EE680 780 chap 04 notes.docx 1/46

CAO'/@/ Z/ sz /{”"/ajﬁﬁ;?w Y ﬂ/ﬁ/‘!‘&mﬁaﬂ

%/ .Z:ﬂ'/f‘wc[h 676'3-.,.-\
— ﬁme.-—*lvarmomr'c it €St fﬂﬂn-iﬁ mcd/s'o«

> AFranfiecSe eééffamm}ne~ﬁ'¢ [775#1) rcit e f°

% e TE# A aaﬂﬂ{

> Hoder are particalor Field ernfisncaFony
'wanf _5*&7%5?4\)/ 7Zl¢ X4 é—ﬁwaﬁ‘ons an/
| b@wna/ar/ conddFovmrs |

——v— b

i ot o v/ @ eve y
= EM 06/.{” Aawe. éém 5 / #
> 7 e . Jocn/ g“"f'é&fg

fa,',‘?‘— fon 5‘/&6& 60117&«;,13,./ 1A &
//&tﬂc f?f\ﬁf"g’ f‘nl/fﬁ‘g'ﬂﬂ/MVA "’V[, ﬁ'mc’

- éz“}/éhje //“"'d-,f \4\’* a JE wtee are ol
/Zecegfd'(r*:’/// /ﬁf«//ﬂ/@ /;7[7(.;,,—,;-\5 /0’;’7&_

——r——

Fn S‘/QCQ: . //@WWM} ;';é\ ﬂey are tthe £ ¥ /‘:7

Celds ﬁrm o TE _ﬂ/&ﬂe ol

-2 f(‘ * 75/”4 //aﬂ¢' bl & /za-fﬁ OOﬂf'fA"*‘f—
Q’iﬂ Z Y f'.?' O vt eaaé ﬂo/ana/ Sur ﬁcej B e
A MA?‘C;f'm ﬁ/ﬁne. —tt e D E-VH are nok
v

funa'?c;am_f grf ﬂi¢ ;/af;.,/ aaordfna"f@S' A
The /'/ana :

« m/// fk/«

EE 680 Engineering Electromagnetics / EE 780 Advanced Engineering Electromagnetics



EE680 780 chap 04 notes.docx 2/46

42«/ Mﬂ;fpfﬂ\ //&:ne Wawes (U/!v\/) S é/”éﬁﬁz-mﬂ/ga/
Jortlors Mciom — fringel Aris

> ASFume mediam described by pugae Ve
/&rmeaéz'/f?ﬁ/ U aand elechre /erMi%“f«'?jyé
= aSSume trme-biwrmonic UPRS propasates
in the *éy directioms and Tha? E=8£&
C) reasonibfe a5 e are 56é¢-7€'ﬂ3 e coordinaTe
5'5/5"1L5M
éo:ﬁ-ﬁ fo the Cortesian Coar‘v/:n*A wrawe €7 n g

0?‘6 C&“\f)l!/ s (gf’“ 3-20 ")9JC')/ e chose
715( (x,y,2) t ,57’4. (% ¥, 2) =0 (z-z202)

" A 5{3914/ yro_f«gaﬁ’ﬂj oA - .."'".6?2 0/;/'3,6"740/\_{'

mglies Tt E ¥ F ace in x=f planes and
%&fd\tfar”e cam MO7 ée. ‘Ifbtr-\c?éfaw_{* ‘9’(’ x o7y

2
P EGR) +F &R =0

; e o/ e
folloing Vhe soparation of waricbles 5
in Sc.c?c,‘wn ;,[/. /} Ex(gj = 14(‘8')

A fo -

where L)z A e” fe + By eﬁﬁa (3-302)
o = cv.r(,fe 2) + VY Sin (p‘; 2) (3-305)

74' .

EE 680 Engineering Electromagnetics / EE 780 Advanced Engineering Electromagnetics



EE680 780 chap 04 notes.docx 3/46

G20 con.

so , .
E (z) = /43 Cyée + & cz‘)ﬂzz

/f/’m«./l /67(’ A_? ..'f /maﬁ 50‘0 rc._,/or '1'5?2 7L)’“nwc/nj

(e
By 2£7 (w5, of bud oc -8 couve)
Y et B =fe in Yhis case
1Y & =)= 5 k) -ré;,[g) Sl +E e JA?

whal™ aboat The correspondis 0

- éepa// nse anaﬂe/ 52,74 9/ bt @ éﬁm_f; érmf i€
Knor T‘ﬁu'f we wmf'f 5!&7%5?5} 4/&,&.«://3"

%f/:-»j Am/@r:ff an} ?,{’g :wjg.,//(//
— L (> A s L J&G
H = e (7"‘ “'15([*))- Y Jwe T
ay ﬁ'({a*e*J!KE- Eo""ef)ﬁa)
VL% ﬁ:‘... WA//é‘) 5€ e 9a‘f

[pc - _m’} a},[mmy@)j

EE 680 Engineering Electromagnetics / EE 780 Advanced Engineering Electromagnetics




EE680 780 chap 04 notes.docx 4/46

E- 4 E'
u-

- +
Y g, 1 v >

/ z

H+
y
(a)
+
€ %51'=Eg cos (wf — B, ¢

= Ea' cos (— Bz)

+
3t v
+ E/
#Hy = Tv'QCOS(CUI—ﬁZ)hzo
+
= —Ucos(— Bz2)
n

(b)
Figure 4-2 Uniform plane wave fields. (a) Complex. () Instantaneous.

