ENEE 381 Final Examination
December 17, 2004, 1:30- 3:30 pm
ANSWER 4 QUESTIONS
If more than 4 are answered, best 4 will count

(1) Explain the experimental observations that underlie Maxwell’s equations, especially
explaining why the displacement current was needed to modify Amperes Law. (3pts.)
Starting from Maxwell’s equations show that the electric and magnetic fields in a uniform
medium satisfy the 3-D wave equation. (2pts.)

A plane wave has magnetic flux density Bz = 100p0 cos(37107t — kz) and is traveling in a
medium with €,=9, ur-=4. What are the electric field amplitude, wavelength, propagation
constant, impedance and magnetic field amplitude of the wave? (3pts.) If the plane wave
in this medium had By = 100uo cos(37107t — kz), and the electric field were 45° out
of phase, what would be the average Poynting vector? (1lpt.) In what situations is the
Poynting vector zero? (1pt.)

(2) Prove that the reflection coefficient for a current wave on a transmission line of char-
acteristic admittance Yp when it strikes a load with admittance Y7, is (3pts.)

Y=Y
p1 YL+Y0.

How does the reflection coefficient for the current differ from the reflection coefficient for
the voltage?(1pt.)

A 50ohm transmission line is terminated with a load of 75-j75 ohm. Where on the line
nearest to the load can you match the line with a parallel inductor. If the operating
frequency of the line is 1 GHz and the phase velocity on the line is 2X 10® m/s what is
the value of the inductor and how far from the load is it placed? You may use the Smith

Chart to solve this problem. (6pts.)

(3) A TE wave is incident on a dielectric boundary between 2 media of dielectric constant
€, and €, at an angle 6;. Prove that the angle of reflection equals the angle of incidence
and that the angle of refraction obeys Snell’s Law. (2pts.) By matching field components
parallel to the boundary show that the reflection coefficient is (3pts.)

2 — Zy
129 cos(f2) n1 cos(f1)

Z2 + Z
ng cos(62) ny cos(61)

A TE wave of intensity 1W/m? strikes a boundary between 2 lossless dielectrics with
€1 = 4, €,9=2, at an angle of 30°. What is the intensity of the transmitted wave? (3pts.)
Where is the nearest magnetic field maximum to the boundary that is not at the boundary?
(1pt.) What is the standing wave ratio in medium 1 (1pt.)?



(4) A TM; wave is propagating between perfectly conducting parallel infinite planes sep-
arated by distance @ and filled with a dielectric €,. Derive all the field components of the
wave (3pts.) and prove that the characteristic impedance of the mode is (3pts.)

Wey 2

ZrM = Zmedium[ 1 — (*f) .
If the frequency of the wave is twice the cutoff frequency, a=10mm, €,=2, what is the
effective angle of the zig-zag TEM wave that is an alternative description of the wave?

(4pts.)

Hint: I
g — 1 9F | |
T K? 8z
_ _jweer OFE,
Hy = K2 Oz

(5) Prove that the cutoff frequency of a TE mode in a rectangular waveguide of dimension

a x b is (4pts.)
_ e ™y g (7
=52 +(5)

Hint:

8°E, 0O°E, s s
502 T 352 = —(v* + k*)E;.

For v=10GHz, a=50mm, b=20mm, and a TE;; mode what are the values of B, Ag, Vp,
and v,? (4pts.)

Sketch the w — 3 behavior above w, and w — o below w.. (2pts.)
(6) A TE;3 mode is propagating at frequency 20GHz in a waveguide with a=100mm,
b—50mm. The wave enters a second part of the waveguide that is filled with a lossless

dielectric of €,=2. What are |p|, ¢ and the VSWR? (8pts.)Where is the nearest electric
field maximum to the boundary? (2pts.) '

Hint: This is analagous to a transmission line problem. Information given in question (5)
should be helpful. Also:
Zmed'ium

S rrav e Y

€0 = 8.854 x 107? F/m.

po = 4m x 1077  Henry/m.
co = 2.998 x 10° m/s.

Zo == ‘\/[J/()/E() = 376.7 ohm.

4



¢’ = o /wep.

Maxwell’s equations

curlE = —--8—1—3—

ot

.. 0D
divD = p.

divB =0.
k = wy/€eo€rpoitr-
k=uw/c.
curl curlE = grad divE — VE.
Zg = 4/ /.Lo/éo = 376.7 ohm.

D =¢E+P.
0E, OEy,\; OE, OE.\: 0E, OE:\:
c lE: z _—__}i . T . Z . __‘__y__.—_ili .
e ( Oy 0z )l+( 0z Oz ) ( oz Oy )k



ENEE 381 Fall 2004 FINAL EXAM SOLUTIONS
(1) Experimental observations and equations
Gauss's Law for electric charges  div(D) =p

Gauss's Law for magnetics div(B) =0

Faraday's Law plus Lenz's Law curl(E) = —-(-a—B)
ot

Amperes Law plus Displacement Current curl(H) =j + a—D
t

Use vector identities, with j=0

2
curlcurl(E) = graddiv(E) — delz(E) = ——qcurl(B) = —pg-ppcurl(H) = "HO'Hr'EO'Sr"g"Z'E
ot dt

When p=0 div(E)=0 and this reduces to the wave equation

7
®:=3m10"  nqular frequency
60:= 885410712 pg=4m 107
gp=9 up=4 B:=100-pg
~4
. BO Ry B=1257%x 10 Tesla
£€0&r 7 =251.156 impedance, ohms
H:= 100- 1o
Lo He H=25 magnetic field amplitude A/m
E:==HZ 3
E=6279x 10" Electric field amplitude V/im
0] 8
veE —2-—,; ci= 299810 ¢ =4.997x 107 Velocity of light in medium
\/ Erbr
A= = A =3331 Wavelength (m)
v

T
Y k=1.886  Propagation constant m-!



