
EE 311 - Lecture 1

² Administrativ e

² Introductions

² Why study EM?

² Overview of course

Assignedreading: Secs1.1-1.2of Ulaby for basic overview material,
incl SI system
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Wh y study EM?

² All electrical engineeringis basedon the useof electricity
and/or magnetism to accomplishtasks

² Both are fundamental properties of matter: useful because
chargesand currents can exert forces

² In general this can be quite complicated, but we try to set up
devicesthat simplify interactions: for example, circuits

² You have studied circuit theory; basisof a majorit y of EE work

² However, it is a simpli¯ed version of reality and often fails to
describe nature accurately.

² A good EE is able to go back to fundamental physics (i.e. EM)
to get around limitations of cct theory
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Examples

² A very long wire !

² Resistor, capacitor, inductor

² High speed(RF) circuits

² Optical ¯b ers

² Antennas and wirelesscommunications
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Overview of Course

² We'll start o®studying transmission lines (i.e. long wires).
We'll do this by starting from the circuit theory you already
know.

² We'll learn a lot about how long wires behave both for
sinusoidal and pulsed excitations.

² We'll learn about re°ections on wires, the \Smith chart", and
impedancematching networks

² Then we'll delve deeper into the real nature of electric ¯elds
and the associated resistive and capacitive circuit elements

² Finally we'll study the real nature of magnetic ¯elds and the
associated inductor element

Continuing in EE 312 you'll study the behavior of electromagnetic
waves including propagation, re°ection, and refraction, along with
antennas and communications systems
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EE 311 - Lecture 2

² Transmissionlines

² Circuit model for T. Lines

² Circuit equations

Assignedreading: Secs2.1-2.2of Ulaby for basic T. line
introduction
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Transmission lines
² A transmission line is a structure usedfor guiding

electromagneticsignalsbetweentwo points.

² Basic function is illustrated below: transfer electromagnetic
energy from a sourceto a load:

² Sourceand load endsfollow circuit theory: indicated by circuit
elements. May be AC (sinusoidal) or more complex excitations.

² Transmissionlines typically have two \wires" (conductors) and
a uniform crosssection along the length of the line
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When is a wire a transmission line?

² From the exampleswe've talked about earlier, you've probably
gathered that the length of a wire is an issue.

² For a line of length l , it takes±t = l=c time (where c is the
speedof light 3 £ 108 m/sec) to reach the end of the line

² If this is an appreciabletime delay then we can't think of the
line as a wire.

² Whether or not the delay is appreciabledependson how fast
the circuit is operating, i.e. the operating frequency ! in an
AC circuit

² If ! l=c is large, the delay is important. We will learn later than
! =c= 2¼=¸ where ¸ is the electromagneticwavelength.

² Thus if l=¸ is appreciablefor a sinusoidal circuit, we needto
think of wires as transmission lines. If it is not appreciable, it
is ok to think in terms of wires
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Examples/other transmission line e®ects

² A few examples:

{ 60 Hz: ¸ = 5000km

{ 1 MHz: ¸ = 300 m

{ 1 GHz: ¸ = 30 cm

{ 10 GHz: ¸ = 3 cm

² Ulaby also tells us about the possibility of re°ections on
transmission lines as well as dispersion and power loss

² Re°ections occur due to time delay e®ects:at ¯rst the
generator knows nothing about the load; load information
obtained from a time delayed re°ected signal.

² Dispersion occurs for non-AC signalswhen di®erent frequency
components propagate at di®erent speeds. \Smearing" of
original signal results.
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Circuit mo del for a transmission line
² The \circuit" representation of a transmission line is simply two

parallel wires, regardlessof what the line actually looks like.

² To model a transmission line, we think about using circuit
theory to describe a short pieceof the line. Sincethis pieceis
small comparedto ¸ circuit theory should work.

² However we've got to be careful about the real behavior of a
short pair of wires; real wires have resistance,capacitance,and
inductance.

