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Practical information

« Useful information and documents on the Moodle site of the course

* Our emails: romain.fleury@epfl.ch, amir.jafargholi@epfl.ch, anja.skrivervik@epfl.ch

* Assistants: karim.kouny@epfl.ch, adrian.fernandezcarnicero@epfl.ch

e Evaluation:
 Midterm on the theoretical part: November 12th, 13:15- 16:00
* Project presentations: December 17th, 13:15-17:15

* Electromagnetic simulations will be used for exercises and for the project. It is important to install the
simulator on your computer asap. The tutorial on Moodle helps you doing so. If you have difficulties
installing the software, please contact the IT manager of the Microwave and Antenna Group, Jiajun Li
jiajun.li@epfl.ch
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What this course is about
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ANTENNAS 'S e« ANTENNAS

An antenna (American English) or aerial (British English) is an electronic device that converts an
alternating electric current into radio waves. source Wikipedia (en), article “Antenna (radio)



Antennas as transducers

Free-space wave

A
g vy
E lines
Transmission line / _ \ Transmission line
> > > A 4* A ‘(" V*‘ “’ ......... A W* *+V A 3 . 3
Transmitter \ i Receiver
Antenna Antenna
(transition region) (transition region)
Transmitting Antenna Receiving Antenna
Circuit theory Transmission-line theory Antenna Electromagnetic theory (Maxwell)
Voltage and Voltage and current waves From circuit to Electric and Magnetic fields
current free-space
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Example of Antenna science:
emitting antennas from the circuit side/excitation problem

Circuit theory
Voltage and

current

Transmission-line theory
Voltage and current waves

Antenna Electromagnetic theory (Maxwell)
From circuit to Electric and Magnetic fields
free-space

describe all this with an impedance 7Z; (w)

requires measurement or solving Maxwell’s equations

Q

Q

+ 7

then use transmission line theory (cf. EE-200)
to calculate V;, and I; :

I; = YA

VL _?{(i r ) impedance matching: Z; = Z,
L — + 1 reduce reflection

I,=0L—2)/(Z,+ Z;)

v+ ZinVs

- (Zin + Z)e* (1 + T e2JkD)

Zin _ ZL + ]ZC tan kl conjugate matching: Z;,, = Zs

- "¢Z.+jZ, tankl more power outofsource
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Example of antenna science: Antennas from the free-space
side/the radiation problem

Circuit theory Transmission-line theory Antenna Electromagnetic theory (Maxwell)
Voltage and Voltage and current waves From circuit to Electric and Magnetic fields
current free-space

Assume you know the strength of the
radiating current [},
and its distribution (guessed or simulated)

then use far-field integrals to calculate the
electromagnetic field in all directions (we’ll learn this!)

coSs (% coS 8)

J() = 21, cos (Z£) 5(y)8(2) when |x| < 1/4 Eg = 27,1, sin(g — k)

sin @

|<V—,\/2—>|

Vo

half wave antenna




Course outline

Partl: Learnthe basics (weeks 1-7)

1. Reminder of Electromagnetic theory (2 hours): Maxwell equations and important results
2. Antenna definitions: gain, directivity, Friis formula, efficiency (2 hours)

3. System aspect of Antennas: link budget, SNR, gain (2 hours)

4. Antenna families: patch, apertures, horn, slot and arrays (8 hours)

Exam

Partll : Apply your knowledge (weeks 8-14)
1. Workin groups

2. Design an antenna

3. Buildit

4. Testit

Presentations and briefreport



Reminders on Electromagnetic theory

It requires a much higher degree of
imagination to understand the
electromagnetic field than to understand
invisible angels.... | speak of the E and B
fields and wave my arms and you may
imagine that | can see them... [but] | cannot
really make a picture that is even nearly like
the true waves.