Advanced Engineering Electromagnetics (Second Edition), Balanis, Wiley, 2012, ISBN-10: 0470589485,
ISBN-13: 978-0470589489.
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Figure 4.3 Standing wave pattern as a function of distance for a uniform plane wave with different
reflection coefficients.

Advanced Engineering Electromagnetics (Second Edition), Balanis, Wiley, 2012, ISBN-10: 0470589485,
ISBN-13: 978-0470589489.
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Figure 4-4 Transverse electric and magnetic uniform plane waves in an unbounded medium at an oblique
angle. (a) TE” mode. (b) TMY mode.

Advanced Engineering Electromagnetics (Second Edition), Balanis, Wiley, 2012, ISBN-10: 0470589485,
ISBN-13: 978-0470589489.
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Figure 4-5 Phase front of a TEM wave traveling in a general direction.

Advanced Engineering Electromagnetics (Second Edition), Balanis, Wiley, 2012, ISBN-10: 0470589485,
ISBN-13: 978-0470589489.

Now,) gﬁf The TE'VM«’/:: can be wr‘fﬁ‘}—r«

- —1 B(x58, + 2 cos &
E‘ — Eof/é; cos G wg\% P 49,;) efJﬂ cos 4)

~ S +3B8(X5:06; + 2 coc &
‘f'Ea“ ax co;@'*a’zfrﬂ@')e_ )

(189

> Since we hace o u/ﬁ/} e Cam ADan
either use Aok e % Esns 27 e /fcﬂc-e-a/href
Sing The tace impedance (2, = p-J%)
from sectron 4.2 to Cnd A

EE 680 Engineering Electromagnetics / EE 780 Advanced Engineering Electromagnetics



EE680 780 chap 04 notes.docx 19/ 46

A-é_zczcﬁ’oz?ﬁ
H=H +H"

— (.(5454 +2ca:9) , . 4. 5
g*f {"; -+ ﬁ&’ﬁ‘rrré’, + 20o56)
("flfﬁb)[/’( y 7 _ % e.)

(#) A= g [FxE e frE(

&‘nx?
7

"‘"‘”‘> Mﬁ: %a’/‘ 71165”6. 7S e //{f Converge 7‘0 7%&‘5’6
ep?[ 5&'57(/0»1 “4,2./ when G - o
what are The //ftngf 0¥ éoASﬁmf/Aage_

ﬁf Yhe TE' mode? Set The “/j“’“"""é’ of
Y’I«e ax/vn&n‘/‘z'a/ %‘c?r’mf 52:.4,“/ fp Canffa»?‘:

@ re "Cﬂ‘:”f ﬂe. gjm &p/f*e,«fouf 5&::7{/'#&—;

Lot S"Z ;f

g&ﬂu‘*lw fﬁmucﬂe - e

(- (9a) 4@' 7= p % 6y th2 = ﬁ(;cs%a-f?mé’;)wc*

é[“l%} z-—° o= F;)c -f-fg),wy rﬁ; ' :;:';ﬁ(x--fm a.t ?Co.:é,-) ==

To 7[\ d’/éa{g f/e—/ac::'f t‘S} woe need 7 M’/raa%fce

flhe ¢ Jeot term Vo The ex/ﬂo»xan?‘ / Forms ,;;,-b.;f

H-19e) 7 —wt ﬁ(;c sinl ¥ 2cos)=wt = -

Gitl) B 7 ot ==px 5,,,@,*+zw@,.)..wt =Cy
N e
Gﬂ-r\af‘«{

EE 680 Engineering Electromagnetics / EE 780 Advanced Engineering Electromagnetics



EE680 780 chap 04 notes.docx 20/ 46

Lf(z‘z 60-47{

&ﬂ& /éafc: Ve/&czﬁ (S V[;&n/ é;/ ‘/‘d/("mj 7
dericatice wrl Fome, MNoT2, e cam pe?”
fhese velociboes i of i FFren? irectsoms (mon't
need +i be ¢!;mq/} Sweh ar Yhe £, X, o0 2 LirectPens

