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Chapter 1

Introduction and Course Logistics

1.1 Course Information
e Instructor: Aditya Varma Muppala
o Lectures: Wed/Fri, 12:30-2:00 PM at Cory 293.

« Office Hours: Wed/Fri, 4-6 PM at Cory 510 (Cory 400 if my office is overflowing).

1.2 Course Objectives

To develop a strong foundation in electromagnetic theory for applications in antenna design,
RF /microwave circuits, waveguides and resonators, computational electromagnetics, wave
propagation, optics, and scattering. Emphasis will be placed on understanding the theory
and applying it in a wide range of CAD experiments using ANSYS HFSS.

1.3 Syllabus

1. Maxwell’s equations: Differential and integral form, boundary conditions.

2. Wave—matter interactions: Constitutive relations, Lorentz model, Drude model,

dispersion relations.

3. Electromagnetic theorems: Image theory, Poynting theorem, uniqueness, field

equivalence, reciprocity, and extinction theorems.

4. Electromagnetic potentials: Wave equation, Green’s functions, radiation boundary

condition, and antenna concepts.
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5. Computational EM: Integral equations, method of moments, physical optics, and
geometrical optics.

6. Plane waves: Plane wave expansion and angular spectrum, TE/TM field solutions,
reflections from boundaries, wave propagation in inhomogeneous media, and negative

index media.

7. Waveguides and resonators: Rectangular, cylindrical, and arbitrary cross-section

waveguides of metal and dielectric materials; calculus of variations.
8. Scattering: Multipole expansions, plane wave scattering from spheres, creeping waves.

9. Advanced topics in antennas: Electrically small antennas, characteristic mode
analysis (CMA), UWB antennas, and metamaterials.

1.4 Textbook

Foundations of Applied Electromagnetics by Kamal Sarabandi (free link).

1.5 Reference books

1. Kong, J. A., Electromagnetic Wave Theory (free link).

2. Harrington, R. F., Time-Harmonic Electromagnetic Fields.

3. Balanis, C. A., Advanced FElectromagnetics.

4. Jin, J. M., Theory and Computation of Electromagnetic Fields.
5. Jackson, J. D., Classical Electrodynamics.

6. Born, M., and Wolf, E., Principles of Optics.

7. Chew, W. C., Lectures on FElectromagnetic Field Theory (free link).

1.6 Lecture Recordings and Notes

I will record lectures separately and post them to my YouTube channel. I prefer this since
web capture on a whiteboard does not do a good job. Also, I will post the lecture notes here

and to Canvas as the course progresses.


https://docs.google.com/forms/d/e/1FAIpQLSdwS2OFvMreCd0zeQNcSq49jNxKXG6-WjLOxOp58ATj1ff68Q/viewform
https://engineering.purdue.edu/wcchew/ece604f19/Supplementary%20Texts/KONG_JA_Elecrromagnetic_Wave_Theory-revised.pdf
https://engineering.purdue.edu/wcchew/ece604f20/EMFTAll.pdf
https://www.youtube.com/@adityavarmamuppala
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1.7 Homework and Exams

One homework per week will be assigned on Friday and due the following Friday at midnight
(11:59 PM).

The first part of every homework will be to upload your notes from that week’s lectures.
This is to encourage you to take notes, which has been shown to improve learning and
long-term retention, especially in mathematics. It is also an easy way to get points in the
homework. You need not take notes in class during lecture. You can take them any time
from the uploaded lecture notes or the lecture recordings. They can be handwritten or typed.
If you do not want to take notes, that is fine, see grading policy below.

Additionally, there will be two to three problems and/or one CAD assignment in HFSS
per week. I encourage collaboration, but every student must turn in individual homework
and CAD solutions. I don’t oppose the use of Al tools in solving homework problems. If
you did use Al to solve part of a problem, say to solve an integral, be sure to cite it in your
solution. There is no penalty for using Al, but remember that deep understanding comes
from the confusion and frustration you go through when wrapping your head around a new
problem or concept. If you don’t put yourself through this, you will have learned nothing
more than how to be a good prompt engineer, which is not the goal of this course.

We will have one mid-term and one final. Exam problems will be equivalent in difficulty
to the homeworks. The main goal of exams is to force you to review the class material and
test your conceptual understanding of the subject. They are not representative of research
in real life so I don’t take them too seriously and neither should you. As long as you do all
the homeworks and have reviewed the material in class well, you will do well on the exams.

