EE101A — Engineering Electromagnetics Final

UCLA Department of Electrical Engineering
EE101A — Engineering Electromagnetics
Winter 2015
Final Exam, March 17 2015, (3 hours)

Name Student number

This is a closed book exam — you are allowed 2 page of notes (each page front+back).

Check to make sure your test booklet has all of its pages — both when you receive it and when you
turn it in.

Remember — there are several questions, with varying levels of difficulty, be careful not to spend too
much time on any one question to the exclusion of all others.

Exam grading: When grading, we focusing on evaluating your level of understanding, based on what
you have written out for each problem. For that reason, you should make your work clear, and
provide any necessary explanation. In many cases, a correct numerical answer with no explanation
will not receive full credit, and a clearly explained solution with an incorrect numerical answer will
receive close to full credit.

If an answer to a question depends on a result from a previous section that you are unsure of, be sure
to write out as much of the solution as you can using symbols before plugging in any numbers, that
way at you will still receive the majority of credit for the problem, even if your previous answer was
numerically incorrect.

Please be neat — we cannot grade what we cannot decipher.

Topic Max Points Your points
Problem 1 | Smith Chart 15
Problem 2 | Impedance Matching 40
Problem 3 | Impedance of Transmission Line 15
Problem 4 | Phasors and Maxwell’s Eq 30
Total 100
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1. Smith chart basics (15 points)
Consider the generic transmission line problem as shown below. Assume that the transmission line is a

coaxial transmission line filled with a material that has ¢ =4 &, u=uo.

l, Z,
—>—"\\\—0 o
GD V, IVH Z,=100 Q V| 4
O O —
< >

/
(@) (5 points) For each of the following loads, mark their position on the Smith chart below (using
the letter as a label), and write below the reflection coefficient (magnitude and phase angle).

A:Z,=60 Q. I'=

B: Z, = 150 + j300 Q. r=

(b) (5 points) For each of the following loads impedances, convert to unnormalized load admittance
Y\ and give the value in units Q™. Mark the position on the Smith chart below (using the letter as
a label).

A:Z =60 Q. A’ Y. =

B: Z, =150 +j300 Q. B’ Y =
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(c) (5 points) What is the non-normalized input impedance of the transmission line Zj,(-1) for each of
the loads if I=2 cm and f=1 GHz? Label each point on the Smith Chart using A”’, B”’.

A:Z =60 Q. A’ Zin=

B:Z =150+j300Q.B”  Zj=
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Smith chart for problem 1

Final
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2. Transmission line — Impedance Matching (40 points)

For this problem, you may use any methods you wish, including the Smith chart. Also, throughout this
problem assume that the transmission line is coaxial filled with a dielectric material e&=9&, u=uo, and the
generator voltage is v(t)=V, cos (2xzft), where f=5 GHz and V=1 V throughout the problem.

(@) (20 points) The goal of this problem is to design an impedance matching network that prevents
any reflections into the network and maximizes the power delivered to the load, using a shorted

stub. All transmission lines have the same characteristic impedance Zo. Find the lengths d and 7

in order to impedance match the load the line. Give your answer in terms of wavelengths. (Note,
there are multiple solutions — you only need give one).

d
ity R=50Q < >
v,(t) Vi Z,=50 Q 75+100 Q
5 :
100 cm =50 O
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(b) (10 points) For the same problem, what should the length d and # be in meters?
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(c) (10 points) Now consider using a lumped circuit element to match instead of a shorted stub
(shown as reactance Xn, in the figure). Should you use an inductor or a capacitor? What value
should you use (in either units Farads or Henries)?

d
ity R=S0Q < %
v,(t) Vi Z,=50 Q Xn 75+100 Q
< >

100 cm
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3. (15 points) Impedance of transmission line. Consider a two wire transmission line, and a
single wire transmission line over a ground plane with dimensions as shown (assume that d and a
have the same values in each case). If the characteristic impedance of the two-wire line is Zy=40 Q,
what is Z, for the wire over the ground plane? Explain the reasoning behind your answer in 1-3
sentences.