² A realistic model for a short pair of wires is below:
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Circuit mo del

² L 0 is the inductance per unit length of a short pieceof line
(H/m); wires carry current therefore have inductance

² C0 is the capacitanceper unit length betweenthe two wires
(F/m)

² R0 is the seriesresistanceof the wire (ohms/m)

² G0 is the conductancefor currents betweenthe two wires.
(mhos/m)

² To make a good line we try to minimize R0 and G0; we want
power transfer, not loss in the line

² The circuit model describesonly a section of length ¢ z; these
are cascadedto create the ¯nal total line length; we are going
to work things out as ¢ z goesto zero.

² The R0, L 0, G0, and C0 parametersare functions of the
structure of the line; we will study later.
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Circuit equations

Let's take a closer look at one section of our line model:

v(z + ¢ z; t) = v(z; t) ¡ R0¢ z i (z; t) ¡ L 0¢ z
@i(z; t)

@t

i (z + ¢ z; t) = i (z; t) ¡ G0¢ z v(z + ¢ z; t) ¡ C0¢ z
@v(z + ¢ z; t)

@t
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Simplify

Rearranging these
½

v(z + ¢ z; t) ¡ v(z; t)
¢ z

¾
= ¡

µ
R0i (z; t) + L 0@i (z; t)

@t

¶

½
i (z + ¢ z; t) ¡ i (z; t)

¢ z

¾
= ¡

µ
G0v(z + ¢ z; t) + C0@v(z + ¢ z; t)

@t

¶

Or as ¢ z goesto zero,

@v(z; t)
@z

= ¡
µ

R0i (z; t) + L 0@i (z; t)
@t

¶

@i(z; t)
@z

= ¡
µ

G0v(z; t) + C0@v(z; t)
@t

¶

² Theseare the \T elegrapher'sEquations" in the time domain

² Presenceof both time and spacederivativesmakesthese
somewhatcomplicated; usephasor analysis to simplify!
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EE 311 - Lecture 3

² Phasors

² Complex numbers

² Using phasorsfor circuits

Assignedreading: Sec1.5 of Ulaby for Phasor review
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Phasors

² Phasorsare usedto simplify the analysis of time harmonic
signals (A cos(! t + Á) for example)

² For a sinusoidal signal with a ¯xed angular frequency ! , the
amplitude A and phaseÁ parameterscompletely describe the
signal

² For linear system, sinusoidal excitation at frequency ! causes
all outputs to be sinusoidal at frequency ! also

² The circuits you've studied so far are linear: phasorsusedin
AC circuit analysis to describe voltage and current amplitudes
and phases

² The useof complex numbers makesphasor analysisparticularly
simple: complex numbers are ideal becausethey describe an
amplitude and phase,just as we needfor our phasors.

² Let's review complex numbers and their associated
operations....
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Complex num bers
² Complex number z is written as x + j y, where x is the real part

of z (Ref zg), y is the imaginary part of z (Im f zg), and
j =

p
¡ 1

² The above form is the \rectangular form" of a complex
number. We can also usea polar form:

z = jzj ej µ = jzj 6 µ

where jzj indicates the magnitude of z and µ is the phaseof z

² Rectangular and polar forms are related similar to rectangular
and polar coordinates. Careful when computing tan¡ 1!
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Complex num bers: other basics

² Euler's identify can be very useful:

ej µ = cosµ + j sinµ

² Note
¯
¯ej µ

¯
¯ = 1

² The complex conjugate of a complex number is given by
z¤ = x ¡ j y, i.e. the sign of the imaginary part is changed.
Corresponds to re°ection acrossthe real axis in complex plane.

