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Exam 3 Content

* Poynting Theorem

* Phasors

« TEM Wave Propagation in Material Media
* Polarization

« Standing Waves

* Bounce Diagrams & TLs



Poynting Vector & Theorem

S = E X H. Units: W/m2. “Instantaneous” power per unit area
passing through surface in direction of S

Energy unit volume balance equation:

—— J (J/ Lq ‘(’)\/M,WJQ [ a5¢



Phasor Notation

 —

—————

E(x,t) = xilfos(wt — Bx)z = Refde/®te IF*2}  Ae™IF*2 = E(x)
Y [,__\__\J

Time domain Phasor

T

sin(x) = cos (x — E)

q
-
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Time-Averaging

If TEM wave E is cosinusoidal,

* Then corresponding H is cosinusoidal
« Then phasors E and H exist

« Also, S = E x H (instantaneous power per unit area) is cosinusoidal
squared

» We can write S in phasor form too: § = E x H*
* Time-average of cosinusoidal squared is %2 of the magnitude of the
cosinusoidal: ,
= - er_’
<g>"‘“"§ S-db
- 1 o e T— () I“!“I\I “'
(S) =§Re{E><H*} ~_~ 1‘

l-z RLOV 7% / )




Wave Equation in Material Media (v,/.7) —

Assumptions: p = 0, ] = 0, i.e. region is a source-free. ¢ # 0 now!

Wave equat|on VZE (jowp) (o + jwe)E. Solutions are TEM waves.
E and H point perpendlcular to the direction of travel.

. > B
General form of cosinusoidal solution: e &
—NT «)[3% 250 -
= Ae e A < N @
A~ A 3
C = As(wr—p= —f)e X e
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'~ Getting E from H I G’;

= Ae® cos(wt + By + ¢) X [A/m]

i
z = pe’T i) Coslr 4y P+

3 A
Al e 1 9% 02 3 Y




EXACT Formulae

Y =+ (ou) (o + jwe)

—

yn =jou




APPROXIMATE Formulae

- -
Condition QO ) - A=Z [ 5= %
Perfect _ 5,
. . o=10 €/l 0 \/E 0 o7 -
dielectric : RNGT
[mperfect - , ie w7 . . . s
] 1 we << 1 ~ W E)u & 5 e — 5 el G = | v 5= ~ — =i =
dielectric we % 2we — 2V € ¢ Dwe wver | o\ n
Good . ;
7 ' W { =0 2 1
L1 |~mfuoc| ~/mfuoc | /£ | 45° |~ == |
conductor we fu f o o VT fuo NS
Pertect _ _
g = 80 o0 00 0 - 0 0
conductor
o



Wave Polarization

Polarization is how the tip of E varies over time. -

. Acos(ut ~BE) 1B Cos( B
. g Aq& -

Linear:Inphase 0 -+~ \yo fU

Circular: 90 degrees out-of-phase with equal magnitude

* Right-Handed

* Left-Handed

Elliptical: Anything else



;
4\/
Wave Polarization ZZ %

Example of linear polarization: E= 3cos(wt — fz)X

Example of right-handed circular polarization (RHCP):

5 vis
E=3cos(a)t—ﬁz)3?+3cos(wt—ﬁz—z)§/

Ahed T » \B@WO?A €. = prop. dir = 2UCP
X ¥ = 2

Example of left-handed circular polarization (LHCP):
- T 1P g
E = 3 cos(wt — fz) X — 3 cos (a)t — Bz — E) y

RHGP + H0g €3 % Twi~E€] < prop. dir |
LeP ¢ R 8] ¥ Tmbr el = prop_dic



Wave Polarization

Example of elliptical polarization:

B T
E =‘3‘cos(wt—ﬁz)x+cos(wt—,BZ-E)y
B

e

Example of elliptical polarization:

Ez3cos(a)t—,Bz)J?+3cos(a)t—ﬁz—z)§/
=

—_— ’3.

