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UNIFORM PLANE WAVES (PROPAGATION IN FREE SPACE) i\

Starting with point form of Maxwell's equations for time varying fields in &Q
space: &Zﬁ

oB oH

VxE=——=—pu, — @&

ot ° ot

kah:%?:50%§ ~ qu:
VeE=0
VeH=0 iy'
Let EgS:}
.’
O

E=E(zh,  °

Then
=T @——ﬂ&é@a

oz Y ”°atQ,

oH %’
VxH=- y?&: oﬁzganxéx
Collecting results

a X
OE, 0 fbc:o oH oE
=M .~ %
0z oz ot
gg)gl reminder of telegraphist equations!
ns, differentiate the first w.r.t z and the second w.r.t t

And

To obtain the wave
and rearranging,to ge

. % 0°E, 0°E, [One dimensional
= E —
\ 0z° Hoto ot? | wave equation for E
Or revers{rWerentiations to get:

Q” 82Hy azHy One dimensional
2~ Mo, 2

O oz ot

A%’é general solution is given by:

@& E.(z,t)= fl(t—§j+ fz(t+5j:E++E‘

\

&b‘ From which the velocity of wave propagation may be deduced (by substituting 7,
N in the wave equation, performing the indicated diff’s)

wave equation for H
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—W—3x108(f7y)=

TEM waves: Transverse ElectroMagnetic waves implies E is perpendlculart
and both lying in a transverse plane (a plane normal to the dlrec
propagation)

Uniform Plane Waves UPW: E and H fields have constant ma and
phase in the transverse plane. (Constant phase and amplitude). ?b‘

For sinusoidal waves:
E, (2.t)=E(z,t)+E (2t
M g
Wk Z+o]
Y 4

=|E,,|cos

(—H‘

=|E|coslot —k,z + ¢, ]+ |E,,

rad it ti
a)—>( /‘;)—> phas er unit time
rad - it di
K, —>( %n)—> pha t perunit distance
const ase implies
wt—K = constant

% Z+q)1]— t[constant] 0

'&dz 0 )
— =—=V_=c(in freespace
a  k, ° ( pace)

The wave numb@;{ree space is defined as:
w
> R

T4
TRe number is a property of a wave, its spatial frequency, that is proportional to
e ’goiprocal of the wavelength. It is also the magnitude of the wave vector (to be seen
ter). The wavenumber has dimensions of reciprocal length, so its Sl unit is m™.

Q)& Simply the number of wavelengths per 2z units of distance.

;‘bc:o Also the wave length is given by:
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2r C
ﬂ’o = 0 0 (m)
2 k, f
dlstanhceh
over whic
thespatial \Q
phase shifts
by 2n

Maxwell's equations and the wave equations may be written in fr@ cy
domain with the help of the transformation;

a .%\%?’
— > jo
ot
e B o
ot ot
oD

VxH=—=goa—E - VxH .E
ot ot

VeE =0

3D WAVE EQUATI%@REE SPACE)

Taking the curl of the first equation, nam

V%V x Fq)‘%—j @ 1,V xH,
Using the identity %

%%4 —V(VeF)-VF

Substituting

gz =V(VeE,)-V°E, =—jwu,VxH,
Using the rest of Ma equatlons

—JouVxH
_szs = _j CO,UO(— ngoEs)

(\;b V’E, = - u,&,E,
VZE =—k’E,

Vector Hehholtz eqLB.tIOI‘l(VVave eqation for E)

W"'

& - ol ()

&bﬂ Similar approach may be followed to obtain the wave equation for the magnetic
S field
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V2H, =k, (\
VectorHeImhoItzequatloo Wave eqationforH) Q'/
RELATION BETWEEN E AND H EI !

For the previous assumption E=E ( )ax, the wave equation reduces to: 6&

d°E
T() _ko Exs( ) @
With the frequency domain solution given by:

E.(z2)=E e ™" +E e’ &
But from Maxwell's equation E

VxE,=—-jouH
dE . (z i
dxsz( ):_Ja)ILlOHy )(b
Substituting the solution Q’
diE, e’ +E, & :
e ea O

Differentiating and solving for H ( &

Identifying

A@’he intrinsic impedance of free space is

%@& o = 5— = ’:— =120z =377(Q)
O

yo 0
Y
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E H
— X0 (%)
770 - H' - (Q)
Yo €o

”‘q I ’? e "f; jf 7
TT\‘u_;Il ;r h‘ = //‘Z‘/\; /\y//ﬂ" .
v /, /_ 24 _Z_‘E.://j? ;.