² The magnitude of a complex number can also be found from:

jzj =
p

zz¤ =
q

jzjej µ jzj e¡ j µ

² Useful identities:

e§ j ¼ = ¡ 1 = 16 ¼

e§ j ¼=2 = § j = 16 § ¼=2
p

j = § ej ¼=4 = §
1 + j
p

2
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Complex num ber operations

Operations on complex numbers include: (z1 = x1 + j y1 = jz1j ej µ1 ,
z2 = x2 + j y2 = jz2j ej µ2 )

² Addition: z1 + z2 = (x1 + x2) + j (y1 + y2)

² Subtraction: z1 ¡ z2 = (x1 ¡ x2) + j (y1 ¡ y2)

² Multiplication: z1z2 = jz1j jz2j ej (µ1 + µ2 )

² Division: z1=z2 = (jz1j =jz2j) ej (µ1 ¡ µ2 )

Note addition and subtraction are most easily performed with
rectangular form, while multiplication and division are easiestwith
polar form.

Your calculator should perform theseoperations easily; see
examplesp. 24 in book for practice
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Using phasors for circuits

² We usephasorsto analyzecircuits excited by sinusoidal
sources,becauseall voltagesand currents in the circuit will
have the sameangular frequencyas the source.

² The de¯nition of a phasor ~Z corresponding to voltage or
current z(t) is

z(t) = Re
nh

~Z ej ! t
io

~Z is then the phasor corresponding to z(t)

² For example,given a voltage sourcevs(t) = V0 cos(! t + Á0), we
write:

V0 cos(! t + Á0) = Ref ~Vej ! t g

V0 cos(! t + Á0) = Ref
¯
¯
¯ ~V

¯
¯
¯ ej µej ! t g

V0 cos(! t + Á0) =
¯
¯
¯ ~V

¯
¯
¯ cos(! t + µ)

Thus
¯
¯
¯ ~V

¯
¯
¯ = V0 and µ = Á0, or ~V = V0ej Á0 . Note the phasor

represents the amplitude and phaseof the source.
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Using phasors for circuits: I I

² A tric k:

Ref¡ j ~V 0ej ! t g = Ref
¯
¯
¯ ~V 0

¯
¯
¯ (¡ j )ej µej ! t g =

¯
¯
¯ ~V 0

¯
¯
¯ sin(! t + µ)

Thus to produce a sine function instead of cosine,multiply the
phasor by ¡ j

² We can usethe samede¯nition to convert phasorsback into
the time domain

² Becausephasorsall simply behave as ej ! t in time, time
derivatives in equationsbecomemultiplication by j ! , time
integrals becomedivision by j !

² Complex impedancesresult for inductors (Z = j ! L ) and
capacitors (Z = ¡ j =(! C); circuit solution as easyas DC
circuits (i.e. algebraic instead of di®erential equations)

² Let's try an example to help remind us...
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Phasor circuit example

Given vs(t) = V0 sin(! t + Á0), ¯nd i (t) in the circuit below

² The time domain circuit equation is:

Ri (t) +
1
C

Z
dt i (t) = vs(t)

² Using phasors,vs(t) becomes~V = ¡ j V0ej Á0 , and the capacitor
becomesan impedance¡ j =(! C)
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Phasor circuit solution
² Solving the circuit:

R ~I ¡
j

! C
~I = ~V

~I = ~V
·

1
R ¡ j =(! C)

¸
= ~V

·
! C

! RC ¡ j

¸

~I = ¡ j V0ej Á0

·
! C

! RC ¡ j

¸

² We can simplify this to

~I = V0! Cej Á0
1

1 + j ! RC

~I =
V0! C

p
1 + ! 2R2C2

ej (Á0 ¡ Á1 )

where Á1 is the phaseof 1 + j ! RC

² Finally

i (t) = Re
n

~I ej ! t
o

i (t) =
V0! C

p
1 + ! 2R2C2

cos(! t + Á0 ¡ Á1)
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EE 311 - Lecture 4

² Phasor telegrapher's and wave equations

² Solution of phasor wave equation

² Line properties

² Propagating waves

Assignedreading: Sec2.3-2.5.0of Ulaby
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Phasor telegrapher's equations
² Recall the time domain Telegrapher'sequationsare