What about this?
E=2 cos(wt — Bfz) X + 4 cos(wt — fz)y




Wave Polarization Example

Find the polarization of:

B T
E = 3 cos(wt + Bx) Z — 3cos (wt + fx ——)37
-— -
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Wave Polarization Example

Find the polarization of: —\ ( ‘
B [
E = 3 cos(wt + fx) Z — 3cos (wt + fx + 5)37
= a
v A

RALP



Wave Reflection & Transmission

TEM wave incident normally on a boundary

E;(x) = Eje%1%e~Ih1%y
Hx) = ﬂe‘“lxe‘jﬁlxz”
M

2

01, 11, €1 = Oy, Uy, €
x <0 | x>0
=



Reflection & Transmission Coefficients

E;(x) = Eje %1% =1y

~ E .
H;(x) = S emuxg=ibixy
M

B0 = E.76" g8 g

Ay == E [ ™" g
,

01, U1, €1 o
x <0 Il
8

r I

Er(x) = g4 Ef’e’

A = 1. ¢
L.

02, U, €
x>0

— ¥ B, X

€

%L‘;-l)“@vsc
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N ~ ~—
S E (o) +E = Eple)
ummary K. 1 o) = o)

E;(x) = Eje %1% =1y
j_ji(x) — @e—%xe—j[ﬁxz“ 5 '
N1 Et(x) = EOTe—azxe—]Bzxj;

_ E, |
~ . ~ H x) = _Te_aer_JBZxZA
B, (x) = EoTe®¥eifirg M (9=,

~ E .
H.(x) = — Lremxeibixy

; 9271@ O~ PO

01, 11, €1 = Oy, Uy, €
x <0 | x>0
=




Coefficients
Ny —1 2
=127 . M2 _ 14T
N *+m — Ny+m
Check our work:

——

"o v T
2. What if 5, = 0?
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So(¥) “c‘)x-e,";x
Standlng Waves (dielectric to PEC)

Ei(y) = —Eoe /P02
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Transmission Lines!

Why do we care?



Transmission Line




Transmission Line: Parallel Plate Version

**+*E and H should \v :
be pointing the Z2-9 2"
opposite direction

oops




Transmission Line: Parallel Plate Version

)
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Basic TL: Time Domain, Not Steady State

R, <« I
> y Vi € 7 \&
+ —p 2_
\/% —\“\f\ 20 [ =
—L
Generator injection coefficient: 7, 2o |21+ I, ]
Rg+Zg




Basic TL: Time Domain, Not Steady State

R,

Q

\/¢é :"lo

—L

Special cases:
+ Whatifz, =02 2 2%

J

+ &
. What if Z, = co? ZLt e
Nn=|
Q What |f ZL =ZO'p
\
——




Bounce Diagram Example

Input: V; = 505(¢t) [V]
ZL = 259, Rg = SOQ,ZO = 1002

v = %c, TL length = 4 [m].

Create a voltage bounce diagram for the first 70ns.
Create a current bounce diagram for the first 70ns.
Plot V(1m, t) for the first 7us.




Bounce Diagram Example

Input: V; = 505(¢t) [V] " o
Z; =250, R, =500,Z, = 100Q

L , g 0 Vv 2-0 21.
v=2c, TL length = 4 [m]. 9

Step 1. Calculate all the funny symbols F
T — M, = Ev - =
94 g it J° = "% 19
- V_Ort\a
r Pl 27\ 3y T
PL = Z;*MN V20 /(_5




Bounce Diagram Example - "%

=’QJ :"’ -
T4 F<'7 {?)%am

Input: V; = 505(¢t) [V] 5o /z:lj Ry o—
ZL == 259, Rg == SOQ,ZO = 1OOQ

2 V. 2-c)
v ==c, TL length = 4 [m]. 9

3 -0

2o
Step 2: Draw! \[U/'v, k)




Bounce Diagram Example
Input: V; = 505(¢t) [V] Ry

Z;, = 250,R, =500,Z, = 100Q
L_ 2 J ] ° V %, Z,
v ==c, TL length = 4 [m]. 9
3 -0

Plot V(1m, t) for the first 70ns.
NN\

5°'P(0 Vi 'r\/ aju'mj

Ly



Bounce Diagram Example

Input: V; = 50u(t) [V] Ry o
L
v=2¢ TL length = 4 [m]. Vg 0
3 -0

Plot V(1m, t) for the first 70ns.