Figure 11.1 (a) Arrows represent the instantaneous values of E,p cosle(t — z/c)] at

t = 0 along the z axis, along an arbitrary line in the x = 0 plane parallel to the z axis, and
along an arbitrary ling in the y = 0 plane parallel 1o the z axis. (b) Corresponding values
of H, are indicated. Note that E, and H,, are in phase at any point in time.

It c;u@shown that:
a xE A
H=-" E=-n,a,xH
T,
Y Or
. A P n
Q'& a, =ag xay

Where .
a,: unit vector iR t jrection of propagation.
ag : unit vecgor ¢ %9 direction of E.

a,, : unit véctpr iwthe direction of H.
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Q;\

Solution. We first go to exponential notation, Q
£,(z, 1) = Re[100¢ ,.'zm“r_n.ﬁ;+3n~:-]

Let us express £,(z, 1) = 100 cos(10% — 0.5z + 30°) V/m as a phasor.

y

1R

and then drop Re and suppress ¢/™ ", obtaining the phasor

E,.(z) = 100e—/05+30°

=
[EST

Given the complex amplitude of the electric field of a uniform plane wave, E; =
100a, +20.30°a, V/m, construct the phasor and real instantaneous fields if the wave

1s known to propagate in the forward z direction in free space and has frequency of
10 MHz.

Solution. We begin by constructing the general phasor expression:
E,(z) = [100a, + 20" a,] e~k

where ky = /e =2 % IDTH » 10* = 0.21 rad/m. The real instantaneous form is
then found through the rule expressed in Eq. (19):

a7 57 7 =T I | Bl . 7
E{Z, I} — Rﬂ[lmﬂ' _.II}.‘l._E_.lgrxlﬂ rﬂx 4 EDF"IJD e _.l[:'._].._gj_.‘T =10 lﬂ_‘.]
— Rﬂ[lmgﬂl'rxIﬂ'r—ﬂ.EI:IﬂI + zugjll'rx.l.ﬂ'r—ﬂ.ﬂl:+3[?“ :I“}']

= 100cos (27 x 107t —0.212)a, + 20cos (27 x 107t —0.21z + 30°) a,

Ve

A o
Y .
Ex. 12.1: t.®(24—400éx —34200éyk_10'072( m) for a uniform plane
wave travél] free space. Find:
1) w
9 H, ’2,3,t =31ns)
%) J%,’@ t=0 @ theorigin
& E PROPAGATION IN DIELECTRICS

COQ) Assuming a simple dielectric, the wave equation is written as:
&b, V’E, = —k°E, (Wave egationfor E)
S Where K is the wave number.
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K = w\gu (\
V4

Allowing the permittivity to be a complex constant (to be explained later), implieQQ
that the wave number may be complex and it is called the complex propagal?g

constant.
o

The propagation constant of an electromagnetic wave is a measu:fw nge

undergone by the amplitude of the wave as it propagates in a give n. The
propagation constant itself measures change per metre but is otherwise$imensionless.

The quantity measured, such as voltage or electric field intensi/Ns expressed as a
sinusoidal phasor. The phase of the sinusoid varies with dlsta ich results in the
propagation constant being a complex number, the imagin pgs being caused by the

phase change. \

For a One dimensional problem E, = £, (Z)We wave equation reduces to
dZE ( ) ()

e ”+E e’’

&- —E, e +E, ek
_ ~az o= JB ' p0Z o8
. D =E e e’ +E e”e”’’
Transferring te t tlomain, and considering only the forward part:

‘b‘ E (z,t)=E e coslot — pz)

Define
So, the solution is given by (ﬁ(
’zﬁ—

holes

@3*

o

Define ;Eé omplex permittivity (dipole oscillations and conduction electrons and

e=¢e—Je'=¢e, — Je,&, = go(g, — JZC:,)
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k=w@=wm=w\/ﬂ8'(1—f%] i\
&'’ 2 QQ.
= ,ue'Kl—J' ?ﬂ @&v
>

With

Clearly from the time domain expression of %{,t ) the phase velocity is given
by:

And the wave length is (distance red to change the phase by 27r):

And the magnetic figtezagsdciated with the forward propagating part is: (can be

found through the us® 0y Maxwell’s equations)
. N H (Z)= E e’’’ = E—Xoe‘f“

> e
Exo e—aze—]ﬂz . Exo e—aze—jﬂze—j@;

’ n I
Wﬂﬁ@ltrinsic impedance being a complex quantity, given by:

Ko
S0
&
Y
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Since (\
E (z, )— E e coslot - z) Q.’