@v(z; t)
@z

= ¡
µ

R0i (z; t) + L 0@i (z; t)
@t

¶

@i(z; t)
@z

= ¡
µ

G0v(z; t) + C0@v(z; t)
@t

¶

where v(z; t) and i (z; t) are the voltage and current on a
transmission line: functions of spaceand time

² We can introduce phasorsthrough:

v(z; t) = Re
n

~V(z)ej ! t
o

; i (z; t) = Re
n

~I (z)ej ! t
o

Phasors ~V(z) and ~I (z) are functions of spacebut not time now

² The telegrapher's equationsnow become

@~V(z)
@z

= ¡ (R0+ j ! L 0) ~I (z)

@~I (z)
@z

= ¡ (G0+ j ! C0) ~V (z)
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Phasor wave equation
² We have two coupled di®erential equations,but we can take @

@z ,
then substitute one into the other to eliminate one unknown:

@2 ~V(z)
@z2 = ¡ (R0+ j ! L 0)

@~I (z)
@z

@2 ~V(z)
@z2 = (R0+ j ! L 0) (G0+ j ! C0) ~V (z)

² Simplifying we have

@2 ~V(z)
@z2 ¡ ° 2V (z) = 0

where ° =
p

(R0+ j ! L 0) (G0+ j ! C0) is the \complex
propagation constant" of the line.

² ° = ®+ j ¯ with ® called the \atten uation constant" of the line
(Np/m) and ¯ the phaseconstant of the line (rad/m); we'll see
why later

² We can derive exactly the sameequation for ~I (z) on the line
also, just replace ~V with ~I
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Solution of phasor wave equation
² The phasor wave equation is a simple secondorder di®erential

equation: di®erentiate a function twice, get a constant times
the function

² Solutions are exponentials:

~V (z) = V +
0 e¡ ° z + V ¡

0 e° z

where the quantities V +
0 , and V ¡

0 are unknown constants

² If we take the voltage solution and substitute it back into the
telegrapher's equations to ¯nd ~I (z), we get

@~V(z)
@z

= ¡ (R0+ j ! L 0) ~I (z)

~I (z) =
°

R0+ j ! L 0

¡
V +

0 e¡ ° z ¡ V ¡
0 e° z¢

~I (z) =
1

Z0

¡
V +

0 e¡ ° z ¡ V ¡
0 e° z¢

where Z0 = R 0+ j ! L 0

° =
q

R 0+ j ! L 0

G0+ j ! C 0 is the \characteristic

impedance" of the line (Ohms)
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Line Prop erties

² The characteristic impedanceof a line is a fundamental
property

² However be sure to note that the characteristic impedanceof
the line is NOT the ratio of total voltage to total current,
unlessV ¡

0 = 0

² If R0 = G0 = 0 (losslessline), Z0 =
q

L 0

C 0 and the characteristic

impedanceis purely real.

² If R0 or G0 is not zero, then the characteristic impedancewill
usually be complex

² The complex propagation constant ° of a line is another
fundamental property

² If R0 = G0 = 0 (losslessline), ° = j !
p

L 0C0 is purely imaginary
(® = 0)

² If R0 or G0 is not zero, ® will not be zero
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Time domain voltage behavior

² Now that we've found the phasor voltage, we can look at it in
the time domain:

v(z; t) = Re
©¡

V +
0 e¡ ° z + V ¡

0 e° z¢
ej ! t ª

v(z; t) =
¯
¯V +

0

¯
¯ e¡ ®z cos(! t ¡ ¯ z+ Á+ )+

¯
¯V ¡

0

¯
¯ e®z cos(! t+ ¯ z+ Á¡ )

² Two somewhatcomplicated terms added together. Notice:

{ Each has an amplitude term that varies in z:
¯
¯V +

0

¯
¯ e¡ ®z and¯

¯V ¡
0

¯
¯ e®z . The de¯nition of ® as an \atten uation" constant

is now clear.

