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1. Maxwell's Equations

» Maxwell's equations (ME)

V-D=p (Gaussslaw)

VxE= —% (Faraday's law)

V-B=0 (Gausss law)

VxH=J +%—? (Ampere's law)

= MEintermsof E and H

V-E=ple

VxE:—,u% (Faraday's law)
V-H =0 (Gausss law)

VxH=0cE+ g%—f (Ampere's law)

Materials electrical properties

D = ¢E (dielectric property)
B =uH (magnetic property)

J = oE (conductive property)




» Sinusoidal field
& =Eycos(wt + ¢,)
%:HOCOS(C()t+¢h)
g—)ja) and a’t—)i
ot jo

E =Ege’% : electric field phasor

H =Hge’” : magnetic field phasor

= ME in phasor form

V-E=ple
VxE=—jouH
V-H=0

VxH=(o+ jowe)E




2. Power and Energy in Electromagnetic Fields

Power in terms of voltage and current
DC.
10°

1 .
W ==-V0O===— (dc capacitor stored ener
> 0 > C (dc cap ay)

dw 120 dQO .
P=—=—""="==J7 (dc acitor power
di 2 C dt (de cap P )

AC:

v(t) =V, cos(wt + @,), i(t) =1 cos(wt + @)
V=Vee!?, I =1

(6) = vi = %Volo[cos(gév _4) 0052wt + 4, + §)]

1
PdczaVolo

1 (7 1
By =<p >=? .[o p(r)dr :EVOIOCOS(¢V -4)

P, = % Re(V[') = % Re(V'I)

P= %VI "= %V*I (complex power)




= Power lossin diglectric materials
1 _lq

== capacitor stored ener
WESV =S5 (cap ay)
dv 1 1
=C—= o P="VI=2V (joCV)==(jw)C|V
p=Vii ” > 2(] )(J)II
C= 8’—’5”—
('—J )d
1, .S 1, .S
P=—(w«9)—IVI2+J—(60<9)—IVI2
pVE e —Y|V| £
2 & 70200 e, €’ Ia/
Y:1+ja)C
R
d d . . . .
= = (resistance in parallel with capacitance)
(we")S oS

C= g’g (capacitance)




= Complex permittivity and electric |oss tangent

e=¢& — j&"| (complex permittivity)

"

tans = - (loss tangent)

4

g'=¢gy¢,. accounts for dielectric polarization

" accounts for diglectric loss

&9 =8.854x107" F/m (permittivity of vacuum)

.. relative permittivity = dielectric constant

r

g', " materials with dielectric polarization and dielectric loss

4 "

g, |o=we"|. materials with dielectric polarization and conduction loss




Power loss in magnetic materials

w= %i¢ = %Li > (magnetic energy stored in an inductor)
, di 1 . 1 ., . 1, . 5
=vi,v=L——>P=—I1V=—=1I (joLl)=—(jw)L |1
p=vi,v=L— > 2(] )2(J)||

L=(u- j,u”)% (inductance of atorroidal inducton

Inner Core
| Material

1 " A 2 . 1 ' A 2 - /Cross-secticnal
P =—\0 — ] + 77—\ — ] ~— = R Area, (A)

2( ﬂ)€| | J2( ﬂ)€| | ( o
P=lRUP+joiL|IR=121V] < A

2 2 2 i Number of Turns (N)
Z=R+ jol | S

A . . . . . L
R= a)y"NT (resistor in series with alossless inductor) K )
2

L=y NKA (inductance)




= Complex permeability and magnetic | oss tangent

u= ' — ju"| (complex permeability)

=—| (magnetic loss tangent)

M=ol

. accounts for magnetization of a material

1" . accounts for magnetic loss of a material

1y =47 x107" H/m (permesability of vacuum)

u,. . relative permeability



= Power density of electromagnetic fields
- Use an ideal parallel-plate capacitor to understand the concept