H,(z,t)= | X“’ e ** coslwt - pz - 0,)

Then £, leads H, by 6,.And you may do the same for the backward wi e.E

Lossless medium (Perfect dielectric) ‘b?‘)

e'=0->e=¢'=¢,¢,
&.
=0

o =Rely}=Re{jk|= \/7[ 1+( &
«\jb
ﬂ=Im{7}=Im{Jk}:wE e'j +1} o
N
O
Vfﬁﬁm(”%)
Q&; 2t _ o
.6’,3 B woJeu fm m
O
kg e

;‘b“% —>‘77‘:770 'z—r’ & 6, =0
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E, and H, are in phase

Let us apply these resulis to a 1-MHz plane wave propagating in fresh water. At
this frequency, losses in water are negligible, which means that we can assume that
e = (. In water, ur = | and at | MHz, ¢/ = Bl

Solution. We becin by calculating the phase constant. Using (453) with € = 0, we
have

w.,'.-'q B 2w o= 10681

_ — 0.19 rad/
C 3.0 % 1P radim

B = wy/pe’ = ooy €l =
Uszing this result, we can determine the wavelenzth and phase velocity:

2 2
— =—=33m
AT

p = = = m—— 3.3 107 mis

The wavelength in air would have been 300 m. Continuing our calculations, we find
the intrinzic impadance using (48) with ¥ =k

i 377
a;-=1r.'£r="—”_=_=4zn
L3

v Er
If we let the electric field intensity have a maximum amplitude of 0.1 V/m. then
Ex = 0.1 cos(2x 10° — .192) Vim

E
Hy = ?‘ = (2.4 x 10~V cos(2x 106¢ — .197) A/m

D11.3. A 9375-GHz uniform plane wave is propagating in polyethylene
(see Appendix C). If the amplitude of the electric field intensity is 300 Vim

\ and the material is assumed to be lossless, find: (a) the phase constant; (#) the

wavelength in the polyethylene; () the velocity of propagation; (d) the intrinsic

& impedance; (¢) the amplitude of the magnetic field intensity.

Ans. 795 radim; 2.13 cm; 1.99 » 108 mis; 251 ©; 1.99 A/m
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We again consider plane wave propagation in water, but at the much higher micro-
wave frequency of 2.5 GHz. At frequencies in this range and higher, dipole relaxation
and resonance phenomena in the water molecules become important.” Real and imagi-
nary parts of the permittivity are present, and both vary with frequency. At frequencies
below that of visible light, the two mechanisms together produce a value of € that
increases with increasing frequency. reaching a maximum in the vicinity of 10" Hz.
€" decreases with increasing frequency, reaching a minimum also in the vicinity of

10"* Hz. Reference 3 provides specific details. At 2.5 GHz, dipole relaxation effects

dominate. The permittivity values are €, = 78 and €] = 7. From (44). we have
172

2

(2r % 2.5 < 10978 [ | ( 7 )
o= N+ =1] =1 =21 Np/m
(3.0 x 108)42 \ 78 p

This first calculation demonstrates the operating principle of the microwave oven.
Almost all foods contain water. and so they can be cooked when incident microwave
radiation is absorbed and converted into heat. Note that the field will attenuate to a
value of e~ ! times its initial value at a distance of 1 /& = 4.8 cm. This distance is called
the penetration depth of the material, and of course it is frequency-dependent. The
4.8 cm depth is reasonable for cooking food, since it would lead to a temperature rise
that is fairly uniform throughout the depth of the material. At much higher frequencies,
where € 1s larger, the penetration depth decreases, and too much power is absorbed
at the surface; at lower frequencies, the penetration depth increases, and not enough
overall absorption occurs. Commercial microwave ovens operate at frequencies in the
vicinity of 2.5 GHz.

Using (45), in a calculation very similar to that for ¢, we find § = 464 rad/m.
The wavelength i1s A = 27 /8 = 1.4 cm, whereas in free space this would have been
=c/f =12 cm.

Using (48), the intrinsic impedance is found to be

377 1
= ——
1= B II= 01

and E, leads H, in time by 2.6° at every point.

=434+ 719=4326"Q

1

\A
(\;}} (Lossy Dielectrics)
N

VxH, = jwcE, = ja)(g'—je”)Es
= Joe'E, + we"'E,
the other hand,
VxH, =3, + jocE,=cE, + jwe'E,
c\OQ)&:omparing the two equations

&
Y

we''=0c > ¢&''=

SHIS

Also from the second equation

Dr. Naser Abu-Zaid Page 11 7/22/2012
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‘ J = (o+jwe)E, %

Figure 11.2 The time-phase relationship
between Jgs, Jos, Js, and Es. The tangent of 6
is equal to o /we’, and 90° — 6 is the common
power-factor angle, or the angle by which Jg
leads E-.