Two-wire Tran Line Single wire over ground plane Tran Line
@ S b =
0 (b) 6'
[ v=0
(@)

/
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4. Phasors and Maxwell’s Equations

Final
(30 points)
(@) (8 points) Write the following phasor quantities in the time domain assuming an angular

frequency w. (Do not include the expression “Re{}” in your answer). Assume Ep, Hp, Vo, and A
are real numbers.

i. E(z)=%XEe™

E@zt) =
ii. H(z)=yjHe™ H(z.t)=
ii. F=3A1-j) F(t)=

iv. V(z)=V,sin(pz) V()=

E(z)=XEe™

E .
H — =0 jkz
(Z) y100e

(b) (4 points) Consider a plane wave propagating through a particular medium with the phasor
relations for the field:

Assuming that u=uo, what is the value of 6 and €? What direction is this wave propagating?
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() (4 points)

E(z)=XE,e "
Fi(z)=3a- =2e

Assuming that u=uo, is this wave propagating through good conductor or a poor conductor (i.e
lossy dielectric)? Explain how you can tell the difference.

(d) (4 points) Consider the equation: VeJ = _aa_/t) . Apply this equation to a volume V with a surface

defined by differential elements dS, and rewrite this equation in integral form. Give a physical
explanation of what conservation law that this describes.
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(e) (5 points) In circuit theory, Kirchoff’s voltage law says that the sum of voltages in a closed
circuit must add up to zero. Qualitatively explain and/or derive how this rule can be derived from
one of Maxwell’s equations.

Vad +Vba+Vcb +Vcd= 0
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(F) (5 points)
Here is a “proof” that there is no such thing as magnetism. Magnetic Gauss’s law states that: VeB=0
When we apply the divergence theorem, we find:
[ (v-B)dV =] B-ds=0
v S )
Because B has zero divergence, we are able to define B as the curl of the vector potential: B=V xA If
we combine the last two equations, we obtain:
[(VxA)ds=0
S .
Next we apply Stokes’s theorem to the above result to obtain:
[[(VxA)dS=¢ Addl=0
S C

Thus we have shown that the circulation of A is path independent. It follows that we can write A=V

where  is some scalar function. Since the curl of a gradient is zero, we arrive at the remarkable
conclusion that:

B=Vx(Vy)=0
That is, the magnetic field is zero everywhere!
Obviously | made a mistake somewhere in this proof. Explain where | went wrong.

(Hint: pay careful attention to the definitions of the various laws and theorems — it may be helpful to
make sketches).
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V<D = p,
VxE:—@ D=¢gE+P
; e ot : e
Maxwell’s Equations: Auxillary Fields: B
0
VxH=J,; + D
ot
. ) P=¢gx.E D=¢E D=c¢E
In linear media: Ohm’s Law: J=o0E
M=y, H B=uH B=uH
Electrostatic Potential: E=-VV Vector potential: B=VxA
O0A
Electrodynamic Potential: E=-VV T

Gradient Theorem: (VE)edl = f (b) - f(a)

D ey T

Divergence Theorem: [,(veA)dV = Asds

Stokes’s Theorem: . (VxA)dS = gSC A.dl

Electric energy density: W, = % E-D or W, = %gE2 (in linear media)
Magnetic energy density: W = % BeH or W = %,uH 2 (in linear media)
Power dissipation density (Joule/Ohmic) = E.J or oE? (in Ohm’s law media)
Poynting Theorem: Ve(Ex H):—g(%gEer%szj—E-J

Poynting Vector: S=ExH

Time averaged Poynting vector: S,, = % Re{ExH"}
Capacitance: C-=

Inductance: L=

Vector identities
VxVxA=V(V-A)-V’A

V-(V X A) =0

V x (Vf ) =0

VeVf = V? f

V-(A X B) = B-(V x A) - A-(V x B)
A-(B X C) = B-(C X A) = C-(A X B)
Ax(BxC)=B(A«C)-C(A+B)
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EM waves - Wave equation in source free medium, in time-domain and in harmonic (phasor) form

