-RomanCondensed
    /Swiss721BT-RomanExtended
    /Syastro
    /Sylfaen
    /Symap
    /Symath
    /SymbolMT
    /SymbolTiger
    /SymbolTigerExpert
    /Symeteo
    /Symusic
    /Tahoma
    /Tahoma-Bold
    /Technic
    /TechnicBold
    /TechnicLite
    /TempusSansITC
    /Tiger
    /TigerExpert
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Txt
    /UniversalMath1BT-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /VinetaBT-Regular
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /YuGothic-Bold
    /YuGothic-Light
    /YuGothic-Medium
    /YuGothic-Regular
    /YuGothicUI-Bold
    /YuGothicUI-Light
    /YuGothicUI-Regular
    /YuGothicUI-Semibold
    /YuGothicUI-Semilight
    /ZWAdobeF
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [1266.480 810.000]
>> setpagedevice