J. and J, are 90°out o@%hase, and we identify the material as having
large losses or small losses depending on the magnitude of the loss tangent

defined by: QK.
Loss tangnet= tan(g)= < = Z
&

. " we'
0 is the a&ﬁb&ich J, lead the total current density J

y Good Dielectric Approximations

QD ; o
\Q ——<<1 or — <<1 Smalllosses
Y» & s

B

Y

O
1
E

90
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1 (\
lu _ |uly o2
= |— = |— 1 —
T 5'[ J wg'} Q:

The above two exact expressions may be approximated using the binogia
expansion %’r

+x) = +nx+n(n_1))(2+... x| << Q&
Gx) -1 Mt oSS

2!

Hence

Why Complex Permittivity?

(b 8 =gl_j8ll
So, again )‘ Amper's law

VxH, = jo(e'—js")E, = jwe'E, + ws"E,

Energy Lossmechanism
v storage or,may be

mechanism treated

Jy asdielectric
& conductiviy

cxoz) And the loss tangent shown earlier is:

Y

Losstangnet=tan(@) = g—
&

Dr. Naser Abu-Zaid Page 13 7/22/2012




Dr. Naser Abu-Zaid; Lecture notes in electromagnetic theory 1; Referenced to Engineering electromagnetics by Hayt, 8"

edition 2012;

Even if the conductivity is nonzero (a;tO) but quite small, still we may write (\
Amper's law as: ,

VxH, =cE, + jo(e—js")E

= oE; + Jwe'E, + we'"'E, ?ﬁ
Conductor Energy Dielectric Loss
loss storage mechanism @
mechanism  mechanism or,maybe %
Je Jq treated as ‘bﬂ
(dielectric conductivity)
So, we may write &-

VxH,=cE, + jo(s'—j&"

S

J— [l - ° 0’
— §a+a)g )Eg + jw EANE
o eC
Conductorand ;.
dielectricloss P MAtivity
mechanisms
(Effective conductivity E‘[g?;ggye
v mechanlsm
And the loss tangent is defined as: A
o+ we"'
Losstangnet tan(g)= ———
&

Degﬂ] ; penetration (Skin Depth)
Consider a forward g wave in a lossy dielectric;

— F e coslwt — Bz)
At Z=— th@ Is attenuated by a factor of:

1

_ e_”(“j —_el= 037

\Q 0.37
T%ﬂuantity
> o-r

Of it'smaximum
&bc:o is called the skin depth, or depth of penetration.

amplitude
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Y
d

\/ N

=
-~
-
-
-
o

b, R —

;&.

==
|
|
|
|
|
™~

()b}

Illustration of skin dePt\

As a comparison, we repeat the computations of Example 11.4, using the approxima-

tion formulas (60a), (61), and (625).
Solution. First, the loss tangent in this case 1s €”/e" = T/78 = 0.09. Using (60),

with €” = o /e, we have
we” fn _ 1
2 r
We then have, using (615),
B=2mx23x

Finally, with (62b),

L 377
=/

(1+

1 . 377
Zr? x 8.85 % 1027 %25 % 10"\ —=— =21 cm™!

VT8

10%)+/T8/(3 x 10%) = 464 rad/m

7

! Y3410
J’zx?s) +J

These results are identical (within the accuracy limitations as determined by the given
numbers) to those of Example 11.4. Small deviations will be found, as the reader can
verify by repeating the calculations of both examples and expressing the results to four
or five significant figures. As we know, this latter practice would not be meaningful
because the given parameters were not specified with such accuracy. Such is often the
case, since measured values are not always known with high precision. Depending
on how precise these values are, one can sometimes use a more relaxed judgment on

when the approximation formulas

can be used by allowing loss tangent values that

can be larger than 0.1 (but still less than 1).

