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Optical Waveguides and Fibers .ﬁ‘(".
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Lecture: Prof. Dr. Christian Koos

Tutorial: Dipl.-Ing. Jorg Pfeifle

Contents:

Tue, 15:45-17:15h

First lecture: KI. ETI, Bldg. 11.10

Further lectures: IPQ meeting room (R. 3.42), '
Bldg. 30.10

M. Sc. Aleksandar Nesic
Dipl.-Phys. P. Dietrich

Wed ,11:30 - 13:00 h
IPQ meeting room (R. 3.42), Bldg. 30.10

Introduction: Optical communications
Fundamentals of wave propagation
In optics

Slab waveguides

Planar integrated waveguides
Optical fibers
Waveguide-based devices and
systems
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Communication with light ..\_\J(IT

Karlsruhe Institute of Technology

Optical Optical
_”.I-l_”__) Transmitter | | Receiver _)_”-”—H—

Data in Fiber . Fiber Data out
Optical
Amplifier
1 Y J i . IR Y ]
electrical optical electrical

Advantages of Optical Communications:
« Large transmission capacity: Large fiber bandwidth of 250 ...190 THz = 60 THz

Bitrates of typical services:
Voice (ISDN) 64 Kkbit/s (compressed < 10 kbit/s)
Picture (TV) 140 Mbit/s (compressed 2...6 Mbit/s)
Bitrates of transmission media:
Twisted pair 6 Mbit/s (6 km); coax 650 Mbit/s (1.5 km)
Glass fibre 1.28 Thit/s single channel (240 km) HHI 2006
Fibre + WDM > 100 Thit/s (10 Billion ISDN, 20 Million TV)

e Long transmission distance due to low fiber loss

Down to 0.15 dB/km @ A = 1.55 pm; 0.35 dB/km @ X\ = 1.3 um; 2.2 dB/km

@ A\ =0.85pum, i. e., down to 3 dB (50%) power loss for a fibre length of L = 20 km
* Immunity to electromagnetic interference

High carrier frequency and strong confinement of the light inside the waveguide

Institute of Photonics >k
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Wavelength-Division Multiplexing (WDM)

How to exploit full transmission bandwidth of
optical transmission systems ? 0.5

o
L

fibres: B =65 THz (450 nm)
amplifiers: B=10THz ( 80 nm)
wavelength division multiplexing (WDM)

Loss (dB/km)
o o
L] w

o
—_

channels: Af=5, 10, 25, 50, 100 GHz 0

. . ] 1200 1300 1400 1500 1600
capacity: 40 Gbit/s x100 ch = 4 Thit/s Walalingth (nm)

Can be further increased by polarization multiplexing and
higher-order modulation formats.

MLy gep compersat. 19 M VL
ﬂj\/\j\f\j\*/ transm. fibre / _,* f\/VU\M

opt. amplifier
laser photodet.
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Milestones in fiber-optic communications .&‘(IT

Karlsruhe Institute of Technology
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* Low-loss fibers (1970's)
Reduction of loss from 1000 dB/km to below 20 dB/km by removing impurities,
suggested in the 1960’s by Charles Kao (Nobel prize 2009)

* Semiconductor lasers operating continuously at room temperature (1980's)
Double heterostructure pn-junctions (first GaAs as base material, today mainly
InP)

* Erbium-doped fiber amplifier (1990's)
Broadband amplification (1535 - 1565 nm, 4 THz) of tens of channels in
wavelength-division multiplexing (WDM) systems

Latest developments:

» Coherent communications and digital signal processi ng
Encoding of data on both the amplitude and the phase of the signal by using
higher-order modulation formats (e.g., quadrature amplitude modulation, QAM);
compensation of transmission impairments by digital signal processing

» Large-scale photonic integration
Co-integration of various different optical components (lasers, modulators,
photodetectors, passive devices) on a common chip; this technology is key for
realizing transmitter and receivers for coherent communications

and Quantum Electronics
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Installation of global optical
communication networks in the 1990s
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Submarine Communication Systems — Laying the Cable ﬂ("'

Karlsruhe Institute of Technology

Network management

Institute of Photonics *
8 21.10.2014 Christian Koos - I PQ

and Quantum Electronics



Submarine Communications Cable ﬂ(".

Karlsruhe Institute of Technology

Submarine cable cross-section:
1. Polyethylene

2. Mylar tape

3. Stranded steel wires

Aluminium water barrier
Polycarbonate

Copper or aluminium tube
Petroleum jelly

. Optical fibers

o 21102014 instiute of Photonics __ 1Dy ‘*

and Quantum Electronics
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Data centers ... and interconnect bottlenecks! ﬂ(".