{ Each has a sinusoidal dependenceon both time and space:
cos(! t ¡ ¯ z + Á+ ) and cos(! t + ¯ z + Á¡ ) The de¯nition of ¯
as a \phase" constant is now clear.

² The combination of time and spacevariables ! t § ¯ z results in
a \propagating wave" behavior.
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Propagating waves

² A wave is a disturbance that moves in spaceas time progresses

² Consider a function of the form y(x; t) = A cos
¡

2¼t
T ¡ 2¼x

¸

¢
.

Note this is sinusoidal in time at a ¯xed value of x; sinusoidal
in spaceat a ¯xed value of time.

² At a ¯xed point in x, the temporal period is found to be T. 2¼
T

corresponds to ! for our voltage wave.

² The temporal frequency in H z (1/sec) is then f = 1=T. Our
angular frequency ! = 2¼f (rads/sec)

² At a ¯xed time, the spatial period is found to be ¸ . 2¼
¸

corresponds to ¯ for our voltage wave.

² How doesthis function behave as both spaceand time are
varied?
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Propagating waves I I

Let's plot the function versusspaceas time progresses:
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Propagating waves I I I

² Notice the disturbance in spacemoved as time progressed,in
the + x direction.

² If we usedcos
¡

2¼t
T + 2¼x

¸

¢
instead of cos

¡
2¼t
T ¡ 2¼x

¸

¢
the wave

would propagate in the ¡ x direction instead

² \Phase velocity" up is found from distance over time:

up =
¸= 2
T=2

=
¸
T

=
!
¯

² Our voltage solution thus consistsof two waves,one
propagating in the + z direction, the other in the ¡ z direction,
both at speedup = !

¯
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EE 311 - Lecture 5

² Waveson transmission lines

² Losslesslines

² Distortionless lines

² Typesof lines

Assignedreading: Secs1.3-1.4of Ulaby for basic wave behavior
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Waves on transmission lines

² We have found the phasor voltage on a transmission line to be

~V(z) = V +
0 e¡ ° z + V ¡

0 e° z

where ° = ®+ j ¯ is the complex propagation constant of the
line

² In the time domain, this is:

v(z; t) =
¯
¯V +

0

¯
¯ e¡ ®z cos(! t ¡ ¯ z+ Á+ )+

¯
¯V ¡

0

¯
¯ e®z cos(! t+ ¯ z+ Á¡ )

² The ¯rst term is a voltage wave propagating in the + z
direction, the secondpropagatesin the ¡ z direction

² Both propagate at velocity up = !
¯ ; this is known becausewe

know ¯ ; both attenuate according to ®

² The total voltage is the sum of two phasorswhosephasevaries
di®erently along z: leadsto an interferencepattern in z

² This behavior is very di®erent from a wire!
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E®ect of atten uation

² Let's consider the plus going wave only in the time domain:
¯
¯V +

0

¯
¯ e¡ ®z cos(! t ¡ ¯ z + Á+ )

² If we plot this in spaceat a ¯xed time we seean attenuating
oscillation.

² As time evolves, the oscillation propagates,but the \envelope"
of the amplitude doesnot.
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Aside: A tten uation in decib els per meter
² Consider a line having only a plus going wave

² Our attenuation constant ® is in units of Np/m due to the
magnitude ¯

¯V +
0

¯
¯ e¡ ®z

Note when z = 1
® the wave amplitude is e¡ 1 of the amplitude

at z = 0

² To expressa voltage ratio in decibels, take 20log10 of the ratio.
Thus, supposewe ask how many decibels will the voltage
attenuate in one meter?

