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- Propagation of light through fibers and waveguides

Optical fibers

Planar Waveguide

Fiber modes

Higher order modes

Effective mode area

Finite element simulating

Dispersion and dispersion engineering in fiber
Integrated waveguides

Example: Supercontinuum in waveguides



Optical fiber

Guiding through index contrast between core and cladding:

Ncore — Nelad

Nclad

A=

Can maintain small mode-cross section over long distance. 1 2 3 4

Wavelength (nm)
1260 1360 1460 1530 1565 1625 1675

~_ 0 [ E [ § JC[L U] :
N OHiab§orpt|on peegk /S 1 Core (typ. 5-10 pm diameter for single mode,
) ay/@zgh P & 2 Cladding (125 um diameter is often standard)
Em 0.2p Scal’?@n;? """"
° 9 Mechanical protection:
3 Buffer (usually a polymer, 250 um is
_ _ : L | standard)
0.1 R — 4 Jacket optional additional protection, usually
240 230 220 210 200 190 180 plastic.

Frequency (THz)
Nobel Prize 2009

Charles Kao 0.2 dB/km : 50 % of the light is lost after 15 km (!) of propagation.




Light propagation in inhomogeneous media

Eigenvalue equation

V (E(ir)v « H(r)) _ (%)2 H(r)

linear hermetian operator Eigenvalue

* Hermitian operator, real eigenvalues H H H*
’ W H,;) = “(r)H;(r)dr o< 04
* Eigenmodes orthogonal (_’“_3) i (r)Hj(r) ij

* Confined structure have discrete modes Eigenmodes



Planar waveguide

Intuitive ray optics picture
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Guiding by total internal reflection if Transverse resonance condition (discrete modes)
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Planar waveguide
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Fiber modes

Cylindrical symmetry implies modes 2m-periodic
boundary condition in angular coordinate ¢

E « F(r) exp(ilp) exp(ifz)

azimuthal mode index [

radial mode index m

Single mode condition

1/2
V= korcore(ncore - nclad)

V<V, V.~ 2405

mode index |
N

W

A single-mode fiber supports
only this mode profile
(2 polarizations)

mode index m
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Effective mode area

index A
contrast

0.01

0.005

0.0025

Wavelength 1um

Cladding index approx. 1.44

2 um

5um

core radius

Effective mode area:

(f |EPdA)?
[1BJ*dA

Aeff —

Larger index contrast leads to stronger
confinement

Smaller core radius usually implies smaller
effective area; however, when core radius
and/or index contrast very small, the mode area
can get larger



Effective mode area and wavelength

wavelength
<

3 um 2 um 1.5 um 1.5 um
(100 THz) (150 THz) (200 THz) (200 THz)

* Larger mode area for larger wavelength
* Can lead to strong chromatic dispersion of nonlinearity, impacting Ts;ock J

(2 +8 =) a=ir (1 +inumnge ) A7) [ BE)IAG = 7P ar
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Measures of dispersion

Often used measures of dispersion in fibers and waveguides:

Dispersion Measure Expression

Dispersion Per Unit Length

Group Velocity Dispersion (GVD) B>

corresponds to k, in previous 8 1( _6n ’n A2
Taylor expanion Be = 2 ¢ 2% —H"@ ~ %ne
Dispersion Parameter D
A &’n 2me
=22 -_"p
c GA2 A2

Units

s2 /m (often as ps? / km)

ps / (nm - km)

Sign of Anomalous
Dispersion



Finite element method (FEM)

AVAv,
VAV, K
AVAVAYAVav,

SVAVAVAY S-S AV
SRR Rk
| SRR, ety
W Araroat: SRR ISSET
"Ahuv‘vi ]

VAV

Boundary condition
(e.g. perfect electrical conductor)

Coupled eigenvalue problem with E(x,y, z) = E(x,y) exp[ifz]
and H(x,y,z) = H(x,y) exp[ifz]

E. 0 U H, 0 -1 0 H,
—iwe | By | - 0 0 -0, H,|=i8|1 0 0 H,
E, -8, 9; 0 H, 0 0 O H,
H, 9y E; 0 —1 0\ [E:
iwp | Hy | — —0, E,|=i|1 0 0 E,
H, —8, 8, 0 E, o o o/ \E

Solver finds Eigenvalue [ for given w

Other numeric techniques, e.g.
*  Finite difference method

*  Beam propagation method
and numerous variations exist.

10



Dispersion Engineering in a fiber
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Integrated waveguides

RIE etching

LPCVD growth

Resist stripping

Spin coating

Additional etching and
LPCVD LTO deposition

Electron beam lithography

Cleaving of wafer

Mode area: ~ 1 um
Loss: ~ 0.1dB/cm

SI0, SizN, Resist Si



Examples

Long, high confinement waveguides Resonators
a

Change of waveguide parameter along length
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Moss et al., Nat. Phot. (2013)



Higher order modes
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Odd and even modes arising from symmetry

E(;tf? y)
If =(r.y)=c(—x,y) thenalso E(—i’-. '9')

Assume Eigenmode:

(same frequency, i.e. same mode)
E(_"L‘.:‘ y) — (I-E(-l-‘dj: yj

E(r,y) = a’E(+,y)

a= =1

TE 11

odd

is a solution

— 0dd and even modes 14



GVD (ps™2/km)

Dispersion integrated waveguides

Waveguide width 700 nm

Aeff (um”™2)

Single mode regime
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Solid line: TE, Dotted line: TM, black: fundamental mode, color: higher order (all modes same symmetry as fundamental mode)

Waveguide width 1300 nm
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Example supercontinuum — waveguide width 700 mn
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Example supercontinuum — waveguide width 1300 mn
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Multi-mode phase matching
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Photonic crystal fiber (PCF) and photonic crystal waveguides

Band diagram of fiber/waveguide

AEEUIL Periodic structures can significantly change dispersion

Forbidden

Propagation constant 3
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Experiment: Fiber splicing

After lecture
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