Chapter 3 Plane EM Waves and Lasers in Distinct Media

3-1 Normal Incidence at a Plane Conducting Boundary

"T a,=+2, a,,=-1
= (7) — $F a-ifz

Reflected . Ei (Z) B XEiOe

;--Tu petetcnduer | INCIdeNt plane wave:  _ N
E, i 7)=y—e
Ui
"Jr——vz . R )
— Reflective wave: E, (z) = RE, e **,
wave “1 ;’
Medium | | Total field: E,(z) = E,(z) +E, (2)
(a1 = 0) (02 = ®) :

*." Conducting boundary, .". E,(z=0)=0=E,, =—E,, = E, () = —%E,,e""*

E,(2) = E;(2) + E, (2) = —%j2E,,sin j,2

Hr(z):iamxﬁr(z):yﬂe”ﬂﬂ: B B ) £
A m H,(z)=H,(2)+H,(z) =92 77'10 cos B,z
W T
Standing wave: < :""‘L: ’ * 3
Zero (null) of E; at pi1z=-nx e
Maximum of Hy at z=-nA/2 . wonin
Zero (null) of Hi at f1z=-(2n+1)x/2 AP
Maximum of E; at z=-(2n+1)A/4 =7 v\

z2=0

Eg. A y-polarized plane wave, f=100MHz, amplitude=6mV/m, propagates +x direction and

impinges normally on a conducting plane at x=0. (a) Write Ei, |:|i, E., H , E,;, and Hl.

r’ r

(b) Determine the location nearest to the conducting plane when E;=0.

_2m P 1000, 8, =%, 4, =R

(Sol.) @ =2af =27x10°, B, = 3 o o
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@) E00=56x10" 2" (9= Lo, xE =210 ¢S, B () =-96x107e 1,
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—4 27
H'(X):zlg e B0 =E 0+ Er(X)=—9j12><103sin(2?ﬁx),
z
- _ 10—4 2 2
H,(x)=H;(x)+H, (x)=2 Cos(_”x) (b) _”X:_”’ X=—§
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Eg. A right-hand circularly plane wave represented by E(z)=E,(X— j§)e

impinges normally on a perfectly conducting wall at z=0. (a) Determine the
polarization of the reflected wave. (b) Find the induced current on the
conducting wall.

(Sol.) (a) E,(2)=(XE,, +YE,)e"", E(0)+E,(0)=0= En=-Eo, Ey=jEo,

E, (2) = (-RE, + JjE,)e”* is left-hand circularly-polarized and —z-propagated.

a

(b) j:énX(HI_HZ)zénixﬁl (.'.H2:0)1 éni:2’ énr:_Z
I P =T P s o E - Eo gL ovei® . g Eo (g4 0)(e I 4ol
Hi(z)=—a,xE =—&+9)e " H (2)=—4,%xE ==& +9)e” = H,(2) =2 (% + ))(e * +e*)
o ) Mo o o

J(2) = 20 (R4 9i)(e 1 + o)

0

3-2 Oblique Incidences at a Plane Conducting Boundary
Case 1 Perpendicular Polarization (TE): 4
a, =Xsing +2cosf,, a, =Xsinb, —2cosb,

(xsing;+zcosé;)

Incidence plane wave: E,(x,z) = JE, e

H.(x,2) = i[é\ni x E, (x,2)] = E(—)2 COs @, + 2sin @, g Valxnarzcosd)

771 771 Medium 1

E,(x,0)=E, (x,00+E, (x,00=0, .". Ero=-Eio, 0:=0

= .\ ~ B (xsing,~zcos6;) _ R _ E. . . p (xSing 7050
E.(x,2)=-JE,,e " ’ Hr(x,z)=i[an,><E,(x,z)]=—'°(—xc059i+zsm 0, ) Vibeinamzcost)

1 m

Case 2 Parallel Polarization (TM): t
a, =Xsing, +2cosd,, a, =Xsin6, —icoso,

a,,
Reflected ™, E,

_ _ =
Incident plane wave: H, (x,z) = §—2 g Akeingrzcosa) " .
m —: oz
E, o
"o

E,(x,2) =~ [, x I, (x,2)] = Eyp (%€08 6, — 25in 6 )¢ PA05mrzesst) e ™

Medium 1 [SEEE
(01 =0) |

E,(x,0)=E, (x,00+E, (x,00=0, .". Ero=-Eio, 0:=0

= . 5 B (xsinG—200s6) | ~ B0 ipxsina -
Er (X, Z) — _Eio(x cos ei —Jsin Hi)e jpL(xsing;,—zcos6;) ’ H ) (X, Z) — y i0 e jpL(xsing;—zcosé;)
m