~V(z = 1 m)
~V(z = 0 m)

= e¡ ®

20log10

"
~V (z = 1 m)
~V(z = 0 m)

#

= 20log10 e¡ ® = ¡ 20®log10 e

®dB =m = 8:6859®Np =m

² It is much more common to expressline attenuation in dB=m
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Special case: A Lossless line

² For a losslessline, R0 = G0 = 0 (no lossy elements in line
circuit).

² This leadsto:

° =
p

(R0+ j ! L 0)(G0+ j ! C0) =
p

¡ ! 2L 0C0 = j !
p

L 0C0

² Thus ® = 0 and ¯ = !
p

L 0C0. There is no wave attenuation on
a losslessline.

² The phasevelocity up = ! =¯ = 1=
p

L 0C0. We will seehow this
relates to the speedof light soon... Note this is independent of
frequency, so a losslessline has no dispersion

² The characteristic impedancebecomesZ0 =
p

L 0=C0 (real)

² The wavelength on the line is (as always) ¸ = 2¼=¯

² Although real lines aren't totally lossless,good lines will satisfy
theseequationsapproximately. Include e®ectsof ® 6= 0 over
longer distances
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Special case: Distortionless line
² The generalpropagation velocity on a line is:

up = ! =¯ = ! =
³

Im
np

(R0+ j ! L 0)(G0+ j ! C0)
o´

² This has a complicated dependenceon frequency, so a general
lossy line has dispersion

² However there is one casewhere we can get rid of dispersion:
choose

R0=L0 = G0=C0

so that
p

(R0+ j ! L 0)(G0+ j ! C0) =
p

L 0C0
p

(j ! + R0=L0)2 = j !
p

L 0C0+ R0
p

C0=L0

² This is called a \distortionless line". Here

® = R0
p

C0=L0 ¯ = !
p

L 0C0 up = 1=
p

L 0C0 Z0 =
p

L 0=C0

² Although the line is lossy, the phasevelocity is the sameas for
a losslessline, and we have no dispersion (or \distortion"). The
characteristic impedanceis also purely real
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T yp es of lines

² So far we've beenthinking of a transmission line as a general
structure having two conductors and a uniform crosssection

² However there are lots of possiblities for this structure:
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\TEM" and higher-order lines

² All transmission lines can propagate both \TEM" modesand
higher-order modes. We are studying \TEM" modesonly

² \TEM" means\transv ere electric-magnetic": we will learn
more about this later. You have to have 2 conductors to
support a TEM mode, so all our lines have two metal
conductors.

² Other devicescalled \w aveguides" (or \higher order
transmission lines" according to Ulaby) cannot support TEM
modes. They do not have to have two conductors.

² Example waveguidesare rectangular waveguide,optical ¯b er,
etc.

² It turns out that waveguidesand higher order modescan
propagate only when the operating frequencyexceedsa speci¯c
\cuto® frequency". TEM modescan propagate at any
frequency
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EE 311 - Lecture 6

² Determining line parameters

² Coaxial line

² Parallel plate line

² Propagation velocities again

Assignedreading: Sec. 2.2 of Ulaby
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Determining line parameters
² The lines we've talked about so far have beencharacterized by

parametersR0, L 0, G0, and C0. Theseare determined by the
line geometry and the materials the line is made of.

² Important line material properties:

{ ²: (units F/m) the \dielectric constant" of the material
betweenthe two conductors. For air, ² = ²0 = 8:854 pF/m.
Other materials are often speci¯ed in terms of a relative
permittivit y (or \dielectric constant") ² r = ²=²0

{ ¹ : (units H/m) the \magnetic permeability" of the material
betweenthe two conductors. For air, ¹ = ¹ 0 = 0:4¼¹ H/m.
Most materials have ¹ = ¹ 0.

{ ¾(units mhos/m) the \electric conductivit y" of the medium
betweenthe two wires. Typically this is very small because
insulators are used.

{ ¾c (units mhos/m) the electric conductivit y of the line
conductors (metal). Very large for most metals.