Dr. Naser Abu-Zaid

Page 15 7/22/2012




Dr. Naser Abu-Zaid; Lecture notes in electromagnetic theory 1; Referenced to Engineering electromagnetics by Hayt, 8"

edition 2012;

POYNTING’S THEOREM (POWER THEOREM) (\
VxH=J+ @
ot

Left dot both sides with E , then using the identity Y»D
EOVXH:HOVXE—VO( xH) &

And with some vector manipulations, one can obtain (Follow text book)

. ¥

—Vo(ExH):EoJ+—( De E B H
£\2

0
Differentil form of the Poyntlng S Theﬁ

[ ]
Integrating over a volume v enclosed by a surface s° b"’

_MV (ExH)av = IIIE.JdV+QQ%Z(pEdV+J.J.I BeH

Upon using the divergence theorem for%

—ﬁEx ods = mEoJ%@ m D-Edv+—m BeHav

Total power flowing into volume = m EeJdv+ P m > DeEdv+ Em > B e Hdv
= —ff (E x H
V . S
(\3 Totalpowerflowing out of volume = §f (ExH)e d
g S

N
o
>

Y
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Fower out

Ohmic losses

A
stored electrical
Energy stored magnetic

enerey

Fower in
Illustraj¢o er balance for EM fields
And the instantaneous P 4¥ vector S (or instantaneous power density) is

defined as:

For UPW with, 6’,3
AN E(z,t)

m2

Q’&‘ s=exH( )

EX (Z’ t)éx
H,(z,t),

(\)‘b H(z,t)

Then Q’,
\Q S=ExH=F,(z,tfa, xH, (z,t)a, =54,
lw’zrfect Dielectric (forward part only):

&
g
>
N

E (z,t)=E , coslwt - z)

H,(z,t)= Qcos(a)t — fz)
7
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5.(z,6)= Ee cost(wt - p2) f\
n Q

E (z,t)=E e **coswt - pz) ?\&
o e *? coslw Z —
H,(z,t)= - os(wt — pz-0,) Q}

2) Lossy Dielectric:

S,(z,t)= L‘:"“’ e 2% cos(wt — pz)coslwt — pz - O
7
The average power density (time averaged Poyntlng s vector) Is (for time
harmonic case):

>=—_[Sdt= h'\

1 J- 1 Eﬁo o202 [COS(Z wt-282» /) + COS(6’,7 )]dl‘
2T o
_ l 1 E)(a —ZaZ
S) = = l Sdt = > o e cos(e)

The above expression is easily evalda®d using phasors by defining
1 «
A\(s) = ERe{ES <H_}
Doing it for lossy dielectric (Sllhusoidal wave)

Re E e—aze JjBz X0 e—aze Jﬂze
@}7’ { ) (\77\ ”
_1E
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Example 12.5: At frequencies of 1, 100, and 3000MHz, the dielectric constant
of 1ce made from pure water has values Of 4.15, 3.45, and 3.2, respectively,
while the loss tangent 1s 0.12, 0.035, and 0.0009, also respectively. If a UPW
with amplitude of 100(V/m) @ z=0 1s propagating through the ice, fine the time
average power density @ z=0 and z=10m for each frequency.

Yy
LA

Solution:
7 : s [ s
(MHz) &' @z=0 @z=10m
1 4.15 0.12 27.17 25.82
100 3.45 0.035
3000 3.2 0.0009 23.8

—
Try to fill the rest. v\gﬁ

Good conductgrsYApproximations
Sé;iir

effect)
S

8—'Il> r i.>>1 Highlosses
& wE
% 1
2
ka = jorJau = jw\/ﬂs'{(l -J a‘fﬂ

) 6”’ 1
> el fEoz]

The a@fe two exact expressions may be approximated using the binomial

@i n n(n - 1))(2

@& (1+X)”:1+/7X+T + o |X] <<1
Hence
\y;(b‘ a=p=\xf uo
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jou W 0 i\
~ = £45
= <
Consider a forward traveling wave;
E (z,t)=E e **coswt - pz) E,
E, (zt)=E, e chos(a)t—z 7z'f,ua

J (zt)=cE, =cE, e ZJT”GCOSa)t z\nfuc ‘bcb

1 1
At £Z=—= =0 | the wave is attenuated by a factor 0

Py e
T BQ

=—e = 032

Ofltsma

’
5=1=w/7zf,uo”
a

Which is the skin depth again, or depth §P®enetration.
For copper o =5.8x10’ (%) —@
0. 066

E c@opper -
§copper
. 60 8.53mm

.‘@G,Hz 6.6x10*mm

N
After a fe@depths within the conductor, all fields are almost zero.