Eg. A uniform sinusoidal plane wave E,(x,y) = §10e”®** in air is incident on

a perfectly conducting plane at z=0. (a) Find the frequency and wavelength of the
wave. (b) Determine the incident angle. (c) Find E, (x,z) and H,(x,z) of the
reflected wave.
(Sol.) TE case:

3x10°

@) p?=6°+8= p="=0=3x10°, f= =T
o 2z 5
3 3
(b) tano =Z:>49i =tan‘1(z) ~37°
(€) E, =-10= E, (x,z) = —y10e 12 H‘r:iamxﬁr(x,z)z—i k4+§)e*““‘“’
7, 1275 5

3-3 Normal Incidence at a Plane Dielectric Boundary

E, (2) = RE, e

Incident plane wave: < _ .E. _.,, » Reflected wave:
Hi(@)=y-ce
™
E,(2) = %€, e ¥ E.(2) = RE, e
~ E .. Transmitted wave: < _ E .
Ho(2)=-y—el H(@)=y—e
m 7,

Continuity of tangential field component at z=0

M, =1
Eio + Eo = By Eo="—""Ep
E;(0) + E, (0) = E,(0) M +17,
= =<1 E, =
Hi(O)+H. 0 =H.(0) | —(Bo—Eo)=—" | 27, ¢
un 7, 0 = i0
m, +m

. L E H —
Reflection coefficient: T=—2% = 1% — T2 ~h
Eio Hio n,tm

E.(2)= )A(z'Eioe_wZZ
= 21, t

Transmission coefficient: ==— =—=— and 1+I'=1 = R fE_Oe*iﬂzZ
Eio 7+ H(@)=y———
m,
Standing wave ratio (SWR): S = 5 =1 N I = 11

min



Eg. What condition ‘E,

wave ratio =?

n, =-n,(not reasonable)
(SoL)|”2‘”h| 2, |

= = 1
772+771| ‘772+771| n, =31, :FZ_E’

==
=2

Note:
TE:
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3-4 Oblique Incidences at a Plane Dielectric Boundary
x4 Case 1 Perpendicular Polarization (TE):
e a, =Xsing, +2coséd,,
i BN 4, =&sin@, —2cosb,,
a,, = Xsin g, +2cosé,.

Incident plane wave:

Incident
wave

H _ . .

i G - jpy(xsing;+zcos6;)

Medium | | Medium 2 Ei (X’ Z) - yEiOe I I
(€1, 1) | (€25 p2)

) ~ E. . . A (xsing N
b=y H,(X,z) = —2(-&cos 6, + 2sin 6, )g Atsintizeosd)
m

E.(X,2) = JE, e V0xing-zc0s0,)

Reflected wave: < _ E _ - |
H, (x,z) = —(Rcos @, + Zsin @, )g alxsintzc0s6)

m

Et (X, Z) — yEtoe—jﬁz(xsin@Hcos@)

Transmitted (refractive) wave: < _ . - |
( ) Ht(x, Z) Z&(_)’QCOSQ +7sin Ht)efjﬂz(xsmeﬁzcose')

7,

Eiy(Xvo) + Ery(X!O) = E(y(x’o)

Continuity of tangential field components at z=0=
Hix(XVO) + er(x!o) = Htx(x!o)

— jBixsing; —jpixsing, _ —jp,sing,
Eo.e ™ +E, e =E e "

RAES —E. cos@e Vsind L E cos@ e iy = —Ecose g PpxsinG
i0 i ro r t
m ur
pxsin g = gxsin 6, = gxsin 6, , E,+E,=E,
=
L (E,—E,)cosd = Ecos 6,
T m,
sing, B,

: e Mg g

sing, g, n, Voo T

E,, m,/cos6, —n,/cosd, ; =" 2n, [ cos 6,
E, 7,/cos6,+n/cos6,’ * E, n,/c056,+n,/cosé

and 1+ =t..
I =

Note: Snell’s Law holds only in case of lossless media.