{ ¹ c: the magnetic permeability of the metal line conductors.
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Coaxial line

Coaxial line properties are determined by the inner radius a, the
outer radius b, and the material properties of the conductors and
insulator
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Coaxial line equations
² The relationship betweencoaxial line properties and the

transmission line parameters is

R0 =
Rs

2¼

µ
1
a

+
1
b

¶
G0 =

2¼¾
ln(b=a)

Rs =
p

¼f ¹ c=¾c

L 0 =
¹
2¼

ln (b=a) C0 =
2¼²

ln (b=a)

² Theseequationsare derived using electro- and magneto- static
methods we will study later in the course

² Note to make R0 small, we should make Rs small, or ¾c large.
This meansusing high conductivit y metals.

² To make G0 small, we should make ¾as small as possible;use
good insulators betweenconductors.

² Note that R0 typically will be dominated by the inner
conductor. Smaller a meanslarger R0. Also, Rs increasesas

p
f

² All parametersother than R0 depend on b=a; absolute sizeof
line doesn't matter for these
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Practical coaxial lines

² Coaxial lines are very commonly usedin practice. Note both
inner (\wire") and outer (\shield") connectionsare important
for proper operation

² If we considera near losslesline, it turns out that

Z0 =
1

2¼

p
¹=² ln(b=a); ® ¼

R0

2Z0
=

Rs

4¼

µ
1
a

+
1
b

¶
=

µ
1

2¼

p
¹=² ln (b=a)

¶

² For ¯xed b, Rs, ¹ , and ², it turns out this is minimized when
b=a¼ 3:6. The resulting cable impedanceis then
Z0 = 1:28

2¼

p
¹=² .

² For air ¯lled cables,this results in Z0 = 77 Ohms, while for
polyethylene ¯lled cables²r = 2:25, Z0 = 51:2 Ohms.

² Commercial coaxial cablestypically have Z0 = 50 ohms or 75
Ohms becauseof this.

² Seethe link on the courseweb pagefor a good section on
practical coaxial cables.
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Parallel plate line

The parallel plate line has two plates of width w separatedby
distance d. A material may ¯ll the region betweenthe plates.
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Parallel plate equations

² The relationship betweenparallel plate properties and the
transmission line parameters is

R0 =
2Rs

w
G0 =

¾w
d

Rs =
p

¼f ¹ c=¾c

L 0 =
¹d
w

C0 =
²w
d

² Again to make R0 small, we should make Rs small, or ¾c large.
This meansusing high conductivit y metals.

² To make G0 small, we should make ¾as small as possible;use
good insulators betweenconductors.

² Smaller w meanslarger R0. Also, Rs increasesas
p

f

² All parametersother than R0 depend on w=d; absolute sizeof
line doesn't matter for these

² For a losslessline, Z0 =
p

¹=² d
w
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Practical parallel plate lines

² Although a true parallel plate line is unusual, a \microstrip
line" is the default \wire" on printed circuit boards

² Although not exactly a parallel plate line, it is an ok
approximation to model microstrip as parallel plate with the
width of the plate that of the top trace

² We can then fabricate varying impedanceseasily by changing
the trace width
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Propagation velocities again

² Ulaby also talks about the \t wo-wire" line: seeeqns. in book

² Note that the phasevelocity for both losslessline types is

up =
1

p
L 0C0

=
1

p
¹²

² Thus only the insulator material is important in determining
propagation velocity on a losslesscable. For air ¯lled cables,
1=

p
¹ 0²0 = 3 £ 108 m/sec!

² Our voltage and current \w aves" are really electromagnetic
wavespropagating in the material of the cable. Larger
dielectric constants slow the wave down.

² The wavelength of voltage and current waveson a losslessline is

¸ =
2¼
¯

=
1

f
p

¹²

The wavelength gets shorter for increasing²

² Other general line relationships: L 0C0 = ¹² and G0

C 0 = ¾
²
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