’ 1=2E _ s
B

\Qﬁ
&v v =2 _ s
;‘t?’g N
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n~ jﬂ:i[1+j1]:M (\
o l6:6) 16:6) ¥V 4
; o
E, (zt)= E e 2/ e COS(a)t —Zw/ﬂfﬂd) Yy
Then

: N
H,(z,t)= %Exoe_5 cos(a)t —5—450] C‘OQ

S %b.
H, lags E, by 45°

Let us again consider wave propagation in water, but this time we will consider
seawater. The primary difference between seawater and fresh water 1s of course the
salt content. Sodium chloride dissociates in water to form Na™ and Cl~ ions, which,
being charged, will move when forced by an electric field. Seawater is thus conductive,
and so it will attenuate electromagnetic waves by this mechanism. At frequencies
in the vicinity of 10" Hz and below, the bound charge effects in water discussed
earlier are negligible, and losses in seawater arise principally from the salt-associated
conductivity. We consider an incident wave of frequency 1 MHz. We wish to find the
skin depth, wavelength, and phase velocity. In seawater, o = 4 S/m, and €, = 81.
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Solution. We first evaluate the loss tangent, using the given data: (\
o 4 , Y4
- . — =89x 107> | N\
we'  (2m x 10°)(E81)N8.85 x 1077

Seawater is therefore a good conductor at 1 MHz (and at frequencies lower than this). ?y
The skin depth 1s
1 1
5= = = =025m=25cm
e ox 1094w % 1077)(4)

4

Now
A=2n8=16m
and

v = @d = (2 x 10°)(0.25) = 1.6 x 10° m/sec

In free space, these values would have been A = 300 m and of course v = c.

With a 25-cm skin depth, it is obvious that radio frequency communication in
seawater is quite impractical. Notice, however, that § varies as 1/,/f, so that things
will improve at lower frequencies. For example, if we use a frequency of 10 Hz (in
the ELF, or extremely low frequency range), the skin depth is increased over that at

| MHz by a factor of ,/10¢/10, so that
8(10Hz) = 80m

The corresponding wavelength 1s A =2md =500 m. Frequencies in the ELF range
were used for many years in submarine communications. Signals were transmitted
from gigantic ground-based antennas (required because the free-space wavelength
associated with 10 Hz is 3 x 10" m). The signals were then received by submarines,
from which a suspended wire antenna of length shorter than 500 m is sufficient. The
drawback 1s that signal data rates at ELF are slow enough that a single word can
take several minutes to transmit. Typically, ELF signals would be used to tell the
submarine to initiate emergency procedures, or to come near the surface in order to
receive a more detailed message via satellite.

\QQ
A
%Q)
&>

Y
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Attacking the power problem (in good conductors);

:-—RG{ES X H; } = —aS Efoe_?éz
(\ Sk 2 4
The total averagge po (loss) crossing the conductor surface at z=0;

ods = T E2e ¢ e dxdya
(\;b» 'ﬂ s = yjoxjo he v aeaxa,
_ablp, _ L,
4 4o

sult would be obtained for the power loss, if it is assumed that the total
t is distributed uniformly in one skin depth.
To calculate the total current crossing the surface at x =0, rewrite in phasor

@ orm:
gﬁ’

()%

J.(2)=J

X0

e
So
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I _jjJ-as [ [ [f o 5dya’z—J bo i\

z=0 y=0 +J Q
and \Q
I(t)== J’\(‘;gg cos(a)t —%) Q& EI ’

I
Assuming this current is distributed uniformly with current densité ‘@m S

through the cross sectionS = bo then
Jun/'form: = xo COS( t__ Q&.

Then the total instantaneous power d|SS|pated in volum gne skin depth

thickness is: P = I H 3o eEdv i\)(b‘\
= j _[ j { —%ﬂzdxdydz

zOyOxO

= Jso bL§co@——

And the time average po % ithin this vqume IS;
j P, dt = Tio < bLS

This is exactly the s@formula obtained before

Conclusion: The average power loss in a conductor with skin effect may be
calculated assuming that the total current is distributed uniformly in one skin
depth. Or, the resistance of width b and length L of an infinitely thick slab with
skin effect is the same as the resistance of a rectangular slab of width b, length
L, and thickness & without skin effect.
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‘With Skin effect Without Skin effect

e o

|

l——— b
T TS
L
Rdc = Q‘&
O'S R
L
* Gb5
For a circular cross-section wire with radius @a&{¥o" and at high frequencies
L L
" 6S  2racs
¥
More often, the surface or skln tance R, <in -Q/ 2) is defined as the

real part of the intrinsic mp@for a good conductor. Thus
1

SR
le;0) O'
since Q
jou :
(\}b | 05[”]

J2.,45°
o5
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WAVE POLARIZATION (\
Y4

Polarization is defined as The locus that the tip of the E field traces
as time varies for a fixed point in space. Or, the time-varying behavior

of E at a given point in space. ?\&
S
>

~

Consider a wave propaga Qﬁe negative z-direction
(zY) (zt)+4E, (1)