. . /1—,u &, u,e 1
Brewster angle: No reflection occurs when sing;, = 1z 21 -
o 1= (i, ] p1y)° I+ (e I )

if e1=¢2, p1tue




(Proof) I'1=0= 7, cos 6, =n, cos g, ,

N i 1-we, | ue
cosf, =/1-sin? 6, = 1——sm 0 = T2 ~£c0s6, = 4 cos @, =>sin G, = TTHE T 6

’71 \huzlgz I 1_(:ul/lu2)2

Eg. A uniform plane wave E,(x,z) = §6e /®** in medium 1 (4&o,u0) is incident

on a plane of medium 2 (64&0/9,u0) at z=0. (a) Is it in perpendicular polarization
or parallel polarization? (b) Find the frequency and wavelength of the wave in
medium 1. (c) Write down the reflected angle and the refractive angle of the
transmitted wave. (d) Write down the unit propagation vectors of the incident

the reflected wave 4&,,, and the transmitted wave 4, respectively. (e)

I\

wave &,
Compute the reflection and the transmission coefficients. (f) Find E,(x,z) and

H.(x,z) of the reflected wave. (g) Find E,(x,z) and H,(x,z) of the

transmitted wave.
(Sol.) (a) -y L xz— plane, ..Perpendicular polarization (TE)

(b) 181=\/m:5=27”=a) /‘0450_%23/1—257[, f= 15 %108
T

S!nei _ 8_2:ﬂ:>5in9t:§8in9i=§: COSé’tzﬂ
sing, \eg 3 4 S

(©)

@ 4 ARF8L, _AR-B L BR+4z
ni 5 ’ - 5 ' nt —

’ Hy ’ Hy
e = = 60 , = |—_— =

_ /cos@, —n lcosd, 7 3 2n, [ cosé, 18

y T, = -
" p,lcos6, +n,/cosd 25" Tt p,/cos, +n,/cosd 25

(f) Er (X, Z) = 1—‘L . 96e—i(4x—32) — _y%e—j(Ax—SZ)

(3R +42)e 131
m " 12507

5

(9) In medium 2, g, = 12 64 20

x10% - p, - —¢&, = —
9 3

108 -iax)
y—-e °

E (X, Z) =7 - yﬁe—Jﬁz(XSin@ﬂcos@) _
t ] 25

- 1 _ 3, —ixil)
H,(x,2) =~ (4, xE, =——— Sae s
(X, 2) 772( X E) 557 ( 5)



Case 2 Parallel Polarization (TM):

“ a, =Xsing, +2cos@,, 4, =Xsin6, —7coso,
a,, =Xsin g, +2coso,
Incident plane wave:

_ E. »
Hi(X, Z) — y i0 e Jp1(xsing;+zcosé;)
771 ’

E,(x,2) = E; (X086, — 25in @, ) Vst s2cost)

\J i
Incident

H
wave "

Medium 1
(€1, 1)
z=0

E, (x,2) = E,,(Rcos 6, + Zsin @, )g VAlxsind—zcos6)

Reflected wave: A (x2) =y E,, - (xsing, 26050, :
r\"™ -
U

E.(X,z) = E,,(Xc0s 6, — Zsin @, )~ V20 zeost)

Transmitted wave: Ht (X, Z) _ )7 EtO e—jﬁz(xsinﬁwzcos@)

7,

Continuity of tangential field components at z=0= M B Ve
sing,  p, Voo Th
E cosé, —n, cosb,
(Ejo + Eo)c0s6, =E,, cos6), lﬂll === 772 - I
E, 7,C086, +n,Coso,

1 E = ,and 14T, =7, -
ﬂ_(EiO -E,) :ﬂ_m o Eo _ 29,c086, =
' ? " E, 1n,c086, +n, cosb,

Brewster angle: No reflection occurs when sin g, = /1_”(2‘91// ”;‘22 - 1
1_ gl 82 1’1+(6‘1/82)

| n
If a=pi2= @, = tan™ 22 _tan (L),
& n

2

Cos 6,
cos 6,




Eg. A uniform plane wave E,(x,z)=(-3%+42)e”'®* in air is incident on a

plane of medium (16&0/9,u0) at z=0. (a) Is it in perpendicular polarization or
parallel polarization? (b) Find the frequency and wavelength of the wave in
medium 1. (c) Write down the refractive angle 6 of the transmitted wave. Is 6;
equal to the Brewster angle? (d) Write down the unit propagation vectors of the

the reflected wave &, , and the transmitted wave a,,,

A

incident wave &

ni’ nr

respectively. (e) Compute the reflection and the transmission coefficients. (f) Find
E,(x,z) and H, (x,z) of the reflected wave. (g) Find E,(x,z) and H,(x,z) of

the transmitted wave.

