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Photons
h 1.24
E=hv=hf =ho (J h=— w=2rv or 2rf A (um)=—=
h\(2z) h __c _c_
22\ 2 ) 4 NE
Geometric Optics (Use R>0 convex or R<0 concave )
. [ N,
Snell's Law n,sin(6,) =n,sin(6,) 0, =sin (n_
1
: : R 1 1 1
Spherical Mirror ~ f =—— —+t—=—
2 z, z, f
Spherical bound S ELL B Il BRI LU [ R
pherical boundary (n; to n,, radius R) 2 7, ~ TR 2 n, \ 2, 1
: : 1 1 1 - y
Spherical lens (R; first surface, R, second surface) —= (n -1 TR 0, =6, ]
1 2
1 1 1 f
o= m=teon Fh=— NA=sing =2 Y6, = Y.16,
z, 7, f Y1 Z ¢ 2f

Optical fiber (core n;, cladding ny, radius a)
. 4[N ) _
6. =sin 1(!’1_2J NA:nosmgaz,/nlz_nz2 A=,
| n
Gaussian Beams

Parameter Before Lens After Lens
Waist radius | W, W, = MW,
Waist location | z z' where (z2'- f)=M?(z-f)
Walist atlens | w (2) W'(z')=W(z2)
Beam R(z) note R > 0is divergin : 1 1 1
curvature at (2) Jind R*where R R f
lens
Depth of focus | 2z, 2z, = M?(2z,)
Beam 20, 20, =26, M
Divergence
Magnification
M =M, M. = |
V1+r? z—f
r=—"2o
z—f
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_ ﬁ Z i 2 :%:i 27 — 272-\/\/02
W, = ~ W (z) =W, 1+(Z_o] TS Zy p)
2
_ 0 -2r’ 2P _or? Ly
1 (r,z) I{W(z)} exp{wz(z)} 1(r,z)= Z(Z)EXp{WZ(z)} P= 5 1, 2W,
z, ) kr® z
R(z)=z|1+| 2% —kz — —tan-l| £
(2) Z{ +( Zj } #(r,z)=kz §(z)+2R(Z) £(z)=tan (Zoj
For incident well-collimated beam W, ~iW =6, = Al
0 ZO 0 0 7T\A/0
Wave Optics
U(F,t)=U(r)exp(j2zft) U(r)=a(r)e”™ 1(r)=u(r)
_ - — 2
Plane wave U(r):Aexp(—Jk-r) k:‘k‘:%ZTﬂ:nko I(r):|U(r)|2:|A|2
AZ
Spherical wave U(r)=éexp(— jkr) k =% l(f)=%
2 2

. . . . . . D
Diffraction from rectangular slit of width Dy by Dy in far field where é <<land 2t << 1

i xD. ) . yD
I(x,y)=1,sinc? —= |sinc® Y
2

Diffraction from circular aperture of diameter D in far field where z_d << 1

Dr)|
2J
1(r)=1 1( d ) Cniy _10M
1 () ’
d
Diffraction grating (spacing a) AB-CD =a(sing, —sind.) =mA

: N : . A
Bragg grating ( periodicity A ) sing, =sing, = ﬁ

Electromagnetic Optics ( charge free region)
E'(r,t)=Re{E(r)e’'} H'(r,t)=Re{H(r)e}
VxH = joD = jos E v

VZE+k’E=0 VH +

xE=—joB=-jouH VeD=0 VeB=0
k?H =0 k=nko=w/v=21/2.  k,=wl/C
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K=k&+k§+k  k=[|-2- Zﬁ_nko KxEy=wuH, kxH,=-0&E,

F_O‘Zizn:ﬁ \F\/ﬁ \/712% 3770
AR

2
. n :
Fresnel reflection and transmission (n; to ny) €086, =+/1-sin’6, = \/1—(—1J sin 6,

Power reflected 2 2 Power transmitted
R= - =|re| or ey T= — =1-R
Power incident Power incident

E n, cosé, —n, cosé E
TE I =Ie =2 = nl 91 I’l2 92 t =1, :Ez :1+rTE
1 Ipboundary 1 COSG; + 1N, COST, 1 lboundary
E, n, cosé, —n, coso, E n
™ = = " n,cosé, +n,cosd 4=t =E = ()
1 Iboundary 2 1 1 2 1 Iboundary n,
2
. n, -
Fresnel reflectance ( normal incidence) R=|——=
n, +n;
4l n,
Brewster angle for TM (n;<n, ) 65 =tan o
1
Slab Waveguide (core n;, both claddings n», thickness d=2a)
2ra 2V -
K, = Kyn, = 2 o 270 V=" 0k -n? m< Y = M:Int(z—vj+1
ya A A 7 V3
2
_ 2zn, [N | .,
Single mode Vimax=m/2 A g1adding :T P sin“ @, —
2
a V+1 .
MFD:2W0z2a+2\7=2a(TJ NA=n,siné,, =+/n7>—n;
n 2
sin®6_—| %
¢ n,
TE (sin 6y, >sin 0 2aK, cos@ —mrx = tan| - | =
( m c ) 1 m ¢m 2 COS em
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\/sm 0. [n J
P n