Lastly, I highly recommend you attend office hours because this is where the
magic happens in this class as we get to discuss problems on the homework,
CAD and other cool stuff.

1.8 Grading

Your lowest homework grade will be dropped.

Score 1 = 20% Notes + 40% HW (including CAD) + 20% Mid-term + 20% Final.
Score 2 = 40% HW (including CAD) + 30% Mid-term + 30% Final.

Final grade = max{Score 1, Score 2}
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Chapter 2

Mathematical Pre-requisites: Vector
Calculus and Linear Algebra

2.1 Vector Calculus

Electromagnetics and wave propagation is written in the language of vector calculus. There-
fore, to make sure we are all on the same page before the beginning of classes it would be
nice to do a quick review. Here are some great videos resources that serve as an excellent

review for those who are rusty on their vector calculus:

1. 3BluelBrown’s video on Vector Calculus. Amazing for intuition into curl, gradient and
divergence. Very succinct video and a good refresher for most people. Grant’ channel

is the best at developing intuition from animations.

2. Steve Brunton’s course on Vector Calculus and PDEs. Great solid intro to vector
calculus. The first 8 lectures are a good enough background for our course.

3. Trefor Bazett’s course on Vector Calculus. Another great intro to vector calculus.

Maybe good for those who have not seen this material in a long time.

2.2 Linear Algebra

A strong background in an undergraduate Linear Algebra course is a pre-requisite for a
lot of the material covered in this class. You should be familiar with concepts like orthog-
onal basis, inner products, matrix methods, eigenvalues and eigenvectors, Gram-Schmidt
orthogonalization. For a refresher I highly recommend these video resources.

1. 3BluelBrown’s video series on Linear Algebra. This is where linear algebra clicked for

me. | cannot recommend this series highly enough, it is perfect.

5


https://www.youtube.com/watch?v=rB83DpBJQsE
https://www.youtube.com/playlist?list=PLMrJAkhIeNNQromC4WswpU1krLOq5Ro6S
https://www.youtube.com/playlist?list=PLHXZ9OQGMqxfW0GMqeUE1bLKaYor6kbHa
https://www.youtube.com/watch?v=fNk_zzaMoSs&list=PLZHQObOWTQDPD3MizzM2xVFitgF8hE_ab
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2. Gil Strang’s timeless course on Linear Algebra. A great complete course for those who
don’t have a good linear algebra background.

2.3 Useful Results in Vector Calculus

The following tables (from the Wikipedia page: Del in cylindrical and spherical coordinates)
summarize coordinate transformations and elementary vector calculus identities. Having
these handy is super useful so I have compiled them here for you (and for me).

2.3.1 Coordinate Conversions

From
Cartesian Cylindrical Spherical
5y = T = pcosyp x = rsinfcos g
Cartesian y =1y y = psing y =rsinfsin g
=F z2=2z z=17cosf
_ 2 2
P=yT +Y p= p=rsinf
Cylindrical 0= arctan(g) Q= 0=
x 7 = z=rcosf

To y = 2

r:\/m2+y2+z2
" — p2+z2

V2 + 2

@ = arctan| ——

- 0 = arctan (g) 0=0

ﬁ
|
=

Spherical
P = arctan(£> v=9
&

Figure 2.1: Coordinate conversion formulas between Cartesian, cylindrical, and spherical
coordinates.


https://www.youtube.com/playlist?list=PL49CF3715CB9EF31D
https://en.wikipedia.org/wiki/Del_in_cylindrical_and_spherical_coordinates
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2.3.2 Unit Vector Conversions

Cartesian Cylindrical Spherical
X=X X = cos pp — sinpp % = sin 6 cos i + cos  cos pf — sin PP
Cartesian y =y ¥ =sinpp +cosp@P § = sinBsin ot + cos Osin pb + cos pP
z2=1% Z2=1% % = cos fF — sin 60
. X + yy
p=——— ) . .
Vv +y? p=p p = sin Ot + cos 60
Cylindrical b= —yX + xy p=¢ p=¢
V2 92 Z=12 % = cos O — sin 60
Z=12
R X+ yy + 2z
5= b + 2Z
Va2 +y? + 22 i-:%
. (ax+yy)z— (2 +47) 2 P +f r=r
Spherical 6 = 2 2p — pz 0—0
VIE TP+ 2 faE P OZﬁ b=
. —yk+ay N

Figure 2.2: Conversion between unit vectors in Cartesian, cylindrical, and spherical coordi-
nate systems in terms of destination coordinates.