— Richard P ?et/n.ma.n... —

AZ QUOTES




1) Reminders on Maxwell’s equations




Postulates of Electromagnetic theory

Classical mechanics

ma = ), Fey

Lorentz force

F =q(E+vXB) force on a particle with charge g [C] and velocity v [m/s]

E : electric field [V/m]
B : magnetic flux density [T or Wb/m)]

Maxwell’s equations (in vacuum)

V.D=p D = ¢yE: Electric flux density [C/m]
V.B=0 p =Y; p;6(r—r):electric charge density [C/m?3]
0B B .
VXE=—— — = H: Magnetic field [A/m]
ot Mo
oD , .
VXH=]+— J =; pivid(r — ;) electric current density [A/m?]

dt

10



Two useful mathematical theorems

divergence theorem: jﬂ V.udl = jf u.ds G» ds
14 S

ds
Stokes theorem: j w. dl %
C
_ ﬂ (V x ). dS
S

Q



Integral Maxwell equations

Differential (local) form:
V.D=p
V.B=0

VXE = oB
ot

VxH=]+—

Integral form, on closed S or C:

J” D.dS = Qun

Js
[ _
)| Bras=o

[ par--2 [ nas

0
Jo Hdl=1+—[[; D.dS
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Interpretation
NS

V.D=p Maxwell-Gauss ‘ “Electric field diverges only around charges”

VRN

V.B=0 Magnetic flux law

//://‘/‘ “Magnetic field never diverges”

VXE=—— Maxwell-Faraday . . e
dt time-varying magnetic field”
B

0B / @\ “Electric field circulates around a

or a time-varying

/ \ / \ “Magnetic field circulates around a
X

oD
VXH=]+ e Maxwell-Ampeéere s cnars
\ / N)(t) electric field
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The surface current density

] =2; pivid(r —r;): electric current density [A/m?]

number of charges through dS in dt
Itot,as = dt

) p X dS xdl
— —, T
- ';_»'/*ﬁ;/. _pXdSxuvdt
ds - - M - dt
— = JdS
dl = vdt

Generalization: [[. J.dS =1I;oss
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Boundary conditions T

Medium 1

Medium 2
n.(Dy— D) = ps nx(Ey—Ez) =0
n.(By—B3) =0 nx (Hy—Hy) =]

ps =limp Az [Az - 0] Js =1limJ Az [Az — 0]

P [Az — 0] [\,05

L L - L/ S S

IL




Complex Maxwell equations

Only for time-harmonic solutions oscillating at the pulsation w, E(t) = Re[E(w)ej“)t]

The complex vector E(w) is called a phasor (it’s a Fourier transform) ex: E(t) = 2 cos(wt + 32)x
E(w) = 2e/3%x

When transposing the equations from real fields to phasors, temporal
derivatives become products by jw:

V.D(w) = p(w)

V.B(w) =0

VX E(w) = —joB(w)

Vx H(w) = J(w) + joD(w)

we will omit to explicit the (w) dependency
of phasors unless needed for clarity



Local charge conservation

nonlocal charge conservatio

local charge conservation

J

dQ/dt

V.D=p

dD
V. = —
(Vx H ]+69

dp

V.]=—at

Integral version via divergence theorem:
__0p __9
VJ==2=[lf, vJdv = =5 [ff, pdv

ﬁﬂ; J.dS = _%Qtot
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The sources of the field

p =Y; pid(r — r;): electric charge density [C/m?3]

J =2; pividé(r —1;): electric current density [A/m?]

VX E(w) = —jwB(w)

VX Hw) = J(w) + joD(w)

p and J are linked: we can keep only J
and « forget» aboutV.D = p

The two curl equations contain the
important information about the
dynamics. The divergence equations

contain information about charge
densities only.