TM (sin 6, > sin 6 ) 2aK, cosé —mz =g, tan o= 5
cosé (2]
n

Stepped Index Optical Fiber (core ny, cladding n,, core radius a)

—* [ 27
AN, NA =, sin 6, =/n? —n? v-22 g
r]1
. v ’ Pcladding 4
Single mode Vmax=2.405 M~ N
’ 2 I:)totall BN
()]
b= T MFD=2W, single mode W, = 3(0.65+1.619V -15 | 9 g70\/ _6)
172
2 2
BF: ny - Ny L = i __“"

" Ko(n,-n,) KB

Graded Index Optical Fiber (core n(r), cladding ny, core radius a)

r o
n,1-2A|—|, 0<r<a,core 2 _n? —
n(r)= Al (a] A=l M-,

2n; n,
nv1-2A =n (1-A)=n,, r=>a,cladding
axial NA(0) = \/n*(0)—nZ =/n? —n? M=~ < jaanA
(0) = (0)—n} = n —n; [mz
Fiber Dispersion and Loss
~ap 1, P(0) )
P(z)=Pe @, ==In—) Np/m  a=4343, dB/m a(i):ao(—oj
2z P(2) p)
2(2a (3 "
o+ o 2
N,=N_<1- —+ N = n.ka) A
GRIN (parameter ) eff 2aA| R (ZHZKR] 0 a+2( 1 )
Imax = Iine_aL T, =£ Az, =20
Vg
tZ
Gaussian | =1_,¢€ 20° o =0.425A7,,, At,,, =2.350

Rectangular o =0.29A7,,
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B=— RZ format T,,, = 2Az,,, Or 4o NRZ format T, =Ar7,,, or 2c
T
f . _ 1:optical
electrical \/E
2
Multimode Si fiber Az, ~—=—— = LM _p ) LA oo =029A7,,
g,min Vg,max c 2 Cn2
. Ln AZ LnlAz
GRIN fiber A = Az-rms =Olintermode ~ - =
2= g termete = 2043
dr dr
D, .. Y ot} At =|—2{AL =L|D,,|AZ
L{ d di
o _1fd%)_d[1) 2rc(d’B °8 _ vp Ar—dﬁM—L\D A
“oLlda ) daly, 2\ do’ do® dA "
2 2 2
Dch = Dmat + Dwg Ototal = Olintermodal + O chromatic
1 v
tie =t5 +ol, +t5 to = 2.2RC BW =~ L :ﬁ
c c 0 0 on dn
n=— 0 =S¢ 2 lin(w)]=n(0)+o=n(2)-1"
v, v, ow Ow ow di
Fiber Coupling Loss (lateral d, angular 6, longitudinal s)
2
- n
y ooz T
n, +n, n
nO
d dy’ A
Lateral: SI multimode fiber A =2a’cos™| — |-d,[a’ | = n=—:
2a 2 a

Lateral: GRIN (parabolic) multimode fiber 7, ,; =1—3i(9j :1—0.85(9J
7\ a

2
Lateral: single mode fiber New Lar = exp{_(ij }
’ w

Angular: SI multimode fiber n,=1-
g m, N 2A

2
Angular: single mode fiber 774, a = exp{_(ﬁn;weJ }
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2
o . . a
Longitudinal: SI multimode fiber =
J s (a+stan(9c))
o . . 1
Longitudinal: single mode fiber z= =—
J J 27n,W° Tws =721
Optical Resonator
2 2
L: |T| L Imax |T| F:ﬂ'\/ﬁ
I, (1-R)" +4Rsin?(KL) ilw L (=R 1-R
vo=m = AV =v_.—V_ =V y, = oVt
m 2Ln m m+1 m f f 2Ln - Sv

1 1
a, =a,+—In

2L | RR,
PN Junctions

Vozﬁ,n(mzwol Wo:\/ﬁv{i+i] c _EA

e n, a N, Np W
A C
w=w, [1- c=22__o
0 w 1_!
VO
ALGaiAs.  Eg(eV)=1.424+1.266x+0.266X° n~3.59-0.71x  with 0<x<0.4

