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Electromagnetic Waves

Introduction to Electrodynamics
David J. Griffiths
Fourth Edition

9.1 Waves in One Dimension

1 Electromagnetic Waves in One Dimension

One Dimensional Wave

£z, 0) fz. 0

[ ]

vt
f(z,t)= f(z—vt,0)=g(z—Vt) 9(2) = (z,0)

RYEIEWEEATIT—EEETEEY T 5. MHRRERBLIELT S,
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BEBTMATTTER

A=V ="+ +—

* Wave equation
X = (X, Xy5e0s X))
U=Uu(X,t) =u(X;,X,,.c.., X,
Vu(x)=0
V2u(x) = —p(X)
XY _ kV2u+q(x,t)

ot
ou(x,t)

2

— 22 = PVAu(X,t
ot 1)

* Diffusion Equation

t)

STSVT7Y

(L&A
Laplace D AR
Poisson®D AFE

(2) 1% Hs
MhER AR

(3) B
REN AR




A stretched string AF =T sin T sing
=1Smd& —1 Sin

f (m) EEEMNDDESL AE =T (tan 0'—tan 9)

T(N) %5 o o 2
B =T| — —— =T AZ
i #g/m) [62 ey OZ ZJ oz’
o f
AF = u(Az
o*f _ﬁ@zf
0z T ot?

-
A

FZORYICETIEHHAEXOBHMSIRTRBAEXSEHTED

Wave equation (1RITKEIHFEZ)
O’f upof 1 0% V:F
U

o2 T at* v ot
f(z,t)=g(z—-vt)
f(z,t)=g(z+Wwt)

Solution

f(z,t)=g(z-vt)+h(z+vt)

HBDEREMN
WA HEADLEFTD
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. . R A: Amplitude 1S i
Sinusoidal wave IEBZIR fiaim woconmber s Terminology
o (rad/s) : Angular frequency A RRE k (rad/m): Wave number %K

Clrtral 6 (rad): Phase constant {187 $X

maximum fz.0)

— A—
k = Q)
f(Z,t):Acos[k(Z—Vt)+5] v
f(z,t)= Acos[kz —wt + 5]
1 Electromagnetic Waves in One Dimension 11

f(z,t)= Acos[kz + ot + 6]

o (rad/s): Angular frequency £ i #1

S (rad): Phase constant 748 %€ #1

fz, O Central

/ maximum
/o N/ i

f(z,0) = Acos[kz + 5]

1 ElectromagneticdMaves.in.One Dimension
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Complex notation (FxH—FKR)
e’ =cos@+isiné

f(z,t)=Re| Ag' |

f(z,t)= Ae'®e

A= Ae”
f(z,t)=Re| f(z,1)]
1 Electromagnetic Waves in One Dimension 13

Linear combination of sinusoidal waves

f(z,t)= j Ak)e!®-Vdk

ERRIHFHRERE THIN, FROEBIEZROEREHLETRETED
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Incident, Reflected and Transmitted Waves

LU

:JL . - l qu

(b) Reflected and transmitted pulses

(a) Incident pulse

1 Electromagnetic Waves in One Dimension 15

Plane Waves near a Boundary

f(z,t)=Ae® ™ (z2<0)
fo(z,t) = Ae' ™ (2 <0)
f(z,t)= A% (z>0)

1 Electromagnetic Waves in One Dimension

Incident Wave
AGTIR

Reflected Wave
STy
Transmitted wave

B iR
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Sinusoidal wave representation

<0

Alei(klz—a)t) +ARei(—klz—a)t) ror

f (z,t) = ATei(kzz_wt) for 250

Boundary conditions
f(0",t)=1(0",1)
of of
atl, ot

0+

RREE MK

f(0,t)=f(0",1)
d| ot

ot ot .

0 0

T
HEAER (M HEL) C—BROSE . MENIFELZDREBETELTNS, "7 .
RIBIEREEL BREHENLED D, T Knot T Knot
(a) Discontinuous slope; force on knot (a) Continuous slope; no force on knot
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Solutions  ssaus—wmosmcashmanses L =
s _ Polarization ({®iK)
A v A=Ak (A-A)=kA
B ARAEMCLTRON MR
- (k -k, )« A - 2k, A
A = A Uk +k
k1 + k2 1 2
~ V, -V, |~ ~ 2V ~
— 2 1 — 2
A = ( A A = ( J A
vV, +V, V, +V,
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Longitudinal polarization (#f£;5)

v

—

000 O 00U00MIRS0 Q9 Q 2 U0GOMIMRA 2 9 O O D000
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Transverse Wave ($#E wswEmox)

fv(z,t) = Agiebg Horizontal Wave  JKF{mIK
fh(Z,t) — Aei(kZ—a’t)g/ Vertical Wave  EERIK
: = i(kz—ot) A BURATEEROSAT
f (z,t)= Ae'™ R REERETE.