18



Magnetic charges and currents

Generalized Maxwell’s equations:

V.D=p =p,

V.B=0 = p,,

VXE=—jwoB=—M — joB

VxH=]+jwD

V.] = —jwpe

Duality= form of symmetry between electricity/magnetism

= invariance of Maxwell’s equations on the transformation:

Electric quantity (D, E, p,, J)— Magnetic quantity (B,H, p,,,, M)

Magnetic quantity (B,H, p,,,, M) — — Electric quantity (—D, —E, -p,, -J)

« Once a solution of Maxwell’s equation is found, another one is found butin
the dual world»
NB: The dual world has different (dual) sources, fields and materials. It

represents a different electromagnetic situation.
19



From vacuum to materials

Vacuum

D = gyE, 5y = 8.85 10712 [F/m]
B = ugH, o = 47 1077 [H/m]
P = Pext = Psource

J =Jext = Jsource

Non-dispersive dielectrics
D = ¢E

B =uH

P = Pext = Psource

J =Jext = Jsource

Dispersive dielectrics

D(w) = e(w)E(w)
B(w) = w(w)H(w)
p(w) = Pext = Psource

J(@) =Jext = Jsource

Metals

D = ¢ E
B = ugH
Jina = oE

P = Psource

J = Jsource + Jina

20



Alternative description of metals

r Metals | VXH=]+josE Metals
D = ¢,E = Jsource + Jina + JwéoE D = ¢, rr(wE
B = uoH = Jsource + OE + jwgoE B = uoH -
]'d:O'E _ o eeff(a))=eo—j—
. = Jsource T jw(eo—j—)E _ W&o
P = Psource WEq P = Psource
J = Jsource + Jina = Jsource T jWEerr(W)E J = Jsource
\ J \
description 1: description 2:
conductivity model dispersive lossy

dielectric model

Both descriptions are equivalent and used.
In the second description as dielectric and metals are described by the same Maxwell equations and we can
transpose results from dielectrics to metals by assuming complex permittivity.

In the second description more complex permittivity dispersions are allowed (Drude-Lorentz, etc) 21



Application: Complex Maxwell equations for antennas

| |
V.D = psource I I
Jant0 T | Jant T | Jant() T
I I
V.B=0 ! !
Jgen I Jgen I Jgen
I I
. I I
VXE=—jougH | |
I I
I I
: 1 : t + le: mation:
VX H= ]source + jwe (7", (1)) E Solateil antenna: | an ennci obstacle | approxzinatlon
]source‘]gen | ]source‘]gen | ]source‘]gen"']anto
Jina=Janto ) Jina=Jant +Jobs , Jina=Jobso

* &(r,w) is a distribution of permittivity describing the antenna (metals with induced currents,
dielectric, etc) and its environment (also possibly with induced currents).

* The source currents (and charge) distribution are usually non-zero only on a small portion of the
antenna called the port (like the end of the coaxial cable or small wires were the generator is applied).

* Butother choices are possible especially when making approximations of the currents around the
port and on the antenna. 22



Perfect electrical conductors (PEC)

Jing = 0E with g — o

E=0=H H

n
Eext A

Vaccuum (ext ® :
® ® pS’]S
PEC : no field
n X (Eext - Ein) =NXEq =0 n. (Dext - Din) =MN.Deyt = ps

n. (Bext - Bin) =MN.Beyy =0 n X (Hext - Hin) =N X Hgy = J



Perfect magnetic conductors (PMC)

The dual of Perfect Electric conductors
M;,; = cHwithg — o

H=0=E Eext

Vaccuum (ext

®  ®
@ @ pS’MS
PMC : no field
n X (Hext - Hin) =NXHgy =0 n. (Bext - Bin) =N.Beoxt = Pms

n. (Dext - Din) =N.Dgyy =0 n X (Eext - Ein) =nXHg =—Mg



2) A couple useful theorems

D WAl AR ey e AnelE T Sl Do

"“Yes, we can apply the Pythagorean Theorem,
but I'm miore interested in why this is happening.”