Assume each con@i have a smu50|dal time dependence, and Since
COS 601' +0 wero , then each component maybe written as a real
part of some c&@'ex quantlty (complex phasor);

O &, (z,¢)=Rel?, (2)e]

V4 with
@Q’ EAX(Z)z E e’ =F e’e’™ {Cornplex phasor

E,(z,t)=Relf, (z)e"*|

@& \xjith

So, the time domain representation is obtained as;
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E, (z,t)=RelE, e/ *)| = E cos(wt + kz +0,) (\
E,(z,t)= Re[Eyej(“’”"“gy)Jz E, coslwt + kz+6,) Q,’

Three cases are to be considered. ?\&

Casel: Linear polarization

AO=0,-0, =nr withn=0,1,2,... @'&

Example: Find the polarization (linear, circular, elliptical) and sense of é@ for the

uniform plane wave whose electric field is given by

E(z,t)=4,10cos(wt + kz)+ 8,5 cos(wt + @;

Solution:
Take Z = O =

E(0,t)=4,10cos(wt)+4,
And since COS a)l' 0S
E(0,t)=4, 10cos cos a)t

E(0,£) =10’ cos’ 52 cos? (ot
EQ,t) =
= \/125cos 125 cos(wt)

LE 5cos a)t' _tant( 1
10cos a)t' 2

'0
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Linearly polarized with an angle of tan™(0.5)=26.56°.
Note that 6, =7, 6, =0 and A0=6, -0, =7 -0=r. So, from the beginning we may state P
that the polarization is linear, but with what angle? A :
Case?2: Circular polarization ?V
E, =, Q}

>

(% + Zn}r for CW or RHCP

AO=0,-0,= )
_(E+2n)7r forCCWor@v

n=012,... *

If the direction of propagation is in the pos/t/v!%}gction, then the phases for
CW and CCW must be reversed.

Example: Find the polarization (linear, circ tlcal) and sense of rotation for the
uniform plane wave whose electric field is gi

E(z,t)=4, 10COSa)t a, 10co a)t+kz+57”j

Solution:
cb‘Fake zZ=0=>

& ay10cos(wt)+4, 10cos(a)t+57]

ad since CO a)l' + 57”} = —sin(wt)
=4,10cos(ot )-4,10sin(wt)
i\;q;z( \/1 02 cos?(wt)+10% sin?(wt)
\QQ’ = \/100(cos (et )+sin?(et ) = /100 = 10
YV ZE(0,t)= tanl(M) — tan*(- tan(wt)) = —ot
o

10cos(wt)
@5
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’
’
.
-,

ot ==
2

[ ]
. . . . . . . . . o . . .
Since the wave is propagating in negative z-direction, this is q@ﬁ circular polarization or

CW polarization. (\;b,
N

Note that:

5
EX:EJ/:]'any:%,QX:O ‘?Q
and

Ag_gyex_gro_%_&g%)m

2%
So, from the beginning we may'\state that the polarization is CW circular.

%a.tion

Case3: Elliptical

(% + 2n]7z for CW or RHEP

— (% + Zn}z for CCW or LHEP

Or

Q)& n >0 for CW or RHEP
AO=0, -0, ++t—r=
y 2 <0 for CCW or LHEP
n=012,...
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The curve traced is a tilted ellipse.

Major Minor
axis

A 4

, _ major axis OA
Axial ratlo ] =

minor axis OB

{5%&‘ Y JEi+ E} +2E2F? cos(ZAH)}}

2y E2— B+ E} +2E2F? cos(ZAH)}}
And the tilt ang@;’t the y-axis is

(\;b‘ 1 | 2EE,
-2 _—tan'| =2~ cos(n6)

2 2 E;,-E

X y

Example Fmd the polarization (linear, circular, elliptical), sense of rotation, axial ratio AR,

aﬂ@%e tilt angle for the uniform plane wave whose electric field is given by
E(z,t)=4,10cos(ot + kz)+4,0.5 cos(a)t +kz + %)

Solution:
Take Z2=0=
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E(0,¢)=4,10cos(wt)+4,5 co{a)t + gj (\
Y4

And since cos(a)t + gj = —sin(wt) \QQ'
E(0,¢)=4,10cos(wt)-4,5sin(ot) &v
&

(0, £) = {102 cos?(wt )+ 52 sin?(wt ) c‘o
<E(0,t)=tan™ —5sin(ot)) _ n*(-0.5tan(wt)) ‘@
10cos(wt))
This is an elliptical polarization with
OA= \/B {Ej +E} +\JE} + E} +2E2E] cos %’ ?
= \/{1{102 +5%+ [10* +5* +2x10° ><E %;{ —jH =
2 p 2

\/{ 102:52‘%\@4 +2><102><52C05[223H 5

ot _AR_major axis OA 10

minoraxis OB 5
And the tilt angle is Q
1
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Since the wave is propagating in negative z-direction, this %

CW elliptical polarization.