In1xGa,AsyP1.y Eg(eV):l.35-0.72y+0.12y2 with 0<x<0.47 and y=2.15x

1 KT 1, KT
L, =D,7, L, =D,7, D, :"T D, = -
1 1 1 1 1 1
z‘p ] ~ = T, = ~ =
B(nno + pno) Bnno BND B(npo + ppo) Bppo BNA
D
I, =1, exp(ﬂj—l zlsexp[ﬂj I,=A D, | Do en’
KT KT LN, L,Ng
lecorn = 1 exp(ij—l ~ Irexp(i] I _A W—N+% en,
2KT 2KT 2 7z, 7,
P I{exp[iJ—l}
nKT
LED
o= ®,, _internal photon flux ®, output photon flux
int -

77 = =
/e electron flux *1/e electron flux
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1
al 1 2
7, ~ _ -z
Mt = i Thoss n (n +1)2 Next = MintThoss |Aﬂ’| - hc ‘AEPh‘
TI’ an
P —hfd, =y hfl 7= Optical .PowerOut _R
e DC Electrical Power In IV
_ Optical Power Out =i . hfd, - hf R =1, 1.24
DC Current In I I Am)
SsLep 1(6)=1,, cosd P, = P, (NA)’ ELep 1(8)=1,,cos"(0)
1
P g__1 ¢ =035
! 1+ (wr)’ 2rt B
Laser Principles
A, 8zxhf 3
R, = B12N1p(hf) Ry = AN, + Busz(hf) B, =B, B_ s
21
8z f? 1
Peq (NF) =| —— | (hf )| —<—
c ( hf j
exp| — -1
KT
n N _ hf B.,nhf
P =P, exp(gz = N, —N,)B,.o(hf hf,) ~ —2—2 =(N, - N,)2—-2
0 p(g ) g CNph( 2 1) le( ) P( o) Af g ( 2 1) AT
1 CAf
= =y+—In N,-N,) ~g,———
i = Ao =7 oL (Rlej ( 2 1)th o B, nhf,
Laser Diodes
2
ﬂﬁj 2nL 2nL 2nL  A? C (A-4)
L=m| =2 Al = - ~ = Af =—— A)=g(0)exp| -
[Zn & m m+1 m* 2nL 2nL 9(4)=9(0)exp o’
2
A=t| Lo 4, = 2nA PR S
2n, 14 2n,L, 2
AP P 1 J, n n,,edWL
M s10pe =—=—"0 Ny, = ot Ly = JpA= =
Al 1 =1, Cz,, ed 7, Ty
hCZz'ph(l—R) (| | ) n n ¢ ( 1 j 1 | 1
out — i Th = = — max — | = -
: 2eniL f P Cay, Oy 27 ) Jrotm Vi
Photodetectors
A, (um) = 1.24 I (x)=1,exp(—ax) s=1la

E,(eV)

February 2017




EQUATION SHEETS FOR ELEC 4702 February 2017

= ml€ il iR—I—ph w o _ % V. - R 1,
P Ihf eP0 P, hf " he 1+ jwR.C,
W L2 2
ty = V_ Uiittusion = E t = \/tdlffusmn drlft + (RLCL)
d n
-1
R_:olvd{els eXp(evd ﬂ _nKT V= o Moo 1
Podly nKT nKT el, oo 1_[\/(1Jn
VBR

Noise and Receiver Design

P =F 1+mf()] Is =Ml = MRR, isz:M2%2P02m2<f2(t)>:|52m2<f2(t)>
. . AKTB . 1
=2e(l,, +1,M?FB F=M i2 = R {iZ}=2el, Brc =5
i 12m2(£2(¢
P } ir?L:MZERZ{Pni}BZ(RIN)MZ%ZBPOZ SNR: IS RL s < ()>

iI’R_+i2R, +i2 R, iZ+if +i2

m*(12(1)
2 VZ B
et 45 ] o) TR

om*{ (1)
{2e(l + 140 )F + KT {i”ZA}+ {VEA}(lJr (258C) HB
s0 do R2

Without equalization SNR =

With equalization SNR =

M’R M? M? 3
1 1
RCe )
Transimpedance amplifier

{Zeuw e T j{M} {jﬁ[{;ﬁf W;@HB

Optical Components

W =

SNR =

n=n+An=n, + pE strain:A—LL:kE

MZI P

out

EDEA  NE = NRn _|q, 2P |1
SNR,,, hf Af,,

= % prcosag)  ag-rl