(Sol) (@) H, :i(ém x E) = —y5e 162 " - Pparallel polarization (TM)

0

() £, =8 +6 =10 == — o[z, = A=
®w=3x10° = f =E><108
T
© 6 :sinl(g), sing, -~ -4 o_0
1+(i)
&

O [t msing =23 =2m g =5 i), oosp =0
& 5 4 5 5 5

sing, 3
@) a,=PF32 4 o, a, =214
5 5
(e) n, = &:1207[, n, = &ZQQH:F”:UQCOS@—TACOS@ -0,
&g (16&,/9) n, cos 6, +n, cos 6,
21, COS 6,

3
- 1, C0s 6, +1n, COS 6, T4
() E(x2)=H,(x2)=0

(@) In medium2, g, :w\/rggozg

E,(x,2) = 7, - (-3% + 42)e atxindzeost) _ (—%)2+32)e

a

. 32
—j(8x+—12
i€ 3 )

_ 1 18 —j(8x+¥z) 1 —j(8x+gz)
H,(x,z)=— (@&, xE,)=—1(—=9Y)e 8 =—-y—e 3
(X, 2) @, xE) 907[( 5y) e



Snell’s Law: MG _ A _ M _Ver 7 _ [2L_ |%n and 6=6;
sing,  p, n, vy m & &2

The reflection coefficient: l“=E and the transmission coefficient: ‘r=ﬁ
i0 i0
I /cos®, —n, /cosd, n, cosd —n,cosd, sin(b, —6,)
* " n,1c0s6, +n,/c0sB, n, cosé, +n,cosd, sin(6, +6,)
2n, 1 cosé, 2n, cosé, 2c0s4, sin 6,
T = = =
* n,lcos@, +1n,/cosh, n, cosd +n,cosh,  sin(6, +6,)

for perpendicular polarization (TE)

_ 17,C086, —m;, cosg; n /cosd, —n,/cosd, tan(6, -6),)

" p,c086, +77, €086, N, /cosd, +n,/cosd, tan(6, +6,)

3 27, COS 6, 3 2n, /cos o, _ 2c0s6, sin 6,

" 15,C086, +17,€086, n,/cosd +n,/cosd, sin(6, +6,)cosd, —6,)

il

for parallel polarization (TM)

Eg. Alight ray is incident from air obliquely on a transparent sheet of thickness d
with an index of refraction as shown in the figure. The angle of incidence is 6.
Find (a) 6 (b) the distance l; at the point of exit, and (c) the amount of the
lateral displacement I, of the emerging ray.

(Sol.) (a) sin o _1 — 0, = sin _1(5|n ei)
sing n -

dsin 6,

Jn®—sin?6,

(b) ¢, =dtang, =

(©)
2 ain? .
ty =1+ sin(g -4) = Mmz-[sin@cosé{—cos&isin@]:dsin@-—ds'neicosei
-’ g



Rigid Body (sings).

Gin a body meet a body

Flyin’ through the air,

Gin a body hit a body,

Will it fly? and where?

Ilka impact has its measure,
Ne'er a ane hae |,

Yet a’ the lads they measure me,
Or, at least, they try.

Gin a body meet a body
Altogether free,

How they travel afterwards
We do not always see.

llka problem has its method
By analytics high;

For me, | ken na ane o' them,
But what the waur am 1?

by James Clerk Maxwell



3-5 Total Reflection and Critical Angle (6.)

In case of e1>e2 (0Or n1>ny):

Reflected
wave

Define critical angle as .= sin ~*( 8—2) =sin (%),
& n,

Incident
wave

ni
Medium 1
(€1, po)

While 0>0c=sin 6, = [Zsing, >1
&

=086, =1-sin’H, =+j [“Lsin? 6 -1

d,=%sing, +2cosf,, E, and H, oc g 2% g lxeind = gt g7lX 50 as

z—oo, where a, = ﬂzf sin?g,-1 and B,, = ﬁz\/ism@
1

Eg. ¢ of water at optical frequency =1.75¢o, find d at a distance under water yields
an illuminated circular area of a radius r=5m.

(Sol.) @, —sml =49.2°, dtan49.2°=5=d =4.32m

Eg. Assuming &=4 for glass, calculate the percentage of the incident light power
reflected back by the prism.