Karlsruhe Institute of Technology

* More than 90% of all computing, storage, communication will occur within warehouse-
scale data centers

 Internal data traffic much larger than access traffic

Facebook's data center in Luleda, Sweden: On-line since 06/2013

www.facebook.com

and Quantum Electronics

o Institute of Photonics _IPQ
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Karlsruhe Institute of Technology

Large-scale data centers: The interior ﬂ(".

Scaling of computing and storage by Problem: Network scalability is lagging

massive parallelization: behind
~ 40-80 servers per rack,
16 racks per cluster,
~ 100 clusters (100 000 servers)
per data center
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Network scaling reguirements .&‘(IT

Karlsruhe Institute of Technology

,<Amdahl‘s rule of thumb*: Balanced systems for parall el computing
For every 1 MHz of “processing power”
... 1 MB of memory
... 1 Mbit/s 1/O data rate
... In the late 1960’s ...

In 2011
6 x 2.5 GHz processors, 2 - 4 cores each
= ~ 30-60 GHz of “processing power”
24-64 GByte memory
But 1 Gbit/s of network bandwidth ?7??

How to ...
... deliver 40 Gbit/s bandwidth to each of 100k servers ? _
... deliver 40 Thit/s to each of 100 clusters ? = Optical
... scale up to a 4 Pbit/s network? interconnects!

and Quantum Electronics

o Institute of Photonics _IPQ
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Optical interconnects ﬂ(".

Karlsruhe Institute of Technology

Optical communications is moving to short and medium dist ances
JD = DDDE
§
¢ 30 BIIC

)

http://citrix.cleanrooms.com

o Institute of Photonics
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Optical rack-to-rack interconnects: Active optical ca bles ﬂ(IT

Karlsruhe Institute of Technology

Luxtera Blazar LUX 5010
4 x 10 Ghit/s Active Optical Cable

Single, inexpensive 1550 nm directly attached laser
illuminates all four lanes with unmodulated light

4 X 10 Gbps MZI modulators fabricated
monolithically from silicon

Light couples vertically into and out

Blazar die of the chip (self aligning)

~ Light out to other end of cable

~ Lightin from other end of cable

Integrated electronics

Ge photodetectors monolithically

Wafer scale fabrication and test integrated on the chip

on 501 in a standard CMOS foundry DRCIOsvavEQ IS

and passive optics

Institute of Photonics ak
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Optical rack-to-rack interconnects

KIT

Karlsruhe Institute of Technology

High-performance supercomputer
(IBM Roadrunner)

19 872 processors, 1 Pflop/s
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Length:

~100 m

No. of links: 5-10k
Bandwi
Power:

dth: ~ 10 Ghbit/s per link
50 mW / (Gbit/s)

e i,

1
Institute of Photonics I P Q
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Optical board-to-board interconnects ﬂ(".

Karlsruhe Institute of Technology

ca. 1 m tolal

(Lt 1t a1 a7 1 P i e i 0 1 8 1 0 0 0 N ||
——— ey

Length: ~50-100cm
No. of links: ~ 10 k
Bandwidth: ~ 10 Gbit/s per link

Yurii Vlasov, 'Silicon photonics for next .
generation computing systems’, ECOC 2008 Power: 10 mW / (Ghit/s)

o Institute of Photonics
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Waveguides in printed circuit boards (PCB) ﬂ(IT

Karlsruhe Institute of Technology

4x12 waveguides on 250umx250um grid
(proof of feasibility)

Yurii Vlasov, 'Silicon photonics for next generation computing systems’, ECOC 2008

e Institute of Photonics
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Chip-to-chip interconnects ﬂ(".

Karlsruhe Institute of Technology

Optomodule | fransceiveric

i Length: ~1lcm
IBM Terabus pI’OjeCt No. of links: ~ 100 k

Bandwidth: ~ 1 Thit/s per link
computing systems’, ECOC 2008 Power: < 10 mW / (Ghit/s)

Yurii Vlasov, 'Silicon photonics for next generation

o Institute of Photonics
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On-chip links

KIT

Karlsruhe Institute of Technology

Problem today:

Performance of computers limited by
bandwidth and energy consumption
of electrical interconnects!