\ ) /[
A J [T
J TM T?% 4 g0 — 7,
AN l [ e B /[/,, —

lo s o | Yi S0 Go Xy ' I\

J 0 Wry U | T

= 2 | D #’



Bounce Diagram Example v )
Jd P /N Sreuds, Stete

Ry

Input: V; = 50u(t) [V] a—
v =2¢, TL length = 4 [m]. Ve e
3 —

What is the Stead\/—ante \!O!tage_mLQLthemj?

What is the steady-state current through the load?
\f e jo . 5 ny 2’5 s 2 V
7
20, b 5: 125 73
- - v
T L = Vb o T3 2 4
Ly 2 3




Bounce Diagrams: General Formulation

This is an LTI system! \ /M
Input: 6(t) ,é)

Output (at position d): V(d, t) /Z‘j él'b ‘;‘4 5hs
Time to travel down the line: t,. %= l

00 ) d 00 . d
V(d,t) =1, E(FLFQ) 5(tab— = ntg) + 7T z (TuTy)"6(t 4+ = (n + Do)
n=0 n=0

—

o9 —0

T d T, d

I(d, 1) = Z_i z (TuTy)" 8 (e = nto) — Z—OL Z (TuTy)"8 (¢ = — G+ Dto)
n=0 n=0

|

For any general input: convolve! 0
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Exam 1 equations, in one place 7x£=0

. E=-VV
P 4192 £ E@E'dS:Qenclosed QSE'dZ):O
2 D.JAS
47T€0r #D-dS:Qenclosed V. V(b) V() fbﬁ di
- = - = = - a == .
F:qlE'l'ql(UlXB) fff PdV:QencIosed ab a
= 42 g‘_fﬁﬁ-dg:O
E = D-dS = D
47T€()T2 r _ > 2 aQencIosed 436 DEasi= fff v-Dav
=g -dS =-—— . WP
o ot $E-dl=[[(VxE)-dS
ﬁ'(D1_D2):ps b
- - €E=¢€ 1+ ) _)_ —
Ax (B —F,) =0 i o( _)Xe) B jvv dl =V(b) —V(a)
o o P = €oxeE Yolb =g :
n - P —P = — — = - - - —
. or UxE=-5
Q=CV J =0k vy =F =
1 =-V.P € T
o — Pb — = —_



Exam 2 equations, in one place

= ,uI & — - 1
27'['7'_> s v ,8 Af \/ﬁ
—>_[,l1d£>(7"\' N 21T
dB = yp— —d—jLB-dS—jBCE dl a)zzﬂfzT
pH-di=|[jas _ - oB p= VP
c s VXE:—E Ve
S o p = w+\/ue
fB'dfzﬂlencl fE'dl=€ 52 F
¢ ¢ N VZE=[JE—2
oD W F Jat
VxH=]+— e=—=j§— dl
ot q c4
V-B=0 Y =]
e=1IR



Exam 3 equations, in one place

1

‘ ‘ Condition ‘ B ‘ « ‘ 7] ‘ 3 ‘ A=Z ‘ 0=+ ‘ e Ny — 14
Perfect 1 : B , 7 » — - N, + 1
dielectric N\W - ! € : /% = 2 !
Imperfect | , . o lo _ o i ﬁ oo | L2 | o2 [ w
Waves: dielectric we & t % Freee=ZV ¢ \/: 2we NG 0'\/; v = E = Af
Good ;o S T | gro o
conductor ;}V e | o e ﬂ vl \/ﬁ)fﬂrr ~ \/r.lf/m ~ ~
e | B V2E = (jou) (o + jwe)E
| p— et & =60 00 00 0 g \\ 0
conductor
Acos(wt — Bx)2 < Ae 1F*2
r == % v =Gom (o + joe)
7, + Z, _ L
- . Zo e 22 S=ExH
S. == = - g = ~ =
— g Rg+ZO g+ Jwe 51=E><H*
R _7 yn = jop (S) = >Re{E x H'}
g 0 2
Fg — ﬁ _ . a 1 - o 1 [ — - - -
g+ 0 — =0+ Jwe EEEEE-FE,UHH +V-S+J-E=0