(Soly 6, =sin™* \E =30°<45°, n,, =1207, 77,5 =607

Incident
; _ 2x60r 2 _ 2x1207m light
AP 207 +607 3 PP 1207 + 607 _
light
2 2
Tiotal = % 1717 % =% ~ 719%




Eg. For preventing interference of waves in neighboring fibers and for
mechanical protection, individual optical fibers are usually cladded by a material
of a lower refractive index, as shown in the figure, where ni>n,. (a) Express the
maximum angle of incident @, in terms of no, n1 and n2 for meridional rays
incident on the core’s end face to be trapped inside the core by total internal
reflection. (Meridional rays are those that pass through the fiber axis. The angle
0. is called the acceptance angle, sin(@.) is the ”

numerical aperture (NA) of the fiber.) ﬂ , A
0, X o

(Sol) sing="0sing,, p="—¢>0, =sin*(2) -
n, 2 n,

2 = 2
. n . n, sin“ @
sin 8, =—% <sin ¢ =coS¢ = /1—0—2a
r-‘1 nl

2 2 - 2 2 2
n N, sin“ @ . YN, —n
2 <1--2 = sing, <———2 where no=1
n, n, No

Note: The depth of focus (DOF) of an optical imaging system is usually defined as
DOF=0.5)2/NA2,

o 7

i
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3-6 Introduction to S-parameters

S,,S
S-parameters: [S]z{ 1 12} for analyzing the two-port high-frequency circuits.

21%22

Input port Output port
_—_al(f)g a‘ff‘»’ Two-port ai@ aﬁ(\xp)_
201 - - network - - 202
___b1(x) bi(¢1) ba(£2) bz(X)___
Port 1 Port 2
Xy = €4 X2 =&
Figure Incident and reflected waves in a two-port network.
. 1 1
Define alx)= X)+Z,1(x)|, blx)= X)—2Z,1(x
(0= 5 M+ Ze1 ), B0 = 3 0- 2,10
b,(1,) = 511a1(|1)+ Sia,(l; ), b, (Iz)= S21a1(|1)"' Spa, (Iz)
R Pm} i {snsuHalal)} |
b2(|2) S21822 a‘Z(IZ)
| b, (I b, (I
where S, :M a,(1,)=0 Sy = 2( 2) a,(1,)=0 Sy :M a,(l)=0 1 and

a,(l,)

ay(l)=0 *

3,(,)

812 _ bl (Il)

~ayl,)

Eg. The variation of Siz parameter of a tab monopole antenna versus operating
frequency.

Bl Lid Floment Combol reess S Help

Di=a| ] Slviw]

The S|, parameter of the Tab Monopole




Eg. The variation of Sy parameter of a wideband low-profile SIW cavity-backed
bilateral slots antenna for X-band versus operating frequency.

W,
00000000000 O G-y
© o
O . o
8 == 2 = 8 N Shortslot
O Way 1., WO 3
4 S bl b p

o 2@y S |Le op plate
o, o \
Oy ’ O
O-";-d S || Substrate
S o 9| o Y
° booc2f  pme

cocoo| | |}o000 plate \

I \

(a) Schematic of the designed wideband antenna and (b) 3D view. [/7. = 19.6. L. =
23.2,Ly=17.7, W;3;=06,d,=534,L;,=9.1, W= 06,d,=44,p=15,d=1, wsg=3, =4,
g=1251,=42, h=0.5]. (Units: mm)

0 ==
o X i O
[
|
-104 !
2\
= M\ | =
-] \ =]
= / \ii =
& S -
-20 \
—o—d,=4.94 ,
——d,;=5.34 |
——d,=5.86
-30 T T T T
8 9 10 11 8 9 10 1"
Frequency (GHz) Frequency (GHz)
(a) (b)

Reflection coefficient (S;;) variations with different values of (a) d; (b) d,.

0

-10 4
) & 20
= =
i 7
=30 4
—— W,=0.6
——W,=0.8
——Wy=1
-40 ~ -
-30 T T T T
8 9 10 11 8 9 10 1"
Frequency (GHz) Frequency (GHz)
(a) (b)

Reflection coefficient (S;,) variations by slot width (a) Wy, (b) W,.



Eg. Compact balanced bandpass filter using miniaturized substrate integrated
waveguide cavities.

Port1/1’ Port2/2’ r

| el i I

®) % @
FREF A2 MR R S SR@)T EEO)MRE EREFHAZRMLERSHAR@ON - ROP RO KOG Fw A

e



(@) () ®)
& RS I S IR BE 2 % B G AR 19 8 35 2 A 1 5 (a) 3.19 GHz (b) 5.30 GHz FENZTHIHA@QLMRERTHEOAMERTHH
: A =
H VG
K *811 X A K )
P~ . JA / :
[--] ] 1 \ >4
~-10 g - VAR VAT ;
% S M E dd ' ‘
S ol | /SBe
= = L "
%-m % [ f) - ¥
-30
£ i
= -30 —Measurement
40~ 1. ~-Simulation
b T NS PR FUETE FETTE FE W FETTE S
gol v v v 1y 1 2 3 4 5 6 7 8
0.5 1 1.5 2 Frequency (GHz)
Frequency (GHz)
©
(@) 0
. U_) ce —Measurement
0 N v Sti --Simulation
—_—
cc
U_.Su 2
& [ 2
3 -0f E
s | S
g | =
£ | =
=< 60 cc
= i SlZ -75
) Frequency (GHz)
90 P S W TR (T S U "
0.5 1 1.5 @