Global ‘<

—>) & Metal 1 Pitch

19 21.10.2014 Prof. Dr.-Ing. Christian Koos

The vision: 10 Tflop/s on a 3D chip

Logic plane:  ~ 300 cores

Photonic plane: ~ 70 Thit/s on chip and off-chip,
On-chip routing and switching of
traffic

=

LR ER

=, ._Ej'{_:. S *
Photonic network layer =
Memory layer
Processor layer

http://domino.research.ibm.com/comm/research_projects.nsf/pages/p
hotonics.index.html

Institute of Photonics |P Q
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Research at IPQ — a few examples




Chip-scale transcelivers for massively parallel WDM ﬂ("'

Karlsruhe Institute of Technology

Previous demonstration: Use frequency
comb, generated by a mode-locked laser
325 channels, 12.5 GBd,
16 QAM, PolIMUX = 32.5 Thit/s

(" Comb Generator } (o _s]&a_rrgr_madaaw
| ‘
| 7 A B! T{>—]QAMTX

| (. _|>_
| Ergo MLL  HNLF ) | UAM LK
——————— Waveshaper

frep =125GHz M- ——
The vision: Chip-scale multi-Thit/s transceivers

NN
fu

Hillerkuss ef al., Nat. Photon. 5, 364-371 (2011)

Photonic wire bond

Transmitter chip: Silicon photonics
and silicon-organic hybrid (SOH)
integration

7’
Chip-scale Kerr
comb generator

Nonlinear SIN
InGaAsP microresonator

pump laser
Pfeifle et al., Nat. Photon. 8, 375 - 380 (2014)

o Institute of Photonics
21  21.10.2014 Christian Koos . —|PQ%
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PIC design and fabless fabrication ﬂ(".

Karlsruhe Institute of Technology

Silicon photonics:

» High-density integration by using high-
Index-contrast silicon-on-insulator (SOI)
waveguides

» Use of CMOS foundries for photonic
devices

= Multi-project-wafer (MPW) shuttle runs,

e.g., ePIXfab (http://lwww.epixfab.eu/) or

Germanium Mach-Zehnder
photodiodes modulators
(up to 40 Gbhit/s) (25 Ghit/s)
wi " ea B .
- Si,n=3.48 | -—"va'-’-’*'-’f'-’lir' |
SiO,, n=1.44 -

Si substrate

. Institute of Photonics
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Silicon-organic hybrid (SOH) integration .ﬁ‘(".

Karlsruhe Institute of Technology

Concept: Combine nanophotonic silicon waveguides with

electro-optic organic cladding materials

* High-speed modulation: 3 dB bandwidth > 100 GHz (All-
silicon devices: 30 GHz)

 Highly efficient: U.L <1 Vmm (All-silicon devices: U,L = 10
... 40 V. mm)

* Lowest energy consumption of a Mach-Zehnder modulator
(MZM) in any material system:
< 2 fJ/bit (All-silicon MZM devices: 200 fJ/bit)

» No amplitude-phase coupling: Enables higher-
order modulation formats (16 QAM)

EO-Material

s, o2 - 0.2
2% ™% -12.5 Gbit/s =)
.‘ : :' 3 ; g .1 Jﬁ‘ : g
° \. . L . < H 9\ s : 4 ; y “%
0000 P T e
o Al =
. s . 3 e : ‘ g 0.1
" - ko s el o I o
7 m 130mV__ 1.6fl/bit| = ~ Frequency [GHZ]
Palmer et al.; ECOC 2013, paper We.3.B.3 — Best student paper award 0 20 40 60 80 100

Alloatti et al., Opt. Express 19 (12), 11841-11851 (2011)
Palmer et al., IEEE Photonics Journal 5, 6600907 — 6600907 (2013)
Korn et al., Opt. Express 21; 13219-13227 (2013)

. Institute of Photonics
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3D photonic integration and photonic wire bonding ﬂ(".

Karlsruhe Institute of Technology

Electronic wire bonding:  Stacked-die package

e Automated fabrication (10’s of connections per
second)

* Small pitch (down to 30 um with 15 um wire
diameter)

e £ 2 um bond placement accuracy

» Tight control of the loop trajectory

Photonic wire bonding: Replace metallic wire
by a 3D freeform polymer waveguide

* No high-precision/active alignment required
* High interconnect density
* Fast fabrication

Lindenmann et al., Opt. Express 20,
17667-17677 (2012)

Institute of Photonics *
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KIT Photonic Fab
@ Institute of Microstructure Technology (IMT) ﬂ(".

 In-house fabrication processes for rapid prototyping based on
electron-beam lithography
Silicon and silicon-nitride PIC and plasmonic devices KNIWF :}
» Technology base: Karlsruhe NanoMicro Facility (KNMF) Karisruhe Nnuo{:
Fully equipped cleanroom (500 m2) comprising state-of-the-art
nanofabrication tools

mMic RONFacility

Electron-beam lithography:  Reactive lon Etching: Thin-film deposition
Vistec VB6 (100 kV) Oxford Plasmalab System tbd.
Next steps: 100 with ICP 380 source

o Completion of available process portfolio by thin-film layer growth

* Involvement of further (IMT) personnel

» Definition and development of reproducible fabrication processes for rapid prototyping of
PIC and plasmonic devices

Institute of Photonics *
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Plasmonic-organic hybrid (POH) devices .&‘(IT

Karlsruhe Institute of Technology

NL polymer

Manipulation of light on a  EIE ¥l
nanometer scale

Metal slot-waveguide
modulator

L Institute of Photonics
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Applications in Optical Metrology .ﬁ‘(".

