Electromagnetics Theory

Plane-Wave Propagation

Outline:
1. Review of Waves and Phasors
2. Time-Harmonic Fields

3. Plane-Wave Propagation in Lossless Media
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Introduction
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Uniform plane wave

To describe the propagation of a spherical wave
&
Cartesian Coordinate System

o Spherical Uniform plane wave -
Radiating wavefront :
antenna t /
\’ ” “ R s \/ \‘
’ - \ \‘ ‘\ \ ‘l
; Y < \/ N Vo Aperture
\ ' \

~ ¥
' : ] ﬁ\\ “ \ll l: : :_ /
fl ) Xf i~ 0~ 1= Observer
’ St : b 3
y) " 1
i ] )
] [}

(a) Spherical wave (b) Planc-w

ave approximation

BEKP 3553 22 September 2006 3



Review of Waves and Phasors

Sinusoidal Wave in a Lossless Medium

A medium is said to be lossless if it does not attenuate the
amplitude of the wave traveling within it or on its surface.

y(x 0)

LAY 7 N7 )= AcosCm =+ 4y)

(a) y(x, ) versusx atr =0
07
50 Ampli tude wavelength
A

Period Reference phase

N R — §,0) = (-2 gy) | Phase

(b) y(x,f) versustatx =0 l
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Phase velocitz

Phase velocity (up)

o(x,t) = 27zt ey =2nrz, n=012..
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Phase velocity (cont’ed)

Phase velocity is the velocity of the wave pattern.

Direction of propagation

If one of the signs is +ve and the other is —ve =2 wave in + x-direction
If both signs are +ve or both are —ve 2 wave in — x-direction

@, = has no influence on either the speed or the direction of the wave
propagation

2t 2mx
P(x,1) = ( e

+ )
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Phase velocitx, Ehase constant

y(x,t) = Acos(27y‘t—2—x)

= Acos(ot @c)

// z

= 27# (rad/S) Angular Phase constant/ IB 7 (rad/m)

velocity wavenumber

u,intermsof wand § == u, :%):f/l

BEKP 3553 22 September 2006 7



The role of reference [:_)hase, QQ

Lesads ahead of ¥ Reference wave {l:tlﬂ =0)
reference wave '

Lags behind reference wave
o
¢y =1/

A+

y(x,t) = Acos(wt — Px
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Sinusoidal Wave In a Lossx Medium

y(x)

— -
0 3
Sm -
10m - [Unit: Np/m]
(Attenuation factor, e—*) (Attenuation constant, «)

y(x,1) = Acos(a)t — fBx+¢,)
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Example 6-1: Sound wave In water

An acoustic wave traveling in the x-direction in a fluid is
characterized by a differential pressure p(x,¢). The unit for
pressure is N/m2. Find the expression for p(x,¢) for a
sinusoidal sound wave traveling in the positive x-direction In
water. Given:

f=1kHz

u,=1.5 km/s

Amplitude = 20 N/m?

p(x,r) maxats=0,x=0.25m.

Treat water as a lossless medium

p(x,t) =20c0s(27 x10°%¢ —%rx + %)
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Example 6-2: Power L0SS

A laser beam of light propagating through the atmosphere is
characterized by an electric field intensity given by:

where x 1Is the distance from the source in meters. The

attenuation Is due to absorption by atmospheric gases.
Determine:

a) The direction of wave travel
b) The wave velocity

c) The wave amplitude at a distance of 300m
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Review of Complex Numbers

Complex number Real
Imaginary
part art
Im(z) 1 5 j v/
A A =108 Z=XtJy
)- ; y=Izl sin O
izl =3 x2 + y2 :
CTVETT 2=z @ = |z| L6
0 =tan’! (y/x)
efv=cos @+ jsin 6
> Re(2)
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Review of Phasors

What is phasor analysis ?

c Is a mathematical tools

C Solving linear systems with
periodic time function

Simple RC circuit Objective: Obtain an expression for current i ()
R
+ —c v () =V sin(wt + ¢,)
vs(?)
_ Yi
i(r) =7??
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Review of Phasors (cont’ed)

Step 1: Adopt a cosine reference

v (t) =V sin(wt+¢,)

!

v, (£) =V, cos(wrt + ¢, — %)

Apply KVL

L.
vs@_f\) } Ri(z)+%:z’(t)dt=vs(t) (time domain)
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Review of Phasors (cont’ed)

Step 2: Express time-dependent variables as phasors

2(f)=Re[Ze'"] (& wO-Voos(artd—2)

Time-independent

phasors
Recall:
t+¢ ——) 1 . .
v, (t) — Re[ V e ’ ] Ri(t)+6ji(t)dt:vs(t) (time domain)
(¢O__) wt .

— ?e[ V e ~’ ] +vs(t) IS now represented

with time-independent
= Qe@e””] phasors

What next?
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Review of Phasors (cont’ed)

— i(t) = Re(le’™)

Recal: —

Ri(1) +%<E(t)/d>= v () (time domain)

;

Solution:
di ’ ’ i

l ~ .
—=Re[jwle’™] |[id=Re[-—e]
dt jo
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Review of Phasors (cont’ed)

Step 3: Recast the differential/integral form equation is
phasor form

Ri(?) +% j i(f)dt=v (f) (time domain)

.
T jor 1 ; ot - jot
R(Re[Ie’”])+—=(Re[—e’™]) =Re[V.e’“]
C jw
4
f(R +.i) = f (phasor domain)
jaC
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Review of Phasors (cont’ed)

Step 4: Solve the phasor-domain equation

% 7o VewC  iga

;: S
R +1/(jwc) — Y1+ 0?R2C?