Note that:
_ 0
Exify, (9y _E’ QX =
and
7o=0,-0,-" 0=-%-[1
2 2

N
O
X~

o

So, from the beginning we mayN\ta

.él]iptical polarization or

that the polarization is CW elliptical.
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THE ELECTROMAGNETIC SPECTRUM
Penetrates Earth's
Atmosphere? N N
Radiation Type Radlo Microwave Infrared Visible Ultraviolet  X-ray Gamma ray
Wavelength (m) 1072 107° 0.5x10 8 1078 1070 10712

e H | ML ? o L % @

Buildings Humans  Butterflies Needle Point Protozoans Molecules  Atoms  Atomic Nuclei

10* 108 10'2 10' 10'® 10'® 10%°
Temperature of
objects at which
this radiation is the ))
most intense 1K 100 K 10.000 K 10,000,000 K
wavelength emitted —272°C  -173°C 9,727 °C ~10,000,000 °C

\\)-
\QQ: fz%, or f:%, or E—‘T,

vm:c = 299,792,458 m/s is the speed of light in vacuum and

%Q) % h=6. 62606896(33)><10 % Js=4.13566733(10)x10" " eV s is Planck's

; constant

N ©From Wikipedia, the free encyclopedia

Dr. Naser Abu-Zaid Page 33 7/22/2012



http://en.wikipedia.org/wiki/Speed_of_light
http://en.wikipedia.org/wiki/Planck%27s_constant
http://en.wikipedia.org/wiki/Planck%27s_constant
http://en.wikipedia.org/wiki/Electromagnetic_spectrum#cite_note-CODATA-4#cite_note-CODATA-4
http://upload.wikimedia.org/wikipedia/commons/7/77/Circular.Polarization.Circularly.Polarized.Light_With.Components_Right.Handed.svg
http://upload.wikimedia.org/wikipedia/en/c/c4/Electromagneticnonoffensive.JPG

Dr. Naser Abu-Zaid; Lecture notes in electromagnetic theory 1; Referenced to Engineering electromagnetics by Hayt, 8"

edition 2012;

Frequency (Hz)

2

3x10° 3 x 108 3107 3x10% 3x10° 3x109 3x10! 3x1012 3x10!3 3xi10l4 Q
1 | 1 | | 1 | ! I |
T T T T T T T T T L} ¥
I 201 I | |
SR . e | | 1 ind
§.ol§.2| 5‘2 I lil‘ﬁll icrowaves I ' 5l |
g ! EFI é-g oSl 1 i |2
ghi") &% | BE e K
= R e | = I Gl
[ | | | | E [ | | | l
| ] ] (IR e |5 ] I | !
T T T I T T [ T T I
103 102 10 1 10! 1072 1073 104 1073 106
Wavelength (i)
Typical Frequencies g Approximate Band Designations
AM broadcast band 535~-1605 kHz c Medium frequency 300 kHz to 3 MHz
Short wave radio band 3-30 MHz High frequency (HF) 3 MHz to 30 MHz
FM broadcast band 88-108 MHz Very high frequency (VHF) 30 MHz to 300 MHz
VHF TV (2-4) 54—72 MHz Ultra high frequency (UHF) 300 MHz to 3 GHz
VHF TV (5—-6) 76—88 MHz L. band 1-2 GHz
TUUHFRF TV (7—-13) 174-216 MHz S band 2-4 GHz
UHF TV (14-83) 470-890 MHz C band 4-8 GHz
US cellular telephone 824--849 MHz X band 8-12 GHz
869—-894 MHz Ku band 12—-18 GHz
European GSM cellular 880-915 MHz K band 18-26 GHz
925-960 MHz Ka band 26-40 GHz
GPS 1575.42 MHz U band 40—-60 GHz
1227.60 MHz V band 50-75 GHz
Microwave ovens 2.45 GHz E band 60-90 GHz
US DBS 11.7-12.5 GHz W band 75-110 GHz
US ISM bands 902928 MHz F band 90-140 GHz

2.400-2.484 GHz
5.725-5.850 GHz
US UWB radio 3.1-10.6 GHz

©From Microwave E@ée'ring by David M. Pozar, ©2005

>
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