Karlsruhe Institute of Technology

Silicon Photonic Optical Coherence Tomography

JEmily brdl @ ! :
swept (BN silicon PIC 0] SR URN - samlpfle measurement
source| o O : ' i : i imirror position 1 :
@
S ball lens S 2 3 45 6 7 8
L= o 0] T S e S e SISV EELE !
O £
O 3]
2 5
1) sample 3 -20|- ARt
detectors %}—VADC e
> 0 2 4 6 8 10 12
on-chip backscattering: Depth [mm]

silicon PIC

Interferometer and detectors integrated on silicon = 40 dB dynamic range over 5 mm depth
Schneider et al., CLEO Conference, San Jose, USA, ATu2P.4 (2014)

Silicon Photonic Distance Metrology

e
JLJ_LI_L; - 5

Chip-scale heterodyne interferometer + §

. . 10 1 1 I ] 1
 Standard deviation below 5 pm -0 1 2 3 4

.l . Set distance [mm]
e Acquisition time 14 us Weimann et al., CLEO Conference, San Jose, USA, STh40.3 (2014)

. Institute of Photonics
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Applications in Biophotonics ﬂ(".

Karlsruhe Institute of Technology

Polymer microgoblet lasers Sensing with Whispering-Gallery
| | - | Mode (WGM) resonators:

+® Coupling to functionalized
resonator surface
® Detection by shift of resonance
frequency
* High-Q resonators

Counts (a.u.)

s — Sy ' = | ' = Low detection limits, i.e., single
b : [ el virus, nanoparticle

T SR

=~

660 665 6i0 6i5 620
Wavelength (nm) Grossmann et al., Appl. Phys. Lett. 96 (2010)
Selective label-free detection of biomolecules

Q ~ 1.3-107 (A ~ 630 nm)

;
2501 -
€
Parallel functionalization =2 £58 Bkl E5Tid
of whole micro-goblet & 150! 50 nMol STV
chip using array of 8
phospholipid spots on £'%
glass stamp $ 50l
Goblet chip Oberot

0 40 80 120 160 200 240
U. Bog et al., Small in print (2014) Time (s)

. Institute of Photonics IP
28  21.10.2014 Christian Koos —IPQ

and Quantum Electronics



Fundamentals of Wave Propagation in Optics




Maxwell's equations and constitutive relations .ﬁ‘(".

Karlsruhe Institute o f Technolo gy

Basic assumptions:

* No free charges, no currents (if needed, they are treated by a complex
dielectric permittivity...)

 Nonmagnetic material Frequency-domain quantities:  Either

 Linear material (for now...) Fourier transforms or complex amplitudes
of time-harmonic quantities

N\
V- -D(r,t) =0 V-D(r,w) =0
oB(r,
V x E(r,t) = — ét 2 V x E(r,w) = —jwB(r,w)
V-B(r,t) =0 V- -B(r,w) =0
V x H(r,t) = 8Dé§’t) V x H(r,w) = jwD(r,w)
B(r,t) = poH(r,t) B(r,w) = poH(r,w)

D(r,t) = ¢gE(r,t) + P(x,t) D(r,w) = ¢gE(r,w) + P(r,w)

Institute of Photonics >k
30 21.10.2014 Christian Koos = I PQ
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Frequency-domain quantities and dielectric suscepti bility .&‘(IT

Karlsruhe Institute of Technology

Fourier transformation:
“+o0

+o0
1 - . N .
- — w Jwi w w ) = —Jwt
(1) = o ZCJ/( ) elwl g o—e i(w) /rp(t)e it
_ —0
Complex amplitude of a time-harmonic quantity:

U(t) = Re{¥(w)exp (jwt)}

Note: For linear media materials, Maxwell’'s equations take the same form for Fourier
transforms and complex time-domain amplitudes. In nonlinear optical media, the two
guantities must be carefully distinguished!

Dielectric susceptibility of a linear medium:

Note: In optics, the term “linear medium” denotes a material, for which the polarization P
depends linearly on the electric field E.

©0 Time domain: Convolution with a
P(r,t) = / E(,t 7)d | .
(r,t) = <o —ooX(r TEQ m)dr (causal) influence function

P(r,w) = egx(r,w)E(r,w) Frequency domain: Mt_JItipIication with a
= complex transfer function

Institute of Photonics >k
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Constitutive relations and complex refractive index .ﬁ‘(".

Karlsruhe Institute of Technology

Complex dielectric constant and refractive index :
D(r,w) = ¢E(r,w) + P (r,w)
= € (1 + X(r,w)) E(r,w)
= eger(r, w)E(r,w)
= ¢on?(r,w)E(r,w).