Cartesian Cylindrical Spherical

m(\/zz +y2i'+zé) —y/x2 + 2 + 22p

zp — Yp X =
x= P _YP Vet + 22t +yt + 2
AN 71 o2
X=X Vet +y 3 e - .
=X : A / 9) e LB 4L
Cartesian y =1y 5= yp + xzp 9:y( T4 +yr+z + 2z +Yy* + 2%
z2=12 N V2t + P + 22
z2=12 ) 2t — /22 + 20
Z=———
VvVt + 2+ 22
R Pt + 20
P=——FT—
p = cos pX + sin py p=p VPt + 2
Cylindrical ¢ = — sin X + cos py p=¢ p=¢
Z=——
/p2 +22
I =sinf (cos pXx +sinpy) + cosz t =sinfp +coshz + =r
Spherical @ = cos 6 (cos X + sin py) —sinfz @ = cosp —sinfz O =0
@ = —sin X + cos ¥y P=¢ p=¢

Figure 2.3: Conversion between unit vectors in Cartesian, cylindrical, and spherical coordi-
nate systems in terms of source coordinates.
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2.3.3 Computing Divergence, Curl, Gradient, and Laplacian

Figure 2.4:

nates.

Figure 2.5: Gradient, Divergence, Curl and Laplacian in spherical polar coordinates.

Operation

Vector field
A

Gradient V']

Divergence
V- All

curl V x Al1l

Laplace
operator

v2f= Af]

Cartesian coordinates (x, y, 2)

AKX+ A5+ A

0A, ) .
— VA
Oy

o1

Oy?

s

Ox?

s

022

Cylindrical coordinates (p, ¢, z)

Ap+A,p+ A
of . 18f of .
Fr AT A
10(p4,) 104, 0A,
P O P3<p 0z
1 0A, A,
(P op )
0A,
(az )“’

L1 (3(pA¢) B
p

v

19 ( of 1 8*f 0*f
pap(pap)+ p? 0p? : o2

Gradient, Divergence, Curl and Laplacian in cartesian and cylindrical coordi-

Operation

Vector field
A

Gradient V]

Divergence
Vv - All

Curl V x Alll

Laplace
operator

VZfE Ajﬂ]

Spherical coordinates (r, 8, ¢),
where @ is the polar angle and ¢ is the azimuthal angle®

AF+ Al + Ay

of . 10f 4
5”:%
la(ﬁA,) N 1
r or rsin6 060
1
rsin 6

l(i
0
w7
2 or

(:0 (A, sinf) —

(16A
né o

Of) 41 1
or r2sin 6 00

1 of .
rsinf dy
1 O0A,
A 0) +
( osinf) + rsinf Oy

)
2 (ra, ))
)¢

2
8 (anelt) s 121
00 )  r2sin® 0 0p?
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2.3.4 Useful Vector Calculus Identities
Product Rules

V(¢y) = oV + ¢V

V- (¢pA)=06(V-A)+Vop-A

V X (¢A) =d(V X A)+ Vo x A

V- (AxB)=B:-(VxA)-—A. (VxB)
Vx(AxB)=(B-V)A-—(A-V) B+A(V-B)-B(V-A)

Second Derivatives

V. (VxA)=0

Vx(Ve)=0

V- (Vg) =V?¢
VIA=V(V-A) -V x(VxA)

Vector Triple Products

Ax(BxC)=B(A-C)-C(A-B)
(AxB)-C=A-(BxC)
(AxB)xC=-Cx (A xB)

Integral Theorems
Useful integral theorems that we will use throughout the course:
Gradient Theorem (Fundamental Theorem for Line Integrals)
[ 6-dr=o(B) - o1
c

Divergence Theorem (Gauss)

///V(V-A)dV: ) A-ds
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Stokes’ Theorem

//S(VXA)-dsz b Ads

Stokes” Theorem (Volume form)

///(VxA)dV:# nx AdS
1% oV
Green’s First Identity

///(Vu-w+uv%) dV:# L
1%4 1% on

Green’s Second Identity

ov ou
2 _— 2 pr— -
///V<uv v—ovV u)dV #éav (uan U8n>ds
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