2 2
VZE = ,uEE V?H = ,uga H VZE-y’E=0 VZH-»*H=0
ot? ot?
yi=—0’us y=a+jp k = oz = 22 =02 n=\=
A c P
z-propagating Plane wave (linearly polarized in x-direction) — phasor format — nonconducting media
E(z) =XE e ™ H(z) = yie""‘z
n
Generalized plane wave in arbitrary direction with wavevector k with arbitrary linear polarization e.
E(R) = 6E e 7 E = —pkxHi A-Likxe
n

Conducting media

+

b=c-iZ y=a+ip n=|2 - E()=Ee”  F@)-y—2e™
1) &, Jrfuoc n

AT el
2 8' 2 8'

Transmission lines

dVdiz) (R'+ jol) (2 djjvgz) _N(@=0 7=a+if=R+jel)G +jaC)
z
~ R'+ joL")
_di(z d?l(z ~ = (R'+ jol)
d(z) (G'+ jwC')V (2) dz(z )—7I(z)=0 * (G + jaC)
Lossless transmission lines:
. N P L’ 1 2t
= = |l L’C' Z = |— u = = =
1F= ° Nc PoJLc d A U,
TEM lossless transmission lines:
: : L' 1
18 = Jo| u 0 C' p \/,u_g
Transmission line wave solutions (lossless Iines)
V(z) =V, e ¥ 4V el I(z)= Vo_g-iee \;0 el
0
. - 1+
F:\/_Ozﬁ VSWR = [Vmax|_ +| |
V0+ Z +Z [Vmin| 1_|F|
2 (V@) _, 1+Te"" 7 (2oty_z LHTE 2+ 2 tan(A)
" I(2) 1—relzﬂz " ®1-Te " %7 + jz, tan(pl)
1 l .
Impedance: Z=R+ X = Y G+jB Admittance: Y=G+]B
Constants (SI units): &=8.85x10"2 F/m (or C2 N m?) =41 x10” H/m (or N A?)

Page 18 of 25



EE101A — Engineering Electromagnetics

Table 3-1: Summary of vector relations.

Cartesian Cylindrical Spherical
Coordinates Coordinates Coordinates
Coordinate variables X7 "o,z R.,0,0
Vector representation, A = XA +FA, + 34, 1"'A|,+tiiAl¢+iAZ ﬁAR+éA3+$A¢
Magnitude of A, |4] = VAE + A%+ A2 VAE +A% + A2 ‘/A}; +A5+AS
. —
Position vector OF] = X+ 3y 4221, ir +iz,, RR|,
for P(x1,y1,21) for P(r,01,21) for P(R1,01,91)
Base vectors properties &=y §=2-2=1 |t-t=¢-¢=22=1| R-R=06-6=6-¢=1
%-y=%-2=2-%=0 | i-¢=0¢-2=2-F=0 R-8=8-4=¢-R=0

ixy=12 Px$=1z Rxbé=4¢
PxZ=% dxz=*+ dxd=R
Ixt=7% ixP=¢ ¢xR=8
Dot product, A-B = AB A B, +AB, | AB,+AyBy+AB, AgBr+AgBo+ A48,
i § 2 P ¢ 2 R 6 ¢
Cross product, AXB = Ac Ay A A, Ay A Ar As Ay
B, B, B, B, By B, Be Ba By
Differential length, 1 = kdx+§dy+2dz tdr+¢rdd+2dz | RdR+BRJO +$RsinbBdd
Differential surface areas ds, = kdvdz ds, = trdddz dsg = RR? sinBd0dd
dsy = §dxdz dsy = ddrdz dsg = ORsin8dR d9
ds, = 2dxdy ds, = Zrdrdd dsy =@RdJR 4O
Differential volume, dv = dxdydz rdrdddz R2sinBdRJD dd

Table 3-2: Coordinate transformation relations.