V =FEd Ve

I =WH L4 & ﬂ# .'f'
1. 1. d’I e YEL v

P=—I1IV=—-V1 ,

2 2

1. 1. B a—
P=ZH E(Vd) = E"H(Wd)

S = %H E= %E*H (complex power density of electromagnetic field)
1_- 1 X . . .
S= > E xH= > ExH | (Poynting vector = electromagnetic power density)

S: complex power density vector (in the direction of wave propagation)



(J = charge on

- ¥ +plale+ ¥ | +|:"I4I-E=It'E E':E?A !
= Stored energy in electric field dl l;,_-=E=£
e d
L l ]
w=%Cv2 :%gg(Ed)z :%gEZ(Ad) . parallel-plate capacitor

W :%D E= %DE (Jm?, electric field energy density)

W = %DE* :%E* (&' — je")E = %(5' —je" |ET (phasor for electric energy density)

P=(j20)W = %(a)g”) |E +j%(a)g') |E [ (phasor for electric power density)

P = %(a)e") |E [= %a |E = %JE (electric loss power density)

P= %(a)g’) |E [ (stored electric power density)
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= Stored energy in magnetic field

w:%Li2 :%yg(Hal)2 :%,uEz(Sd) . solenoid inductor

w=%B -‘H :%BH (Jm?>, magnectic field energy density)

W = %BE* :%H* (i — ju")E =%(,u' —ju")|HF (phasor for magnetic energy density)

P=(j20)W :%(a),u”) | H +j%(a),u') |H [ (phasor for magnetic power density)
P = %(a),u”) |H |° (magnetic loss power density)
1

P = E(a)y’) | H |° (stored magnetic power density)
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3. Poynting's Theorem

Power balance equation in electromagnetic field

P,=P.+ B+ j20(W, ~W,)

P =—%j (E-J,+H -M)dV : source power in ¥/
V
P, =%Re<j} ExH -dS: power radiated through S
S

P :%j [(o+we")E* + ou"H?]dV: power lossin V
,

W, = % j w'H?dV : stored magnetic energy
V

W, = % j g'E4dV : stored electric energy
,
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4. Impedance and Admittance

* Impedance and admittance in terms of terminal current and terminal voltage

2R, B +P+ 2000, -W,)

s

In

_|]|2_

[ : terminal current

Y.

11712

2R, K +BH+j20W,-W,).

In

_|V|2_

J : terminal current

|V 712

. Input impedance

. Input admittance
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5. Wave Equation

» .Electromagnetic field in charge-free region

p =0 (incharge-free region)

V-E=0, VxE=—jouH

V-H=0, VxH = jwcE

VxVxE=V(V-E)=V?E =—jouV xH = 0° ucE

Similarly,

(V2 + a)z,ug)E =0

(V2 + a)zyg)H =0

wave equation for electric field

wave equation for magnetic field
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0. Planewave

= Planewave: one-dimensional wave

0

—:O,E:O,giO
ox oy Z
OF
v.g= Py OB =0—>E, =0
ox oy Oz
szd_z
dz°

2
(V2 + a)zyg)E = (dz + a)z,ug] E=0
z

E — E+e—ij + E—e-i-ij

Ete /¥ : wave propagating in +z direction

Ee™/* : wave propagating in — z direction

k = o\ ue =277[ (u, & red) : propagation constant

A: wavelength
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Intrinsic impedance
E=E Xe /**

~

k =Z : direction of propagation

H:_,LVXEz— L (2 aij

Jou jou\ 0z
1 . i

(- K)E, e
JH

H= iEx 9e_jkz = lEx)Ale_ij
n

H:lsz
n
;7:%: £\ intrinsicimpedance
&

Mo = /% =376.73 Q| (in vacuum)
0

E:onﬁ

magnetic field

plane of polarization

transmission direction
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/. Coding Example

Planewave

Input: 1, u,, ¢,

Calculate: &, 4, n
w=2rf
U= Lol , HUy= 47 x10™" H/Im
£ =6p€,, €9 =8.854x107" F/m

k = w\| ue
A=2rlk

M=
g

17



18