: : : . . Convention: Positive
Complex dielectric constant and refractive index : values of n, (e,) are

gr(r,w) =1+ K(I‘,w) — @2(r,w) assigned to lossy media,

negative values
M correspond to optical gain!
S ng, Er = €rO)J €y,

n=—n 7
er =n? — ne, € = 2NN,
n?=3e (14 1+ 2/ ). ni=c;i/(2n),
n & L/ er (for |ey| < er) n; ~ €ri/(24/€r ),
n =y l€ri| /2 (for |epi| > er) niﬁfdsgn(eri)\/ l€ri| /2 -

and Quantum Electronics
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Basic relations of vector calculus

KIT

Karlsruhe Institute of Technology

33

Linearitdt
1. V(ad +f¥ )=a Vo +p V¥
2. Ve(aF+G)=a V- F+B V- G
3. VX (aF+B G)=a VXF +B VG

Operation auf Produkten
4. V(®¥ )= V¥ +¥ Vo
5. VF-G)=(F-V)G+(G-V)F+
+Fx(VxG)+ G x (VxF)
V- (dF)=p V- F+(V®) - F
V. (FxG)=G * VxF-F - VxG
VX(®F)=0 VXF+(V® )xF
VX(FxG)=(G - V)F-(F - V)G +
+F(V-G)-G(V-F)

Zweifache Anwendung von V
10. V- (VxF)=0
11. Vx(Vo)=0
12. Vx(VxF)=V(V-F)_V?F

© %0 N o

grad(a® +B¥ )=o grad® +p grad ¥
div(c F+B G)=o div F+p div G
rot(a F+B G)=a rot F+B rot G

grad(®¥)=® grad ¥ +v¥ grad ®
grad(F - G)=(F - grad)G +

+(G - grad)F + F xrot G+ G xrot F
div(dF)=p divF+F - grad ®
div(FxG)=G - rotF-F - rot G
rot(® F)=® rot F+ (grad ®)xF
rot(F xG)=(G - grad)F -

—(F - grad)G+F divG-G divF

divrot F=0
rot grad ® =0
rot rot F=grad div F- AF

21.10.2014 Christian Koos

Rade / Westergren, Mathematische Formeln, Springer

—IPQ—¥

Institute of Photonics
and Quantum Electronics




Wave equation and plane waves .ﬁ‘(".

Karlsruhe Institute of Technology

General form:
V2E(r,w) + V (Vjér:)’) -E(r,w)) + kZer(r,w)E(r,w) =0
VPH(r,w) + ) X (7 H(rw)) + Ker(r,w)H(r ) = 0
Er\l,w
where ko = %

Weakly inhomogeneous media: e can be assumed constant within
distances of the order of a wavelength

V2E(r,w) + kder(r,w)E(r,w) = 0
VZH(r,w) + kger(r,w)H(r,w) = 0
Solution for homogeneous media: Plane waves
E(r,t) = Re {E(r,w) ej‘“} — Re {Eo ej(“’t—kr)}
H(r,t) = Re {ﬂ(r,w) eJWt} — Re {ﬂo ej(“’t_kr)}
where k2 = k%gr(w)

Institute of Photonics ék
34 21.10.2014 Christian Koos = I PQ
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Properties of plane waves .ﬁ‘(".

Karlsruhe Institute of Technology

35

K, Ey, and H, are mutually connected and form an orthogonal right-
handed system: 1
Hy= —kx E
k-Eg=0 =20 Wiy =0
k-Ho=0 1

Eq = - k x Hyg
WEQET

The attenuation of a plane wave is linked to the imaginary part n; of the
complex refractive index. For a plane wave propagating in positive z-
direction, the power decays as e**, where the attenuation constant « is
iven b
J y a = 2kon;

Note: A positive value of n, corresponds to a positive attenuation
coefficient o and therefore to optical loss.

Mehrfache Produkte
ax(bxec)=—(bxc)xa=(a-c)b-(a-b)c (Grafimann-Entwicklung)
(axb) -(cxd)=(a-c)b-d)—(b-c)(a-d) (Lagrange-Identitdit)

Rade / Westergren, Mathematische Formeln, Springer

Institute of Photonics ék
21.10.2014 Christian Koos = I PQ
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Kramers-Kronig relations .&‘(IT

Karlsruhe Institute of Technology

Recall: The complex susceptibility is the Fourier transform of a causal
iInfluence function in time domain

P()=co [ X(DEG¢-7)dr  o—e P(w)=cox(w)E@w)

X(w) = x(w) +Jxi(w).