Frequency (GHz) FAAE PR RO B2 A () 2 AR (b) 2 AR B

(®) (OF 2 2.2 3.5 CIES & LI ACIEZ 2.2 3.5 gIES &L 0.3



New S-parameters obtained by shifting reference planes:

U Reference planes ———____
~ i // \\\ s o~
)~ 01 = Bt ¥ N b2 =Bl ~X
- ——— e ]
| |
‘ 1 |
~ - -~ ~ ;
a{(0) T ay(€4) : Two-port j as(€>) ‘ a(0)
bi(0) | by(€4) network | ba(t2) | b2(0)
- - s Sl
\
| |
Port 1 Port 1 Port 2 Port 2’
xy=0 xXi =€ Xo =€ X =0
Figure Model for shifting reference planes.

b(l,)=b, (0™, a(l,)=a,(0f"*, b,(,)=b,(0e", a(,)=a,(0)k "
|:bl(0):| :I:Sne_jzal Slze_j(gl+€2):|.—a1(o)} where

b, (0) 5216—1(01%) Szze—izez a, (o)

|:S|lls|12:|:|:slle_j291 Slze_j(gli-ez)} and |:Sll Slz_ :I:Slllej2(91 S|12ej(61+92):|

$',,8", | | S, 1t%)g 712 S5y | |S',el s gl

1 5
T-parameters: {al(ll):|:|:TllT12 -{bZ(IZ)]Where F—nle}: S Sa
bl(ll) ToiTo | az(lz) 21122 i S _811522
12
Sa S
h T _T21T12
22
and {811812:|: Ty Ty
S2152 i _Tﬁ
Ty Ty

For analyzing three-port, four-port, ..., n-port high-frequency circuits, the

S-parameters are expressed in the following ways:

Si a(l)

Su ) a,(,) |, ...
1w Su || &)

Su ] La(ly)

11

by (L)
bi(l,) Su S, Sy a(l,) b,(,)
bz(lz) = 821 Szz st ’ az(lz) ' e

b,(1,) |
b,(l S, S, S | 3\la
3( 3) 31 32 33 a3( 3) b4 (|4)

S, S
S, S
SBl S32
S, S

41



Eg. The variation of S-parameters of a compact UWB 1:2:1 unequal-split 3-way
Bagley power divider using non-uniform transmission lines.

()

Configuration of the proposed compact (a) NTL layout (b) TTL UWB 1:2:1unequal split 3-way BPD layout

and (c) fabricated prototypes.
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S-Parameters (a) Si1. (b)S12 =S14and (¢) S13 of NTL and TTL UWB 1:2:1unequal split 3-way



3-7 Normal Incidence at Three-layer Dielectric Interfaces

In medium 1,
E, = R(E;pe " +E,,e"*)
_ . ., E,=T, E
H1 = yi(Eioe_Jﬁ1Z - Eroejﬁlz) ° ° °
m
In medium 2,
E, =X(E,’e " + E, "¢/
N o In medium 3, 4 _ E.5
7, 73

"." Continuity of tangential field components at z=0 & z=d,
". E1(0)=E2(0), H1(0)=H2(0), E2(d)=Es(d), Hz(d)=Hs(d)
Define Z,(0) =7, - 15 €0s S,d + 1.772 s!n p,d i, n; + 1_772 tan g,d
17, €08 B,d + jn,sin B,d 17, + jntan B,d

= Effective reflection coefficient I'p= Ero =— Hio = Z,(0) =1
Eio Hi, Z,(0)+7n,

Eg. If no reflection occurs, find the relation among d, #1, 2, and #»s.

I,=0= Z,(0)-n,
Z,(0)+m,

Sol.
(Sol) {773 cos 3,d =, cos S,d - {772 =\ or {771 =1,

= 17,(175 €08 B,d + jn, sin B,d) = m,;7, cos B,d + jn,sin f,d)

=

n,2sin Bod = pgasin B,d |cos g,d =0 |sin B,d =0
Case 1: Case 2:
7, =mn, orn, =nn; n, =n,0rn =n,
d=D; o012, d =”_§2, n=012,.

(Quarter-wave impedance transformer)  (Half-wave impedance transformer)

Eg. A transparent dielectric coating is applied to glass (ur=1, &=4) to eliminate

the reflection of red light A0=0.75um. Determine the required dielectric constant

and thickness of the coating.