/5&#& C/é/'/a,-ﬁﬁ‘aﬂf ‘?44"“ f_/‘éwt/_;{)

gfv[;re /raceec/fhj/ e rmymoa/e L oac ﬁe/d_’f'
(sce Fis 4-45) described by

§:§*+ﬁ”

b

E - 37[5)*6”3
améﬂ

/ H=H"+H" %
A _,,j/f[x.c’n&'fch.r@')

(4cents 12,5i00)

4 (x5inbs t2cocty) ;K sinbs+ 2@5@,-)]

“+ f‘;ﬂe

-

-, 4 (xsin6;, 'fgcaf@’)
+%ﬁ_ a'}c;of&,,u-% an&,)cfj/g /

- Hd,\/'c, E i @f‘feu/“f.ﬁ-/ i~ 7(1"6, ’f&;( C/z'fe.tl I
d H is i~ Yhe X -2 //ﬁne(_s‘}

EE 680 Engineering Electromagnetics / EE 780 Advanced Engineering Electromagnetics



EE680 780 chap 04 notes.docx 21/ 46

4t2-2— c.ou!‘h
Wae Imieéﬂ“" ces

v

@I,.\ ﬂe a/"fddﬁmq(g} a(/f’/’“jﬁﬁ.am) ‘ﬂt&. A Rt Té)’?

and T "75&

?

.

— Mxﬂ" abou'l‘— in pﬂar c{x‘m:_..:, Yo,m .5 (c{._}‘ ¥ & 2 J;/&cfhnx
A?&"ﬂ, o & (r-":r// Jt‘wzrjﬁ 7‘2(5 e/ﬁ-&ﬁ‘rc #:a/é/ y(*;’"

Ve Lesived drrecton é)/ Yhe Correspon Aing
Mﬁjn¢‘£'¢ £ald C—am/wxewf‘ (LrrecToom is found
éy erosS gooducd of £ coreponat f H comporen,
l.e, direcTson for 2 jm Sireeon o.f‘/owaw- “lon )

7_’57,...,5,& (See,z /7 4"’7’«)

I
X - e[fraaf'/on Z* =& = -2 = i = 75’:46}; (420“)
x‘ -
Hyt

[ 2-direction 3 topm o &' - £ _ peos®; (4-204)
AT e
> (> < £ ﬁ'y’ 7

1 &

T e (See Fis 4-45)

) | 5~ Er &5 7
A S TG

E_5 - 7

—eld ?(‘ " - - = - Y —
. 2 el e '22, Z& Hx.f, /_&_:- 50594

t
j‘.{:ijzéoﬁf,

EE 680 Engineering Electromagnetics / EE 780 Advanced Engineering Electromagnetics



EE680 780 chap 04 notes.docx 22/ 46

éft 2.2 C«m?{

/éafe,# Ene/‘;//érauf {/eﬂsc/féla’f_

- Cq// e wave Ve/&c:f')ﬁ/ in The ;Are.cﬁ‘oﬂfs) dﬂpﬁ
(La.’ave, /r*e/aja?é’i’mj 3{; ah/ ;’CJ‘* G’fka/ 7o 7"46
5}9¢-¢/ o~ /f‘jéf ‘n Vhe medina V"«;f%f

~> reemember ﬂl‘!?‘ 620:{/44{( //c”qc_,x” Qe dr..mtpﬁﬂﬂﬂc/
7/?: ,g (s‘e:-:: Fj ‘/”6)

Figure 4-6 Phase and energy (group) velocities of a uniform plane wave.

Advanced Engineering Electromagnetics (Second Edition), Balanis, Wiley, 2012, ISBN-10: 0470589485,
ISBN-13: 978-0470589489.
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Figure 4-7 Wave patterns of uniform plane waves in a lossy medium. (a) Traveling. () Standing.

Advanced Engineering Electromagnetics (Second Edition), Balanis, Wiley, 2012, ISBN-10: 0470589485,
ISBN-13: 978-0470589489.
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TABLE 4-1 Propagation constant, wave impedance, wavelength, velocity, and skin depth of TEM

wave in lossy media

Good Good
dielectric conductor
o \2 o \2
Exact (=) «1 (=) »1
@E ®e
. 5 1/2
Attenuation =wJUE § = 1+ (—U—) -1 g /B o~ ekl
2 wE 2V ¢ 2
constant o
| > 12
Phase :a),/,us[i 1+(i) +1:H >~ w./UE ~ %‘—
constant f wE
Wave Z,,
impedances “ Vo +jewe & V 20
Zy = Re
2 2 2
Wavelength A il ~ T ~2w | ——
B w./E WLT
Velocit w 1 2w
elocity v = — — ~ | —
B JIE wo
| 2 [e 2
Skin depth § = - e >~ [—
o o\ u WUO

Advanced Engineering Electromagnetics (Second Edition), Balanis, Wiley, 2012, ISBN-10: 0470589485,

ISBN-13: 978-0470589489.
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Example- For a material where € =2.2¢,, p =y, and 6 = 2% 10"* S/m at
1 GHz, find the propagation, attenuation, & phase constants,

wave impedance, and skin depth. Is this material a good
dielectric or conductor at this frequency?