As a consequence, the real and the imaginary part of the complex
susceptibility are connected by the Hilbert transform,

“Cauchy principal value”, i.e., the  x(f) = ——73/ Xi(Jo) dfo
integration boundaries must oo fo— f

approach the singularity (f) = _73 > x(fo)
“symmetrically” from both sides. Xi o fo—f

Making further use of the fact that X(t) Is real, the Kramers-Kronig relations
can be derived,

dfo

> foxi(fo)
x(f) = 0o f2- /2 dfo

o fx(fo)
Xz(f) O fo f2 fO

Institute of Photonics >k
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Kramers-Kronig relations - discussion .&‘(IT

Karlsruhe Institute of Technology

* The refractive index of a medium can be calculated from its absorption
spectrum and vice versa. Absorption and dispersion are intimately
related by fundamental principles.

* An “ideal” dispersionless lossless medium cannot exist:

1 3Oy :
() =Lp )},(fo)‘ df (1)
T Jeo fo """( f )
Lo > xilJo
F) = ——p df ’
x(f) - /X fo— f Jo 2

For constant x(f), i.e., x(f) = ¢ (f) — 1 == consty , we find \;(f) =
i (f) = 0 from Eq. (1) , which implies x(f) = 0 and ¢ (f) = 1,
Eq. (2). Real media always have loss (or gain) in some frequency
ranges, and the real part of the susceptibility is always frequency
dependent. x(f) = const; and x; = O is only possible in certain
frequency ranges.

Institute of Photonics
37 21.10.2014 Christian Koos - I PQ %
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Lorentz oscillator model of bound charges .&‘(IT

=)

Cxy4

Equation of motion for bound charges:

d?z 5 dx
m = —ely — MeWsX — MeYp—
edt2 T eW; e Yr di
Complex electric susceptibility:
w
x(w) = xo .
= w,,g — w24+ JwWyr
(2?2 ond

X0 —

X0-

(w% — w2>2 + w22 (w% — wz)z + w22

Institute of Photonics %K
38 21.10.2014 Christian Koos = I PQ
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Refractive index and absorption

KIT

Karlsruhe Institute of Technology

Refractive index and absorption near a resonance:

Adapted from Saleh, B. E. A. &
Teich, M. C. (2007),
Fundamentals of Photonics, John
Wiley & Sons, Hoboken, NJ.

e - 1y

&

T¢

n, ~ ——, « = 2kgn;

a(w) | n(w)
Awsd b X_O%Zi’gf _____
|
wWo w

WO

)

Real media often have several resonances, each of which contributes to the refractive

index and to the absorption:

(w,,%/ — w2) w2

x(w)=>_

xilw) =->_

24

= \
D Wy oW —» @»
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XO0v

2
WYrvWpy,

(w’%/ - w2) i + WQ%%/XOD
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X-ray lenses .ﬁ‘(".

x(w) =
! (w2 = ?) 42

X-ray beam | 2
xi(w) = — -

(w% — w2)2 + w242

At very high frequencies ( w >>w,):

.
—-w
JE—
it )
A
— | o—
— e
—
— 1 p—
]
fr—
———rp b r—
IO —
— i i
s A s
| — 4 o—
— At A
—
et
d b — d—
— p—

n<1
= Focussing lenses must have
concave form!

AAAAAAAAAAA

nvery closeto1 (1-n= 10°)
— Needs lots of lenses to obtain
IMT!FZK A Last sufficient refraction.

3mm

| ‘I ST
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Free charges .&‘(IT

Karlsruhe Institute of Technology

Equation of motion / complex susceptibility of bound charges:

d’z P > dx () Ne? 1

m — —c — MeW,, T — 11 -, W) — . -

edtz x ey e’YTdt X eoMme wqg 2 + jwryy
Free charges: Restoring force vanishes, i.e., w, = O:

2 2 2
w 1 w 5 Ne
x(w) = — g : A ——g where wy = .
. . W 1 _J a W Eome

Discussion:

w <w, nandk are purely imaginary, i.e., the wave is attenuated and cannot

propagate within the material (“forbidden band”)
w>w; nandkare purely real, i.e., the metal behaves like a lossless dielectric with

unique dispersion characteristics (“plasmonic band”)

| WA WA wA
, Adapted from Saleh, B. E. A. &
| W=yl + Cofiy Teich, M. C. (2007), Fundamentals
: /[’ of Photonics, John Wiley & Sons,
74
[ Hoboken, NJ.
: ////\ w = Coﬁ
! ,~ Plasmonic band
.} I'.al.)p --!-;?--1-_».--!‘-!'---9_‘-9--- WP ' Ldp
| /" Forbidden band ] 2 Back to metal-
L ! { " 00’ > of i_,_ 0 25 . clad slab
= 0 .
Relative permittivity €¢/€o Propagation constant 3 Refractive index n Attenuation coefficient « ~ Wavequide...