(Sol) (@) m,=n,=120x, n,=60x
1207 1207 6 =250, _ 2 d= (2n+1) 2, _(2n+1) 075

= sy ,
My =TT, 7 \/g—r A A A

n=0,1,2,...



3-8 Optical Theory of Multi-Layer Films

inci Ei"'E,.=E2-|-E2I
Normal incidence: At z=0: 7=d:
nE;, -n,E, =n,E, —n,E,’
Eze—ikzd + Ezuejkzd = E,
n2 Eze_jkzd _ nz Ezlejkzd — n3E3
:H{ ! ](E)_ cos(ld) o) H )
_ - 2 . . [
n, n, Ei _ jn2 sin( kzd) COS(kZd) N, Ei
1 1 1
Or, + .T=M-| " |-z, where kp=2mny/A, T=E//Ei, =E3/E;
n, - n,
— jsin(k,d) M M
Optical transfer matrix: M = cos(k,d) n, :{Mll MH}
— jn,sin(k,d)  cos(k,d) 21 2
—~T= Myin +M,nn, =M, —M,,n, and 7= 2n,
Mllnl + M12n3n1 +M nTt M 2213 M11n1 + M12n3n1 +M ant M 2oN3
— jsin[k,d cos(6,
cos[k,dcos(4)] [k.d cos(6,)]

Oblique incidence: M= , Where p=n2cos6

— jpsin[k,d cos(6;)]  cos[k,d cos(é;)]
(TE), or p=n2/cos#; (TM)
Anti-reflecting film: T =0 and d=A/4n;= M11=M2,=0, M12=-j/n2, M21=-jn>

= Ma12nzni=-jnzny/n2=Mz1=-jn; = no=,/ n,n,

Effective optical transfer matrix of n-layer film: Mi=M1M2Ms...Mh.

High-reflectance film: A stack of N alternate quarter-wave layers
of high index ny and low index n; materials

Substrate

-N
0 -] 0 -] 0 - 0 -] (n_h)N 0
M = n | n | n | n,o|S
—-jn 0 J[=jn, O J[=Jn O J[-jn, O 0 (n—')N
h
o (0/n)™ -1



Eg. Determine the effective reflectances of an eight-layer stack (N=4) and
thirty-layer stack (N=15) of ZnS (n,=2.3) and MgF (ni=1.35).
(2.3/1.35)° -1 (2.3/1.35)* -1

Sol) (a) | =[5 7=227 7212 _0.9409 , (b) |I|* = 2 =0.999
(Sol.) (&) [T} [(2.3/1.35)8 +1] (b) [r] [(2.3/1.35)30 +1]
Eg. The relation between the reflectivity and the incidence angle.
10°
[Ni/B C]
107
A=24nm
I'=05
L 10%
v & "
L, \‘ -E 10°
1 z
10*
A 107
\
Y E = 8048 eV
108}

0° 1°




3-9 Fabry-Perot Resonators
Fabry-Perot resonator: Lightwave is resonant between two parallel plates.

Path difference between two successive rays:

L+L-0032¢9=2d cos @

cos@ coséd
Total output E-field:

- - E.tt'
Et — Eitt|+Eitt|rrle15 + Eittlr2r|2 e]25 +:I—5,
1-rr'e’
where d=2kdcosb= —47zn(icose is the optical phase

0

difference, and d is the thickness.
Total output intensity Fabry-Perot resonator:
IT? IT?

l=—"—— = > — ., where R=rr’, T=tt, and
‘1—Re“5‘ (1-R)* +4Rsin“(5/2)

R+T+A(absorption)=1.

Natural cleavage planes: Semiconductor lasers usually utilize the natural cleavage
planes as the both parallel mirrors of the Fabry-Perot resonator.

Miller indices: If a plane crossing (k,0,0), (0,h,0) and (0,0,1), then (k,h,l) is called
Miller indices of the plane. Note: (k ,h,1) denotes (-k,h,1), (k, h 1) denotes (k,-h,I), etc.

X (01,0 ¥ (T,0,0)

¥ ¥

X (1,10 X (2,00

Note: GaAs’s natural cleavage plane is (1,1,0)-plane. Si’s and Ge’s natural cleavage
plane are (1,1,1)-plane.




3-10 Introduction to Lasers
Stimulated emission: A photon induces an electron to

Lasing conditions:

fall down from a higher-energy level to a lower-energy

level. And then it generates another photon with the

same wavelength and the same phase.

Basic characteristics of lasers:
1. Alignment.