A mEAERTL

N-2=0
N =cos@X+sin by

1 Electromagnetic Waves in One Dimension
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Transverse Waves

e

{a) Vertical polarizatio

(b) Horizontal polarization

{¢) Polarization vector

f(zt)= (Acos H)ei(kz_“’t)f( + (Asin 0) gy

1 Electromagnetic Waves in One Dimension 23

9.2 Electromagnetic Waves in Vacuum

2 Electromagnetic Waves in Vacuum
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Maxwell’s equation

Three-dimensional wave equation

V-E=0 VxVxE:V(V-E)—VzE:Vx(—§j
— 2
v-B=0 —- L (vxB) =, OE
B ot ot
VxE=—-———
ot V-E=0
oE
VxB=ug — , O°E , o’B
Ho%o ot \ E:ﬂo‘c"o? \ BZ#OEO?
2 Electromagnetic Waves in Vacuum 25 2 Electromagnetic Waves in Vacuum 26
One-Dimensional wave Equation BEN AR
’E o’H

o’f 1 0%
oz> v’ ot
1 8
V=—o==3x10"m/s=c EZEHOHiE
\ Hoéo
2 Electromagnetic Waves in Vacuum 27

VZE—/JOé'O?:O VZH—IUOSO?:O

EXERRTE

2 2 2 2
CE 7B OE TR
x oy oz at
»E, 0E, &E E

PR A R
0*E, O°E, O°E 0*E
axZZ i ayzz N 8222 e 8t22 =0
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TEHEDEH
RE
(1) : JEEIL 2 mNAR kT %
() : WENIx-y PN TR TH 5.

O°E, O°E,
o Hoge 70
5°E, 5°E,
o e Y
OE, OE,
oz Hit e =0

2 Electromagnetic Waves in Vacuum
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Maxwell D AFERICRS

ZEROELABHDLERDHDHIZIE E, =0

DFRYBEBRzE A THFEELEL
BHIRIIERTHD

2 Electromagnetic Waves in Vacuum
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Monochromatic plane wave

E(z,t)= E,&“™,B(z,t) = B,e'™
v-E=0v-B=0 (E) =(B) =0 ko1 ¢
- - - - [0
L (E)efB) k() =efs), T
__oB 7 = = [22 = 1202
VxE ot Bozg(zxéo) BOZEEO 0 m &
@ Intrinsic Impedance

2 Electromagnetic Waves in Vacuum
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The Elec ic Spectrum
Frequency (Hz) ~ Type
e
| 103 gamma rays
1072
IU'.‘I
. 10" X rays
The electromagnetic |«
10" ultraviolet
| 10 visible
Spectru m | 101 infrared
1013
1012
| 10"
100 microwave
10?
jlig TV. FM
107
100 AM
10°
104 RF
L1o’
[ The Visible Range
Frequency (Hz) Color
1.0 % 107 near ultraviolet
7.5 % 104 shortest visible blue
6.5 % 10M blue
5.6 % 101 green
5.1 % 10 yellow
4.9 % 101 orange

3.9x 101
3.0 % 10"

longest visible red

2 Electromagnetic Waves in Vacuum nearinfrared

Waw:lé_nglll (m)

10°T

1012

10-1

l“ 0

107

10°%

1077

10°%

10~%

104

10-3

102

10!

1

10

10?