Transformation ‘ Coordinate Variables ‘

Unit Vectors ‘

Vector Components

Cartesian to r= {/x°+)* t = %cosd + ¥sing A, = Accosd+Aysing
cylindrical ¢ =tan~'(y/x) tit = —%sind+ ycosd Ay = —Asind + Aycosd
1=z i=1% A=A,
Cylindrical to x =rcosd % =tcosd —sing A¢ =A,cosd —Aysing
Cartesian y=rsind ¥ = Esing +deosd Ay = Ay sind +Aycos0
1=z i=1% A=A
Cartesian to R= {/x 4y 472 R =%sinBcosd Ag = AcsinBcos o
spherical + ¥sinBsing 4 Zcos0 + AysinBsing + A;cos0
0=tan"'[{/x*+7/7] f =%cosBcosd Ag = A cosBcos
+ ¥cosBsind — 2sin0 + AycosOsind — A;sind
¢ = tan~" (v/x) $ = —%sino+ yos¢ Ag = —Agsing + A, cosd
Spherical to x =RsinBcosd % = RsinBcosd Ay =ApsinBecos®
Cartesian +Bcos Bcosd —Gsing +AgcosOcosd —Agsing
y=~RsinOsind ¥ = Rsin0sing Ay = ApsinOsing
+écosﬁsin¢ +$C05¢ + AgcosBsing 4+ Agcosd
Z=~RcosD 2=Rcos0—Bsind A; = AgcosO —Aysind
Cylindrical to R={r+22 R = #5in 0+ Zcosh Ag =A,sin0+A,cos0
spherical 8=tan"'(r/z) fl =fcosB —2sind Ag = A,cos0 —A,sinb
¢=¢ =0 Ao =44
Spherical to r= Rsin® = ﬁsi119+écose Ap = Agsin® 4+ AgcosO
cylindrical d=0¢ d=9¢ Ag = Ag
7z=RcosB 2= Rcosd —Bsind A; = AgcosB — Agsind
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CARTESIAN (RECTANGULAR)

COORDINATES (x, vy, 2)

OV OV oV

% 8y Be
DA, DA, DA
dx dy 0z

X y z
V % A ) a ad A(HAZ dA, i 0A, 0A, +3 dA, 0A,
=l— — —|=X - - — Z =~ —
ox dy 0z dy 0z % 0z ox ox ay
A X y A z

A

: S R VAN R VAR R V4
vy =271

8x3<+ 0y? + 072

CYLINDRICAL COORDINATES (r,¢,z2)
AV 18V aV

Ve i gt
bar T % 0p T2as
19 10A, 0A
Vol s Sielpd Jler s 8
ror T 00 T e
O VR
iAol @ A|_.(loA a4, <& JA, DA, . a(A) 9A,
=-|= — —|=rf|\-—7—-— S L~ | (¥ =
rlor ¢ oz rag 9z az  or rlor 7Y 9e
A, rAy A

Gy L0 (VY 1BV @Y
=—— | r— —— e ——
ror \' or r2 d¢? 0972

SPHERICAL COORDINATES (R,6,¢)
~dV 13V~ 1 3V

VV=Rog T 0% %0 T ¥ Reno e
V-A:ii(RZARHLi(A,,sma)Jr .
R23R Rsin0 90 Rsin0 0¢
R 6R  Rsino
PG I R N
R2sind | R 30 a

AR RAH (R sinH)A¢

g ! Dy singy~ A0 ol [ 24k _ 0 Lo +$1 DRy PR
= — sinf) — — - — b — | — —
Rsing |90 ¢ 3¢ R |sino a¢p aR ° RIarR 7" 90

5 1 9 L,V 1 o (. aV 1 9%V
VW=—=—(R= )+ —o———(sin0— | + ————
R23R IR R?sin6 96 90 R2sin” 6 0¢?
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A-B = ABcostp Scalar (or dot) product

AxB=nABsind,z Vector (or cross) product, fi normal to plane containing A and B
ABxO=B-(CxA=C-{AxB)
AxBxO=BA-O-CAaB)
V(U + V)= VU +VV
VIUV)y=UVV +VVU

V- (A+B)=V-AL+V.B

V. (UAY=UV -A+A VU

Vx (UA)=UVxALVU <A
Vx{A+B =VxA+VxB

V (AxB =B (VxA-A (VxB)
Vo(VxA)y=0

VxVV =0

V.YV =V

VxVxh=V(V-A)— VA

] (V- Aydv = % A-ds Divergence theorem (5 encloses V)
v N

f(v x A) - ds = 9§ A dl Stokes’s theorem (S bounded by £)
s c
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