Define constants

12 11

€0 := 8.8541878-10~ £ 1= 2.2-€0 e =1.9479x 10~ F/m
1o := 41107 L= 110 W =125664x10"° Hm
a =2 li]_%l S/m

f:=1.100 Hz w:=2mf  w=62832x10  radls
Calculations

Per (4-28), the phase constant v = o + j 1s:

V=] w (o +jwe) [y =0.025399 + 31.0864161] 1/m

attenuation constant o

o :=Re(y) |n=0.0254| Np/m or using (4-28¢c). a is:

0.5
' 2
f:r 2
o= w Ll'i'{ﬂﬁ'{Jl + (—J — lﬂ a2 = 0.025399 | Np/m
W e

In dB/m. o 1s: adB := o-20-log(e) adB = 0.2206 | dB/m

phase constant B

B=Im(~) 3= 31.08642 | rad'm  or, (4-28d). P 1s:

- 0.5
. g
a \" .
B2 = wfpee D-S-UI +( J + 1ﬂ 2 =31.086| radm

WE
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skin depth 6
1 ; ..
= — 8=239.37141 | m or, using (4-34), § is:
M
_ 1 -
a2 = 82 = 3937141 m

WM{GSUI . (&T i lﬂﬂ.i

wave impedance Zy-

ZW = 253.9913 + 0.20751 €

Per. (4-30), Zy- LW =

15

Is material a good dielectric or conductor at this frequency?

2

o — . . .y
(—] = 2.67x 10 6 1. This mplies material is a good dieleetric.

Now. we can use (4-36a) for o and (4-37) for p. (4-38) for Zy~ and (4-39) for &.

o lp .
f_approx = —- \/E «v_approx = 0.025399 | Np/m, excellent agreement
4 approx = wifpL-€ 3 approx = 31.08641 | rad/m. excellent agreement
L
ZW approx := lL— 7ZW approx = 253.9915 | Q. excellent agreement
= for real part
2 Je
& _approx = —- |— & approx = 39.37139 | m. excellent agreement
a4 L
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4.2 cont
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G443 Efiplical’ FotirizanBon
Cage I (é,.wo :F' E}c o—u/ ¢’y ’dx — ..(2:1-{*()’7)
ex. Let B -4 7 673K, #y - 2F w40

g o -~&x “fc'os/w‘t’ —-/fé) + 2}' Scos (it -f e w?/’_(g) (V/,\)
Case 1 Elliptical Polarization atz=0

Ex0:= —4  Ey0:=3 =0 =3 20180 wiy = 2R
x0 = — y0 = ox 1= Py = 5 n=0. Wty = 750
Ex, = Ex(}-cos(wtn + éx) ~ Eyp:= EyO-cos(wtn +- ci)y)

Exq = ~4 Eyg=0 wtg = 0

Ex4s5 = 0 Eyqs = -3 wigs = 1.571

AN

/ﬂo /6 f?. ¢ ﬁ%f " 2 ’
Ex —>
: £ (%)
7
.....2 .
-4 -2 0 2 4
Eyn
_ y) 2 ._ max(magE)
magE, = J (Bxn)” + (Eys)”~ AR:= in(maeE) AR = 1.333
w
max(magE) = 4 min{magFE) = 3 magEq = 4
Exp =4 Eyo ) 180 _
tilt ;= atan| — tilt = 0 deg
Eyp =0 EXO 7 —
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Case 2 Elliptical Polarization atz=10

i 7t Z.n.n
=4 = = - T — =0.1 S —
Ex0 Ey0:=35 ox ; dy 3 n:=90. 180 wiy, T80

Ex, = I:*ix(}vcos(wt,g1 + ¢;{) -~ EByy:= Ey()-cos(wtn + ¢y)

Exg = 3.464 Eyg = 2.5 wig =0
Exgs = —2 Eyys = —4.33 wigs = 1.571
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| o wte’
2
s 7
Sl SV
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ﬂ[ﬁ ri 2“7(/’07'\ {
> -4 2 0 2 4 6 |
Eyn
- 2 2 __ max(magE)
magE, := J (Exp)” + (Byp)” AR:= in(magE) AR = 3.836
max(magE) = 6.196 =0A min(magE) = 1.615=98  magEgg = 6.196
Exgg = —3.804 e
~ Y
tilt := a 8 ~1-8~9 tilt = 52.123 deg =7~
Eyge = —4.891 Exg6 ) =
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