Step 5: Find the instantaneous value
i(r) = Re[Te/™]
_ Re[—te@C i) o)
\/1+ w’R°C?
3 V. awC
K/ 1+ w°R°C*
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cos(awt +¢@, —¢,)




Time-domain vs phasor-domain

z(1) A
Acos ax < A
Acos(®f + do) ALl
Acos(®t + Px + do) > AeiBrtdo)
Ae ™ cos(@r + Bx+do) & pe W HBrtdo)
A sin ¢ S pe I
Asin(®r + o) > piH{do—n/2)
o —
E(EL ) —  joZ,
%[A cos(®f +¢u)] o j@qgﬁbn
1 ~
[atdr & G
— !

fA sin(®t + do) dt
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Example 6-4: RL Circuit

The voltage source of the circuit shown below is given by:

v (¢) =5sin(4x10%¢—30°)

Obtain an expression for the voltage across the inductor.

; R=6
- AVAVAV .
+ A
vs(?) VL L=02mH
] Y
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Time Harmonic Fields

In the time-varying case, the electric and magnetic fields (E,
D, B and H) and source (p, , J) are each, in general, a function
of the spatial coordinates (x, y, z) and the time variable .

E(x, v,z,t) = Re[E(x, v, z)e’™]

V-E=p l¢
Maxwell’s equations VxE = —jco,ul:l
V-H=0

VxH =3+ja)5|§
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Complex Permittivity

VxH=J+ josE ;J=0E

= (G+j(05)|§

Complex permittivity, &,

For a lossless medium, c =0, g, = ¢
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Wave equations for a charge-free medium

Charge free = p,= 0

Maxwell’s equations
for charge a free

medium

2 = 2 —
Homagenous wdayve :> v E"‘a) ,ng :O

—

equation for E

2 2
Propagation constant : ') = — Q@ HE
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Wave equations for E, H

V2E+ a)z,ugclg =0

=)

V2H +a)2,ugCI:I =0

Wave equations for E

Vzé—yzé =0

Wave equations for I

V2|:|—7/2|:| =0
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Plane-Wave Propagation in Lossless Media

Lossless media = nonconducting medium (c=0)

7/:

2
—° UE

Wavenumber k (lossless)

kza)\/ﬁ
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Uniform Plane Waves

A uniform plane wave 1s characterized by electric and
magnetic fields that have uniform properties at all points
across an infinite plane.

Uniform plane Wave —_

Assume x-y plane

) \“- /

Aperture

i 5
1 >= Observer
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Uniform Plane Waves (cont’ed)

VxH=jowsE
Taking the Curl on
ﬂ the z-component
L OH, OH . . -~
I(———2)=ZjweE.
Ox oy
gs
OH  oH .
oM o L E. =0
Ox oy

A plane wave has no electric- or magnetic-field
components along its direction of propagation
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Uniform Plane Waves (cont’ed)

Uniform plane wave—__ | Assume x-Y plane

-\/ AR Vo Aperture
W0 . N ———— z-direction
—II]I— Do = 1 = Observel ey

N E ()= E (z)+E @)

(b) Plane-wave approximation

+z-direction —z-direction
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Uniform Plane Waves (cont’ed)

Objective: To get the relationship of E and H in plane wave

propagation

Assume E has only a component along x-direction, E,=0

R 9 2 == o Vo'=Zoly
VxE = g 9 9 ' Z =~
R ) 5 __ 1 OE()
E'(z) 0 0 ' _jou oz
=—ja)y(§(ﬁx+§/f[y+2flz) [
] n ll’l ns l C k k T
] d + Lt 7 _ + —jkz _ yr+ —jkz
Hmpeddnce HyO _ a)_ExO <: Hy (Z) o Eer o Hyoe
ou \/; QO a) Iu e
n=——n=
k &
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Transverse electromagnetic (TEM) wave

complex
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Transverse electromagnetic (TEM) wave...

The instantaneous electric and magnetic fields are given by:

E(z,¢) = Re[E(z)e’™]

E’|cos(wt —kz+¢") (VIm)

H(z,t) = Re[H(z)e’™]

E
7

= X

=y cos(wt —kz+¢*) (A/m)

They are In phase
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Phase velocity for Plane Wave Propagation

Recall:

27
y(x,t) = Acos(2xft —7 X) u, :ﬁ)_]%
= A cos(awt —,Bx) p

Deduce from:

E(z,7) = Re[E(z)e’™]

p = 27” (rad/m)

(m/s)

, O 0 1
=XEy(cos(wt~kz+¢") (VIM) |7 |k wue ue
2r U
. =2 (m)
If the medium is vacuum, u,= ? n =2 k f
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Example 6-5: EM Plane Wave In Air

The electric field of a 1-MHz plane wave traveling in the +z-
direction In air points along the x-direction. If the peak value of
E1s1.27 (mV/m) and £ Is max. at ¢ =0 and z = 50 m, obtain
expressions for E(z,7) and H(z,), then plot these variations as a
function of z at #=0.

X
4

1.2n (mV/m) |
! \\‘ A
E

u/ \
yo L0 (A/M) o /f“\\
H H / ]|
k
E &
' ‘/\ Z—
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General Relation between E and H

A= TkxE
- L
” E =-nkxH

When we rotate the four fingers of the right hand
from the direction of E toward the direction of
H, the thumb will point in the direction of wave
travel, K-hat
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Exercise

A 10-MHz uniform plane wave is traveling in a nonmagnetic
medium with p =y, and g, = 9. Find

@ T
(o) T
©T
(d) T

ne phase velocity
ne wavenumber
ne wavelength in the medium

ne Intrinsic impedance of the medium
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Thank You

e ——
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