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Course overview

Electrodynamics

A

B
C

I

Introduction, Maxwell equations, brush up on vector calsuDirac delta, potentials, Taylor expansion,
Fourier transform,

Maxwell equations, brush up on electro- and magnetostatnciltipole expansion

Maxwell equations, microscopic and macroscopic, timel-famquency domain,
differential and integral form, interface conditions, tanity equation,
energy and momentum of electromagnetic fields

Wave equation, plane waves, plane harmonic electromiagmaves, refractive index, polarization,
energy transport, spherical waves

Reflection and transmission at interfaces, lossy masemalve packets, dispersion,
phase and group velocity

Maxwell equations, vectorial and scalar Helmholtz equat®D configurations (intermezzo),
mode problems, metallic and dielectric waveguides

Scalar and vector potentials, gauge conditions, retgosdezhtials, electric and magnetic dipole radiation
Special relativity; transmission lines



Helmholtz equation

e Maxwell equations, homog., linear media-), ;.(r), principal fieldsE, H:
eV - (eE) =0, VX E =—pouH, 1oV -(uH)=0, V x H = ¢yeE.

e Frequency domaing e 1wt
V x E =iwuyuH,
V X E[ — —iwegeE. (implies gV - (eE) =0, uoV - (uH) = 0)

e Alternatives:
e two coupled equations of first order fét, H, or
e one second order equation, either foor H:

1 . -
1wV x =V x E — kiepE =0,
i

1 5 _
€V x =V x H — k2epH = 0, koz%,
€

vectorial Helmholtz equatigncomponents are coupled througlz, O, 1.



Helmholtz equation

1 - -
qu—VxE—k%e,uE:O

1

1 ~ o =
eV X -V x H — kyjeuH =0

€

e Where e{#}, pu{ry:
AE + kge,uE =0,

AH +k2epnH =0, ko= % (*)

scalar Helmholtz equatiorvalid separately for all components Bf, H.

o PlanewavesE(r) = Eoé® ") H(r)= Hydk T, k2 = ke, solve ).



2-D problems

(Frequency domain, drop)
Assumedye =0, Oyu =0, O, E =0, O,H =0

G

E, - 0,H, H, — 0, b,
—lwege | By | = | 0.Hy — 0. H, |, lwpop | Hy | = | 0.E; — 0. E,
E, O H, H, Oz By,

Two decoupled sets of equations:
e {E£,, H,, H,}: transverse electric (THlelds, E L z-z-plane.
e {H, Lk, E,}: transverse magnetic (TMields, H L xz-z-plane.

(Different conventions on the use of TE, TM.)



2-D TE waves

e Principal component,,
' —1

I :
Wott Wio
1 1
[ [
e Optical regime,u = 1, € = n*: e(r) ()
G 0:E, + 02E, + kjeE, = 0, (%)

scalar2-D (TE) Helmholtz equation

e Reflection / transmission problens-polarized wavesatisfy ), (xx).



2-D TM waves

e Principal componenti,,,
—I i .

WEepeE WepeE

1 1
€ €

e Optical regime,; =1, e = n*:
1 1
€ €

scalar2-D (TM) Helmholtz equation

e Reflection /transmission problenm-polarized wavesatisfy ), (xx).

(%)

e(r) ()
()



Intermezzo

Waves in 2-D, numerical examples
e (Gaussian bearns
e Slab waveguide: forward, backward, standing waves
e Waveguide facet
e \Naveguide corner
e Bent waveguides
e Evanescent coupling of waveguides
e Ring resonator
e Square resonator
e Photonic crystal waveguide
e Bend in a photonic crystal waveguide
e EXciting IOMS


http://www.computational-photonics.eu/Fsquep/fsquep.html
http://www.computational-photonics.eu/Wgillu/wgillu.html
http://www.computational-photonics.eu/Metric/Illust/facet.html
http://www.computational-photonics.eu/Metric/Illust/corner.html
http://www.computational-photonics.eu/NaisWP3/Bend/index.html
http://www.computational-photonics.eu/Wgillu/wgillu.html
http://www.computational-photonics.eu/Circ/circ.html
http://www.computational-photonics.eu/Metric/Illust/sqrjunc.html
http://www.computational-photonics.eu/Metric/Illust/pcwg.html
http://www.computational-photonics.eu/Metric/Illust/pcbend.html
http://www.computational-photonics.eu/Ioms/ioms.html

Waveguides: Mode problems

(Frequency domainy e Wt drop?)

VX E=lwuwuH, V xH = —lweyek.

e \Waveguide a system that is homogeneous alon@iss z;
0,e =0, O,u=0, 0,n=0.

e Look for solutions that vary harmonically with
E(r) = BE(z,y) 5%, H(r)= H(z,y) e,

modesof the waveguide mode profileE, H, propagation constarit.

e Equations forE, H, j3: (drop 7)
E, 0,H, —iBH, H, 0,E, —iBE,

—lwege | By | = | 1BH, — 0.H, |, lwpop | Hy | = | iIBE, — 0L E,
E. 0, H, — 0,H, H. 0. E, — 0,F,



Waveguides: Mode equations

(Frequency domainy e_i“’t, drop~, ~

E, o,H, —15H, H,
—lwege | By, | = | 1BH, — 0, H, |, lwpop | Hy
E, 0. H, — 0,H, H,

e Choice: solve fol,, &y, H;, H, Interms of,, H:

i
C> Ex — a:Ez Hz ’
- (BOLE, + wpopdy H )
i
E — Ez _ CBHZ ’
Y k'%e/vb - 52 (Bay w:u():ua )
i
H, = k%e,u e (BOLH, —wepedy E),
H, | (BOyH, + weped, E).

 kep— B2
& vector equation fo¥,, H,.