If E and H are 45 degrees out of phase

By = E_61-45-deg
Savg = 0.5Re(E1-H)

Savg = 5.55 x 10*  Average Poynting vector W/m?2

Average Poynting vector is zero if E and H are parallel or if E and H are 90
degrees out of phase

(2) Atthe load

L I
VL=EVi+ V8 — —
Yo Yo
I=L+1
IL L
— =YY, which gives
VL
L+ L)Y
( - r) 0 which gives
L-L
(Ii + pI-Ii)-YO = (Ii - PI'Ii)‘YL which gives
YL - Yo
Pl Y1+ Yy

This is 180 degrees different from the reflection coefficient for the voltage

Transmission line problem

7y =175-175
1
Zg = 50 Yo = —
0 0 Z0
7y . .
(L=— ¢L=15-15i Normalized load. Pt. A on Smith Chart
Zy
1
L= 7 =0333 + 0.333i Normalized admittance of load. Pt B
L L
For an inductor YL = = somatchatPtC, 1+1.27
o-L

Point C is 0.171-0.055)=0.116). from normalized admitttance of load

= 2-1'c-109 Vp = 2-108



100 A =02

Distance to match point is

d = 0.116-A

d =0.023 23mm
— 1
%OL‘ =127 b 1.27-0-Yg
L=6266x 10 ° 6.266 nanoHenry

(3) Phase factor variation parallel to boundary must be the same for incident,
reflected and transmitted waves

kl-sin(Oinc) = kl-sin(ereﬂ) = k2’5in(9trans)

This proves that 6;,.=6,.q, and Snell's law

Zgo = 376.7
61 := 30-deg ny = \/Z ny = \fi
njp-sin{ 6
69 = asi{-——l—————(—l—)-]
np

02 ,
—— =45 angle of refraction

deg

Z9 Zo
For a TE wave Zy = ——— Zy = —————
ni -cos(() 1) nz-cos(e 2)

L4 )
P Zavzy p=0268  T:=1-(lp])

T =0.928 Transmitted wave intensity is 0.928 W/m?

Boundary is a electric field minimum, a magnetic field maximum,
so nearest magnetic field maximum that is not at the boundary is 1/4 effective
wavelength away. Propagation constant normal to boundary is

21 Effective distance is A
A 4~cos(9 1)

1

——— = ().289 0.289 ) away from boundary
4-005(9 1)



(4)  E =Asi ——)

Ex y

Hy jo-gger

Cutoff frequency is 0o = 2
a

2.998.10° _y
C 1= emm—————" a.:

7z

7-C
W 1= =

w
Vg im — ve=106x 10"

The effective zig-zag angle satisfies

am— M
2-cos(9)
0= acos(——k—)
2-a
-9—- = 60

2
()]
j = Zmedium® |1 — (

Q¢

o

T



®)

In this case

K2 =

¢ = 2.998-10°

m 2 n 2 V= 1()10
- — + —
a b

3

a:= 50-10" b= 20-10

ve=8072x 10°

- B =123.7
Agi= 2 Ag = 0.051
B
2wy g
T vp=5.079x 10
vg=1.77x 10°
i:=1,2..1000
2ved . ;
vi= different frequencies
1000

m:=1



(5) Solution for v=20GHz
vi=210"°

c=299810° a=5010"°  5=2010"0 m=1 n=1
[
2 2 hi=—
c m n v A =0.015
VC - —— + —
2 a b 9
ve=8.072x 10
B= B =383.5
2.
hg = Ag = 0.016
B
_ 2mv 2
T vp=3277x 10
8
vg = 2743 x 10
i:=1,2..1000
2-vei . .
vi= different frequencies
1000
2-mvy
Bi=
[
10
2-10 T I 51010 :
10 | B
v; 1-10 vi 1,1010 - -
| i
%9 100 200 300 0 :
0 100 200
R .
Py Im(B;)

Behavior of B above cutoff Behavior of a below cutoff



8
2:=100107°  bi=sot0 > 0= 298I0

m:=1 n:=2 v = 20.109
y c0 (m)z . (n)z cutoff frequency in air-filled waveguide
cl = - -
a b

Vel = 6.181x 10°

Z1 = 396.087 Z) = 272.964

Zy -7y

p =
Z2+Z1  5=-0.184 ¢ := arelp)

—f?- =180

o] =0.184 e

. Lt ol
T ol S = 1451

The boundary is an electric field minimum. Think about analogy with Smith chart.
Nearest electric field maximum is xg/4 away from boundary

2
_2mv ] Vel 0
Pi= 0 4 v = = wavelength in air-filled section
v
27
Kg = —E-" B =398.642 A =0.015

Ag =0.016 guide wavelength

Ag ~3
—= =394x 10 3.94mm from boundary