25



Instantaneous and average power in a circuit

v(t)

_|_

Harmonic signals: Complex Phasors:
v(t) = vy cos(wt + @,,) V = vyelPv
i(t) = iy cos(wt + @;) [ =iyel®

P(t) = v(t)i(t)

T=2 1. 1 .
Pw = [, 7T/(‘)P(t) =~ Volo cos(p, — @;) = >Re(VIY) Power

absorbed/provided to
the charges

26



Instantaneous and average power (density) in the field

Harmonic signals: Complex Phasors:
E(t) = Egcos(wt + @g) E= Eye/¥E
J(t) = Jg cos(wt + @) J=Joel?

p(¢) = E(8). J(¢)

21 Power provided by the

) 1 1 charges to the field=
Pav JO © 20 Jo cos(py — i) 2 e(E-J") -Power absorbed/provided to

the charges by the field

27



Complex Poynting theorem av = —5 Re(E.J")

(VXE=—jwB ).H* H*.VXE—E.VxH*=V.(E X
HY)
—(VXxH=]+jwD"E

V.(E x H*) = —jwB.H* + jwE.D* — E.J*

Assume free-space:

D = &E =1y (EX H") = _Je (uoH. H* — 4E. E¥) _lE_]* Complex Poynting theorem
B = :uOH 2 2 2
Real part : real power balance
Im part: reactive power balance
1 1
Take the real part: Pav = —ERQ(E-]*) = EV' Re(E x H")
. . S = Re|>(E x H")|
Integrate over volume: P, = —f ERe(E.]*) = f Re [E (E X H*)] .dS Poynting vector (W/m?2)
v S
Power provided by Power oozing out 28

the currents inV of S



Unicity

From Maxwell’s equations, we can prove that (see e.g. EE-201 for a demo):

Absorption is
non-zero

QX
E andH are
unique !

Etan or Hegn
[\ is fixed

The solutions to Maxwell equations is unique in a
volume V iif:

1) Proper boundary conditions are set. Any of the
following:

* Thetangential E field is specified on the
boundary S of the volume

* Thetangential Hfield is specified on the
boundary S of the volume

* Thetangential E field is specified in part of
the boundary S of the volume, and the
tangential H is specified on the rest of the
boundary.

2) There exist absorption in the volumeV, at least a
tiny bit.

29



Image theorems for electric currents

€0, Ho €0, Ho
€ e e e
PEC -
€0, Ho €0, Ho
€ e e
PMC -

Proof: use the unicity theorem !

30



Image theorems for magnetic currents

€0, Ho [ M €0, Uo X M

PEC M, \
€0, Ho

—_—

PMC M;, \
€0, Uo

Proof: use the unicity theorem !



Huyghens equivalence principle

Initial problem

Region of
equivalence (RE)

1) Choose S, put n towards RE
2) Cut and paste everything in the RE

3) Put the Hughens sources on S

4) Choose whatever material(s) inside S (vaccuum PEC, PMC,

your choice)

Equivalent problem

----------------
~
~
~
~
~
~

-
-
,l
7’

Zero field inside
Any material

L
”
—"
=

Same field in RE
Same

materials

32



3) Solving the equations...
...Ina homogenous medium

So, if we get this electricity
thing figured out... what

is it gonna be good for? All kinds of things,

Thomas... Twitter,
Facebook. Memes.
You name it.

33



Source-free solutions: the case of plane waves
=0

Freespace V VXE =—jwuH) VXVxE= V}(é. E) - V?E —=|V2E+ w?us E=0  Helmholtzequation
g, 1 €R X (Vx H = jweE

. 1
Plane-wave solutions: E=eEye/kr H= A (k X E) withle.k = 0,k.k = w? peand Z, = %
0

Example: E = (xEgy + YEqy)e /¥, with Egy, Eqy € C

* If Egy, Egy arein phase or anti-phase: linear polarization
o If|Eg,| = |E0y|, and are in phase quadrature (£m/2): circular polarization (RH or LH)
* General case: elliptical polarization

* Right handed part: Eg = % (Eox +jE0y) = |Eg|e/Or

* Left handed part: E;, = % (Eoyx —jEOy) = |EL|8j9L
a _ |ERl+IEL]

e aspectratio:— =
P b~ ErI-IEL]

0r—0;
2

* inclination angle wrt x-axis: ¢ =
34



E=eE,e Jkr

The dispersion relation

21
k.k = w* ue k=kz=>k=iw\/u_=7 Vg

Bl
4!