2. Small broadening angle.

3. Single wavelength.

4. High Coherence.

®

<

)

_ & & ¢
‘Pump
e ¢ ¢ o

o

0]

Eg. The energy-level system of a ruby laser: The population

1. Population inversion: A certain higher-energy level
has more electrons than a lower-energy level.

energy of

metastable
state

ground
state

inversion occurs between the metastable state and the ground state.

atom lifetime ~ 107 s
excited lifetime ~ 103 s
state }n

2. Pumping systems: Utilizing current driving or other methods to pump electrons
from a lower-energy level into a higher-energy level.
3. Optical resonators: The laser light traverses back and forth within an optical
resonator to generate the stimulated emission.

Ry=»

plane-parallel Ry

- L
=2 concentric (spherical) Ry~

=0

=L/2

g

Ry=L confocal Ry=

| ———

L



Application of lasers:

Laser Pointer Laser Pickup Head

Laser Sight/Collimation

Laser knife in surgery Laser acupuncture Laser acupuncture machine

Laser scanner and its applications



3-11 General Optical Resonators and Laser Modes
General laser resonator: Two mirrors with radii Ry

/’ and R, separation L.
- B L L
2 /| Stability condition: 0<(1-—)1-—)<1
A Rl R2
| I | If a laser medium is situated within an unstable

resonator, no stable laser can emit.
n m Laser modes: TEMmn mode if m+1 spots in the horizontal

direction and n+1 spots in the vertical direction.

uuuuuuuuuu

Wa :|| \ \ .
Gaussian beam (TEMoo mode): Fundamental laser mode in an optical {((FH F H })})_
resonator or a lenslike medium. LGN S
2 2 2
VE+k?’E=0=> (6_ 10, 82 k?)E = (V, +a—+k JE=0.
ror oz oz°

Let E=y(x,y,2)e¥ be a scalar field= e v > ,/,+ [z// e 1 _ jkye 1) 4 kye e =

where y '=dy/dz. Assume ky >>y "<<k?y = Vtzyf-zjky/ '=0.

Let w=Eoexp{-j[P(z)+kr?/2q(z)]}, where r’=x>+y?.
Substitute y=Eoexp{-j[P(2)+kr?/2q(2)]} into \/w-2jky =0
= -(k/q) 2r2-2j(k/q)- k?r?(1/q)’-2kP°=0

= (1/q)>+(1/g)’=0 and P’=-j/q.

Let 1/g=s’/s= s=az+b, q=Qo+z, and P’=-j/(z+qo) = P=-jIn(1+z/qo).
Set qo=jzwo®n/A and k=2zn/)=> y=exp{-j[-jIn(1+2/q0)+kr?/2(z+qo)]} =

E(x,y,2)=E,—= W) exp{ jlkz=n(2)]- (X" +y°) [wz(z)+2R(z)]}’Where R(2) z{1+[ " ]},

z 1 1 jA
—), and = - o
W, N a(z) R(z) mmw*(z)
At z=0, waist: w(0)=Wo, R(0)=c0, and #(0)=0=> E(X,y,z=0)=Eoexp[-(x>+y?)/wo?]
A
].
W, N

W(z)=W, - {1+[ ; ]}

Beam divergent angle of Gaussian beam: @peam=tan™[



Beam Shaper: Reshape laser beam and intensity distribution.
ol ||

3-11 Gratings and Photonic Crystals
Grating: Periodical structure for optical
diffraction.

280nm

Photonic Crystals: Arrays of optical scatterers.

Sharp Bends in PBG Waveguides

Maps onto the problermn of 1D resonant election scattering

-
900 Bend *
& Shawn Lin (Sandia)
S

i L e
£ i*:"‘f t ! t i
Sharp 90 degree bend \ R
100% transmission! T W w e e

Peares
Froquancy (GH2)



http://faculty.pccu.edu.tw/~meng/Eg%20in%20Opt%20Express.GIF
http://faculty.pccu.edu.tw/~meng/Eg%20in%20Opt%20Express.GIF

Eg. Comparison between 3 types of 90° bent
photonic crystal waveguides. (by K. -Y. Lee, C. -C.
Tsai Z5{FR, T. -C. Weng &3, Y. —L. Kuo 32t
%, C. -W. Kao 5&4&, K. -Y. Chen E&S5T, and
Y. =J. Lin #k524)

Normalized fraquency=0.4

alA=0.4, we=0.5um

= JLTTTT TR

0 5

5

Mormalized frequency=0 4 Normalizad fraquency=0.4

= T

o
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http://faculty.pccu.edu.tw/~meng/90%A2X%20Bent%20PCWG.pdf
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