Institute of Photonics %K
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Lorentz oscillator model of bound charges .&‘(IT

=)

Cxy4

Equation of motion for bound charges:

d?z 5 dx
m = —ely — MeWsX — MeYp—
edt2 T eW; e Yr di
Complex electric susceptibility:
w
x(w) = xo .
= w,,g — w24+ JwWyr
(2?2 ond

X0 —

X0-

(w% — w2>2 + w22 (w% — wz)z + w22

Institute of Photonics %K
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Refractive index and absorption

KIT

Karlsruhe Institute of Technology

Refractive index and absorption near a resonance:

Adapted from Saleh, B. E. A. &
Teich, M. C. (2007),
Fundamentals of Photonics, John
Wiley & Sons, Hoboken, NJ.

e - 1y

&

T¢

n, ~ ——, « = 2kgn;

a(w) | n(w)
Awsd b X_O%Zi’gf _____
|
wWo w

WO

)

Real media often have several resonances, each of which contributes to the refractive

index and to the absorption:

(w,,%/ — w2) w2

x(w)=>_

xilw) =->_

24

= \
D Wy oW —» @»
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2
v (w%/ - WQ) + w2772'1/

XO0v

2
WYrvWpy,

(w’%/ - w2) i + WQ%%/XOD
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Sellmeler equations .&‘(IT

Karlsruhe Institute of Technology

Complex electric susceptibility far from resonance (|w, - w| >> 7,):

2 2

W Ne

x(Ww) = —5—"— " 5X0 where X0 = 5
wr — W eomewr

= x Is approximately real, absorption is small. Contributions from multiple
resonances lead to so-called Sellmeier equations:

f2 )\2
=1t x=14 x0T L Y xonn o
v fz/_f v A _)\V

For Sellmeier coefficients y,, and A , see reference books on optical
materials or material databases, e.g.,

« Palik, E. D. (1998), Handbook of Optical Constants of Solids, Academic
Press, San Diego, CA

 The Landolt Bornstein Database,
http://www.springermaterials.com/navigation/

Institute of Photonics
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Sellmeier coefficients of various materials

KIT

Karlsruhe Institute of Technology

Material Sellmeier Equation Wavelength
(Wavelength A in ym) Range (um)
0.6962)2 0.4079)\? 0.8975)2
Fused sili Wy .2 0.21-3.71
usedsilica n7 =+ 2 (0.06840)7 T A — (0.1162)7 T N2 — (9.8962)?
10.6684)2 0.0030)2 1.5413)2
i % 1.36-11
S n =1t 0307 T e (Lizan? T 3 = (1104.0)2
7.4969)\2 1.9347)?
— W =35t T (0082 T - (3.17p
0.01878
BB 2 — 2735 — 0.013547” 0.22-1.06
O ng 7359 + N2 — 0.01822 0.0
0.01224
2 _ 2375 — 0.01516)2
e = 237133+ 530 01667
1.2566)2 33.8091)2
KDP 2 0.4-1.06
o = L X2 (0.00101) T N2 — (33.3752)2
) 1.1311)2 5.7568)\2
n, =1+ +
N2 — (0.09026)2 ' A2 — (28.4913)2
2.5112)2 7.1333)\?
LiNbO 2 — 9,399 0.4-3.]
e " 0+ (0272 T 32— (16.502)2
2 2
i — 2,307 4 2:2509) 14.503)

3 (0.210)2 T X2 — (25.915)2

Saleh, B. E. A. & Teich, M. C. (2007), Fundamentals of Photonics, John Wiley & Sons, Hoboken, NJ.
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Wavelength-dependent refractive index for fused silica

KIT

Karlsruhe Institute of Technology

46

1.48 T T | I |
1.47 -
P
=
£
L
-
S
3
o !
L :
(N :
3 E i
L] .
c B :
e~ -120 ’ -
- : Anomalous
- O H
% 160 B Normal GVD E GVD B
A 200 E
Bl I | l L ] I L
06 07 08 09 1 11 12 13 14 15 16
Wavelength A (um)

Wavelength-dependent

refractive index

= Different spectral
components of a time-
dependent signal travel at
different group velocities.

— Deformation of signal shape
due to dispersion.

Saleh, B. E. A. & Teich, M. C. (2007), Fundamentals of Photonics, John Wiley & Sons, Hoboken, NJ.
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Pulse propagation in dispersive media .&‘(IT

Karlsruhe Institute of Technology

/ \

!

Dispersive Medium

! t
\ Z
—
a(0,t) = A(0,t)exp (Jwet) a(z,t) =
1 X . . .
\Slowly varying 2—/ A0, w— we) e Bz gluwl g,
envelope TJmoo i
Propagation: e8()z - .
a(0,w) = A(0,w — we) y @(z,w) =A0,w—uw)el W

Taylor expansion of propagation constant:

_ 2 _ 3
B(w) = n(w) 0 4 (w - w)sD + (w 2wc) @ 4 (w 3C|Uc) @4
where () — W
’ dw@ W=uwr

Institute of Photonics ék
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Group and phase delay .&‘(IT

Karlsruhe Institute of Technology

Retaining only the first two terms 6(0) and Bél), the signal can be
written as:

a(zt)=A (Ot— (1)) (wct 5(0)).