21T Vg
k = w\Jue = 2nf — =— = 1=—

vy A f

Penetrates Earth's

Y N Y Y
Atmosphere? [ Y | ¥ |
- . . - . GPS: 1.5 GHz
Radiation Type Radio Microwave Infrared Visible Ultraviolet X-ray Gamma ray
Wavelength (m) 10° 1072 107 0.5x107° 1078

107 Wi-fi: 2.4GHz /5 GHz

Approximate Scale
of Wavelength

Buildings Humans  Butterflies Needle Point Protozoans Molecules Atoms  Atomic Nuclei

10* 10° 10*? 10* 10% 10 10%°
Temperature of

objects at which
this radiation is the J
most intense
wavelength emitted 1K 100 K 10,000 K 10,000,000 K
-272°C -173°C 9,727 °C ~10,000,000 °C
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The Vector Potential
= not 0 anymore ! = complicated

Freespace V VXE = —jwuH) VxVxE=V;(é.E)—V2E
g, u€ER X(Vx H = jweE + ]

Alternative: Simplify things first using the Helmoltz partition theorem (HPT)

VU sufficiently well-behaved (smooth and decaying, simply connected space):

3 (V,W)suchthatU =V XV —-VW

\7’ U(r ) 1 V' x U
- 3,47 3.7
W(r) = J a-r Tr—1| v =] 4T lr — 7|

And a corrolary (HPTC):
To define such a well-behaved field U itis required to fixboth V. X U and V.U

Apply HPTto B: 3 (A,W) suchthatB =V X A—VW. ButsinceV.B = 0,then W = 0.

Conclusion: 3 Asuchthat B =V X A. Ais notyet uniquely defined, we still
needto fix V. A.
Fixing V. A is called making a Gauge choice. A is called the vector potential

36



The scalar potential

Free space
g, u€ER"

VXE=—jwB =—jw(V xA)
VXH=jweE +]

Vx (E+jwA) =0

E + jwAis a pure gradient! (by TPH or, if one prefers, by Poincaré lemma)

Conclusion: 3 @, defined up to a constant, suchthat E + jwA = —VO®.
@ is called the scalar potential. It becomes the electrostatic potential when
w = 0.

A 4

E, H= 6 variables ®d, A= 4 variables

37



B=VXxA
Lorentz gauge V. A=TBD
E=-V0—jwA

Free VXE=—jwB=—jw(VXA)

homogenous VX H=jwsE +]

space

& 1ER = VXVXA=wlueA — jousVeo + uf

= V(V.A) = V?A=k*A — joueVo + yJ Choose V. A=—jwus® (Lorentz Gauge) !

= V2A+k*A = -] | Helmholtz equation

We get three uncoupled Helmholtz equations !
V2A, + kA, = —uJ,
VZA, + k%A, = —pf,
V2A, + k*A, = —uj,

How to solve ? do /, alone first
38



V2A, + k?A, = —uj,
Green’s function is all you need

Let g(r,r") be the vector potential created at r by a unity current source
located atr':

Ax(T) Vig(r,v) + k*g(r,v") = -6(r—-1r")
r
‘ By linearity, we would then have:
Z ac) = [[| &g
|74 14

Allwe needis g(r,r"). We will show in the exercise session
that:

e~ Jklr—7'|

gr,r') =g(r—-7r]) =

41t|lr—r'|

39



Summary: exact solutions of Maxwells equations

1) Start from a known current distribution J (")

_. — ’
e jk|r—r'| d3r’

2) Compute the vector potential: A(r) = ﬁfffv Jx(@") r—']
3) Calculate B=VxA
4) Calculate d = 7.4

WUE

5) Calculate E = =V — jwA

Exercise: The exact field radiated by an infinitesimal dipole

40
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