10

10t

10°

10% ]
Wavelength (m)
30x107 |
4.0 % 1077
4.6 1077

5.4 % 1077
59% 1077

6.1 % 1077

7.6 % 1077 {
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Figure 3.1 Electromagnetic spectrum,
Frequency [Heriz) Wavelength in
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2 EIectromagnet;c Waves in Vacuum 33 2 Electromagnetic Waves in Vacuum 34
- - R =h Propagation vector k
Linearly Polarized Plane Wave E#R{R i BUATM L HEORES, EROFAELOAIML
E c
E(r,t)=E.e™*" N
= k

E(z,t) = E,e ™%, B(z,t) = 1 E giley
c

E(z,t) = E,cos(kz—at+5) X, B(z,t) :%EO cos(kz—wt+6)¥

2 Electromagnetic Waves in Vacuum 35

B(r,t)= lei(k'r_“’t) (|2 xﬁ) = l|2>< E
C C

A-k=0

2 Electromagnetic Waves in Vacuum
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d[l 1 }
mv-+ mv
dt 2

BIZ775T—DEAILY

\

d[lmv +1mv} J[H 6_B E-6—D}d3x+jdiv(ExH)d3x
dt 2 L at ot J
__ 4 [ H- B+ E- D}d x+j(ExH)nds

dt

j[rotH —@]Ed&
ot

RNA T 4 TR kv

INEELDT

d lmv +lmv+ I -D+B-HJd’x =IS-ndS
m 2

S=ExH

Poynting Vector : A 7 4 /X7 hv

IRIILF—R7EFE

S=ExH
A VT 4 TRy FTES - BEFUC TR 2 Wi & AL & 72 0 (@il 3
HERER O = HLF—ifi k8 LT D,

ELHERVNICEZ DN SEHEO= RN F—3RATEZ LN D,

1
Ue'm'=EJ[E~D+B-H]d3x

a 1mv +1mv +— I[E D+B-HJd’x _IS nds
dt 2

S()

Energy and Momentum in Electromagnetic
Waves

u:l(gOE%iBz] a
2 Hy

1
B = B = e E’

u=¢gE* =¢gE; cos’ (kz—at+5) cAt
1 . .
S — _( E X B) Poynting vector : The energy flux density
Hy

A a h ic pl
S _ C&'O Eg COSZ(kZ —ot+ 5)2 — cus Monochromatic plane wave

2 Electromagnetic Waves in Vacuum
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9.3 Electromagnetic Waves in Matter

Maxwell’s Equation in Matter

V-E=0
V-E=0 WAt v.B=0
V-B=0 T
D=¢E oB
VxE = _B 1 VxB=-—
T a H=—B o
OE a VxB = ue e
VxB= e, — a ot
ot
oL _¢
\/a n nz=., [(C,'r Index of refraction ~ fRHTE
n= &
3 Electromagnetic Waves in Matter 41 Eoly 3 Electromagnetic Waves in Matter 42
Poynting Vector in Matter Boundary conditions
RAVFU I NI
1 1
81 El - 82 E2
1 1 1 1
u=— (c;Ez‘i‘_B2 Bl :Bz
2 H I l
E =E
1
S=—(ExB)=ExH lpi-lg
H H H,
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Reflection at a Planer Boundary

@ E
)— 7 / // )—‘ Yo

Ex A z
BR i’ \
v, ‘—I// s Interface

3 Electromagnetic Waves in Matter

Plane waves in Matter

E,(z,t) = E, %" VX

BI (Z:t) = V— EOIe'(klz*wt)y
1

i(-kz-at) &
or€ X

Reflected Wave

= i(—kjz—ot) o
Ene™ ™y

E,(z,t) = E, ;&%

B, (z,t) = vi EOTe‘(kzZ*m)y

2

Transmitted Wave

3 Electromagnetic Waves in Matter
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Boundary Conditions

z=0

Em - EOR ::BEOT
vV n

[ = MV, _ AT,
Yy N,

3 Electromagnetic Waves in Matter
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Solutions

3 Electromagnetic Waves in Matter
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Reflection and Transmission Coefficients

2 2
Retr (B | _{ M=y
I| EOI n1+n2

2
T EI_T: &V, [EOT ] __4nn,
| (

Reflection and Transmission at Oblique

Incidence

kg

0z or

ky

0;

g

Plane of Incidence

2
Cavy LEy n,+n,
) K, ORO®
R+T =
IRIILF—REFH (EEASHDES)
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: Fresnel’s reflection and Transmission
TM (Transverse Magnetic) mode .
Coefficients
ek 2. K
§ Eg N Er 1.0
ky 0.8
’ EUT
“:/ﬁ,, 061 F,
2 04
02| 85
olarization of incident wave is parallel to 5 Eon W : :
fhe plante of incidencet P ' L 20° 40° 60° 80° | O
-0.2 Eo,
04t Ey,
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Reflected and Transmitted Power

1.0
os| |
& T
06
04
|« R GB
02 1
0.0 T I e

0° 10° 20° 30° 40° 50° 60° 70° 80° 90°
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FD-TD