0,E, —iBE,
| BE, — 0, B,
0, E, — 8,E,

10



Waveguides: Mode equations

(Frequency domainy e_i“’t, drop~, 7)
i

FE —
T k%e,u — 32

(BOxH, — wepedy E>),

= k%e,u— 32 (BOz E, ‘i‘WNOMayHZ)’ Hy

|
FE., =
Y k%e,u — B2

(BOyE, —wpopudzH,), Hy (BOyH, + wepedz ).

T ke — 2
e Where e{s}, u{r):
AE + k}epE =0, AH +kiepH =0

- O.E + O_E + (kjep. — B°)E =0, 0;H + 0;H + (kjep — 5°)H =0,
scalarmode equatioywvalid for all components oF, H,
to be supplemented by suitallleundaryandinterface conditions

- Eigenvalueproblem with eigenvaluég, eigenfunctiont, H.

11



Rectangular waveguides

A rectangular metal tube, . N
typically microwave regime

y Griffiths, Fig. 9.24, page 408

e Metal sidewalls, ideal conductors»~—= FE = 0 in the walls;
VxE=-B=0, B=0 atsometimg, ~—= B = 0 inthe wallsV:.

(- Interface conditions:E! — 0, BL=0 — HL =0;
E,.=0 aty =0,D,

E,=0 atx =0,a,

E,=0 atz =0,a,and aty = 0, b,

H,=0 atz =0,a,

H, =0 aty = 0,0.
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Rectangular waveguide, TE modes

Transverse electric (THields:

E. =0, principal component_, N
. y .
lwpiopt —iwpop I8 15
Ey = 8yH., E,= O H,, Hy O H,, H, = Oy H..
ke — 827 Y kZep — B2 ~ K2en — 52 Y ke —p2
C> solve (only H. # 0 is of interest)

O°H, + 82H + (kiepw — p*)H, =0 for (z,y) € [0,a] x [0, ]
with 0, H, =0atx =0,a, and 0, H, = 0 aty = 0, b.

.. Separation of variables .

C» H,.(x,y) = Hocos (mx) COS (n%y), m,n=20,1,2,...
a

(m = n = 0 excluded. . .)

2.2 2.2
with 3,,, = \/kgw— (m—ﬂ+ v ) TE,,,,, - modes

2 2
a b 13



Rectangular waveguide, TE modes

TE,,, - modes propagation constants:

2.2 2.2 b
ﬁmn:\/k%eﬂ_(mﬂ- _|_nﬂ-)1 m,n=0,1,2,.... \

a? b2

e Requirement for propagating waves:

2 m2m2 n2r2 ) 212 /m2 n2 o,
0EM > 3 + 72 or w”> ” 3 —|—b2 = W

wmn - cutoff frequencyfor mode TE,,,,, no propagating mode far < wy,,.

e Fundamentamode,principalmode Thy, (a > b)
crm

Jepa

cutoff frequency wyg =
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Rectangular waveqguide, TE modes, dispersion

TE,,, - modes propagation constants:

an—\/_\/wz mn’ m,n=20,1,2,.... b \

e B(w) == w(pB), propagation~ e (Bz —w(B) 1), adispersivesystem.

) ()
. O
e Group velocity vy, = — (dw)

velocity for signal transport, power transport.

. C
e Phase velocity € = e
B \Jeu
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Rectangular waveguide, TM modes

Transverse magnetic (TMields:

H, = 0, principal component’., N

. . : y
6] 6] —lwege lwege
TRt BT gt e Tt A

E —
§ Y ke — B2

Oz E>.

C> solve (only E. # 0 is of interest)
0L, + 8§Ez + (kiep — BHE, =0 for (z,y) € [0,a] x [0, ]
with £, =0atx =0,a, and £, =0 aty = 0, b.

(exercise)
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Dielectric waveguides

e Confinement effected by locally higher refarctive index,
Ncore > Neladding, total Internal reflection.

e Realizations in the optical regimg = 1, n? = «:
e optical fibers,
e waveguides of integrated optics.

e Simplest exampleplanar slab waveguide

e 2-D TE configuration,
07 Ey + 0, By + kin’E, = 0.
o Ansatz: E,(x,z) = ¢(z) e Pz,

C» O%p + (kin* — B*)p =0, scalalTE mode equatign

to be solved for nonzerp with [ ¢ dz < oo,
for ¢ ando..o continuous at: = 0, t.



http://www.computational-photonics.eu/oms.html
http://www.computational-photonics.eu/Metric/Illust/wavegF.html

Rib waveguide

... variant of an integrated optical waveguide with 2-D confiean
Aa:

<
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http://wmm.computational-photonics.eu/

Upcoming

Next lecture:
e scalar and vector potentials, gauge conditions,
e electric and magnetic dipole radiation

‘In what we trust...
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