Finite-Difference Time-Domain

Maxwell FFEXXD EFEHEE

3 Electromagnetic Waves in Matter
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B A ERELDBIEREE

Maxwell DT85t

EBARRHHAEHE e

B et s

B|aiE
(E—AUMEBREREK)

BHADIHAILE—|

| HIRERAFEM) |
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Maxwell D AFERX D —Rtik

H
rotHzga—E O, =—la d
ot ot & 01
oH
rotE:—ya—H 1%,
ot ot U oz
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il —ZZ R DB Rt

Z=1-AZ
t=n-At

F™(i)=F(z,t)=F(i-Az,n- At)

EREIDBEEE &
BERWROYUTILLELE

Figure 2-1: Yee's lattice for the FDTD method
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B - ZE M DED1E MaxwellD AFEXDE 1L
OE, 10H,
0E, _ 10H, ot g 07
ot g 0z L O 6Hy__laEx
Er()-Ep 1 Ty )R ) a.  uo
At g(i) Az At el 1 el 1
ol ol B () =Ef()———|H, 2(i+5)-H, *(i-2)
E;'()=E;()- At 2i +l)— H 2(i—l) Aze(i)| 2 y 2
Aze(i)| 27 2 L L At
) H, 2(i+5)=Hy z(i+5)_Azﬂ(i)[E:(i+1)—E:(i)} )
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BHAZHEDTILIVX L

: At e o1 = |
En+1 :En _ H 2 . _H 2 -
« (=E) s (i+2)=H, *(-2)
| 1 At o - .-
H, 2+ =H, (|+2)—Azﬂ(i)[Ex(l+1)—Ex(l)]

“EIZLIBTOBRBIZH ITAEHREZE>TERFE
DEWRETET 5,

ERDNSA—F(BER FER)EZEHICHE
HIADD
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FOTDETE7IILTY X L

BFZl n

|
ETT N
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~

FDTDY2alb—i3y

Figure 4-4: Field dismbution (a) and time-domain dma (b) with 11 14GHz sinusoidal
citaticn nftes 1500 time seps

o
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GAR=NT 57T 5DHSH

125w dipele antenna
+10 Uoltage at the fesding point
5
o0
-5
L 1 H
Time [nsec]
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Surface current and E-field of Vivaldi antenna
calculated by CST MWS

i 5 e O e 78

surface
current i

Comparison of antenna gain

S

1m
E-field
BREBEE (BW-MERERE) ICHITHEER
65 3 Electromagnetic Waves in Matter 66
. . —_ +H -
Return loss of the new Vivaldi antenna SAR-GPRAIZEERERLI-GEET7TFHT7LA
simulation vs. measurement
............................................. Slmmatlon
........................................ measurement
By ] > 3 A
Frequency[dB] 67 3 Electromagnetic Waves in Matter 68
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ENILTAToTTFHOREIESNBERDAI1R1E

3 Electromagnetic Waves in Matter 69

3 Electromagnetic Waves in Matter
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9.4 Absorption and Dispersion

MR &5 8Y

4 Absorption and Dispersion 71

Maxwell’s Equation in a Conducting Media

1
— V-E=—
J, =0oE s
V-B=0
VxE:_@
ot

oE
VxB=ucE+ ue—
H H ot

4 Absorption and Dispersion
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Electromagnetic waves in Conducting Media

a2E+ O'a—E V’B = 8828+ O'a—B
a M Moo TH o

E(Z,t) — Eoei(k_z—mt)’ E(Z,t) — éoei(l?z—wt)

V’E = ue

k? = pew® +ipow

RBAEX+HIRAAEX

7 1/2 7 1/2
k=% 1+[ij +1| x=ofE 1+(1] -1
2 ) 2 0]

Plane Wave propagating in a Conducting
Media

K=k+ix | )
—— y# E(z,t)=E,e ™ cos(kz — wt + 0 )X
~ - . ~ ~ . 1 _ N
E(z,t)= Eoe—xzel(kz—wt)’ B(z,t) = Boe—xzel(kz—aﬁ) d =— SkinDepth B(z,t)=B,e ** cos(kz — wt + o= +9)y
4 Absorption and Dispersion 73 4 Absorption and Dispersion 74
Boundary Conditions for a Conducting Media Index of Refraction of a Typical Glass
- 1.480 -
&E -&E, =0, E/-E}=0 ;
BlL 3 BZL _0 i Bln _L B! K, x a Kf Free surface current :E 1.470 |
H Hy g
£ 1460 F
p=Hlg,
me- 1.450 L -
e :[QJEWEM :[LJ £ T77 4000 5000 6000 7000 Angstroms
1+ 1+ Wavelength, A (in air)
Epe =—Ey,Epr =0 For a perfect conductor
4 Absorption and Dispersion 76

4 Absorption and Dispersion
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Firentze March 2019

4 Absorption and Dispersion

Phase velocity and Group velocity (FEiEE)

)
V= M Phase velocity {i#+H&EE
v - dﬁ Group velocity EERE
¢ dk
4 Absorption and Dispersion 78

Model of electron

4 Absorption and Dispersion
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The index of refraction and the absorption
coefficient
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9.5 Guided Waves &I

Wave guide ERE

E'=0
B =0

E(X, Y, Z,t) = EO(Xa y)ei(kZ—a)t)
B(X, Y, Z,t) = BO(X, y)ei(kZ—a)t)

5 Guided Waves 81 5 Guided Waves 82
Electromagnetic Waves in a Wave Guide Guided Waves
E(Xa y,Z,t): EO(XJ y)ei(kkwt) E L [kaEz+ 6sz
~ ~ : = @
B(x,Y,z,t) = By(x, y)e'"“ % & 5B B _ o B, B . o B B o (oKl ox oy
. ox ©ox ¢’ x oy T oax oy ¢ 1 0, 0B
E,=EX+E,J+E,3 % % x x o ¢ E = kz[kﬁwa;]
R OE, _ikE —iwB 0B, _ikB ——'EE oE . . OB . o (w/c) -
_ & " | y_lw X | y — | 2 =x z _ikE ZICOB, z_ikB, =—-i—E
B,=B,Xx+B, y+B,7Z oy c y oy y Pl g o | [kaBZJrQaEZj
" (w/e) -k x oy
_ B ike, - %Ex —ioB kB, - Br— i 2E ie % _iup kg B @
VxE _E " ox B, KB, x Y ikE, o —Ia)By,IkBX x I02 Ey B, - 12 (kanﬁzaEZj
1 oE (o/c) k> oy ¢ o
VXB:C—ZE
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Wave Equation of Guided Waves (BE&AEX)

EHAVRLIREERE T SRERRTESES
B,=0 TM waves

2 2 2
{;—2+8—2+(gj —kz} E,=0
X Ae E,=0 TE Waves

{iﬁ_ﬂ(ﬁjz_kz};z _,  B=E=0 TEM Waves

Rectangular Wave Guide

B, (X, y) = X(X)Y(y)

Py
OX e LY e

OX
1

X ox

2
—kf—kj+(9j -K2=0
C

REAIRIVITEREM G EL M EREL

2 2 2
{iz+iz+[g) _kz}sz _
ox~ oy c

A2 2 2
X +xﬂ+[(9j 7k2}xv =0
- C

XaY ayz— Y

X (x) = Asin (k,x)+Bcos(k,y)
k,=mz/a(m=0,1,2,)
k, =nz/b(m=0,1,2,)

B, = B, cos(mzx/a)cos(nry/b)

a)<c;r\/(w/c)1 —;zz[(m/a)Z +(n/b)l] =@y,

Cut-off frequency for Mode mn

5 Guided Waves 85 5 Guided Waves 86
. . Coaxial li dmit: _ _
Plane Waves traveling in a Rectangular Wave Coaxial Cable mode with E,=0,B,=0
Guide EES—T )L E e B B o,
ox oy Pox oy :
Ee ik, —ioB, Be ks, =i 2E,
4= » ¢
AN AIRERRRRRRRRS AN N N ikE;aEXZ=iny,ika%=*i§Ey
kf
e\ (e
z cB, =E,,cB, =-E,
N ANNRRN \7[\))3\ = AN AN 8EX_%_OE_3EX_
- ox oy ox oy
ave fronts
® B, B B _
x oy ox oy
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Waves in a Coaxial Line

_ Acos(kz - at) 5

E(s,9,2,1)=
S
B(s.4.2.0) = Acos(kz —a)t)é
CS
TEME—F

o EET—T I TEETIEHRIEITEME—F

o HEBIN2ODEERLNHNILTEME—FHEHRATEE
BRIV IFESRY
TEHREBLIRENET S
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