Phase shift of the carrier wave:
(0) We (0) _

Z = W VUp =— —n w
C C’Up D (0)7 c ( C)

Group delay and group velocity of signal envelope:

< 1
tg = — = g )Z , { ‘A(O’t-ﬁc(l) Z)
Vg
1 c v t
YT
C
Group refractive index:
dn{w) dn(\)
ng (we) = n (we) + we r =n(Ac) — ¢ > :
W W=Wec A:)\c
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Group velocity dispersion (GVD) .&‘(IT

Karlsruhe Institute of Technology

Second- and higher-order terms in the Taylor series of B(w) describe the fre-
quency dependence of the group velocity.

Group delay spread of two packets centered at we and we + Awe:

dt
dw =
Material dispersion coefficients M, and M)y:
z f Je, / c dw e, [ f] m - Hz
ANtg 1dng(A) c 21e (2) pS
—= = M, A)¢, My = — e B : R
2 AT AT dA A2 A2 "¢ M =

Example: Dispersive broadening of a Gaussian impulse

z:= 0 = =2
A_. /J_\

Dispersive medium

~Y

Saleh, B. E. A. & Teich, M. C.
(2007), Fundamentals of
Photonics, John Wiley & Sons,

|
Hoboken, NJ. 0 Z1 Z2

Z
o Institute of Photonics
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Dispersive broadening of a Gaussian Impulse ﬂ(".

Karlsruhe Institute of Technology

/ I\ Figure adapted from: Saleh, B. E. A. & Teich, M. C. (2007), Fundamentals of Photonics, John Wiley & Sons, Hoboken, NJ.
il e— R, B
ot (0) ' h\ ot (2)
—“ﬁu uvn;‘ ’;' Normal GVD
dn
»N i )50 2050 Mp>0; My<0
l dw

i !‘n ;
s . T oo v
Vs

2 n
52 <0; L <00 My <0; My >0

Problem set: Quantitative analysis
t2

Gaussian impulse: a (0,t) = Aoexp (—?> exp (Jj wet)
t

(2),)?
Dispersive broadening along z: o;(z) = Jaf (0) + (—0%
t

Institute of Photonics
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Dispersive properties of fused silica .&‘(IT

Karlsruhe Institute of Technology

1.48
7 | « Group velocity dispersion (GVD)
1.47 <4 ¢ Normal GVD below ~ 1.3 um:
g . - dn,/dw >0, dn/dA <0, M, <0
o l46 : = 9 9
% !  Anomalous GVD below ~ 1.3 um:
g 145 dny/dw <0, dn/dA >0, M, >0
144
e e — » “Zero material dispersion wavelength “
" A =~ 1.3 um: Really zero dispersion?
.5 _ 40 =
. %‘120 - Anomalous
E&-wo i Normal GVD i~y
a :
Radl 50 A NN NN WY SR R S S
06 07 08 09 1 1.1 12 13 14 15 16 22 DS
Wavelength A (um)
° My(1.55pum) = ——
A( pm) pr—

Figure adapted from: Saleh, B. E. A. & Teich, M. C. (2007),
Fundamentals of Photonics, John Wiley & Sons, Hoboken, NJ.
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Optical Slab Waveguides




Dielectric slab waveguides -ﬁ‘(IT
yi V

n, %‘”
dl. 2 e ARk
2 ] e /
o |1 _ -
2| p . XN Guided ray C i _
Unguided ray =~ ~ Total internal

reflection (TIR)
Ray-optics picture of a dieletric slab waveguide cannot explain a number of import
effects, e.g. the formation of waveguide modes

= Electromagnetic model needed

Procedure:
» Reflection from plane dielectric boundary
» Lateral self-consistence and formation of modes
 Waveguide dispersion | _
. . Figure adapted from: Saleh, B. E. A. & Teich, M. C. (2007),
e Extension to 3D geOmetrleS Fundamentals of Photonics, John Wiley & Sons, Hoboken, NJ.
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Plane dielectric boundary: Plane-wave ansatz .&‘(IT

Karlsruhe Institute of Technology

e Incident wave:

Ccos (V1)
Ei =E1 exp (—jkl -I‘), kl =n1k0 0
sin (Y1)
X _ 1 ,
| transmitted ~ Hi = ——ki x E; exp(—jkyr)
| whQ
z 9 k, : .
VY RE -~ ® Transmitted wave:
1, T[l P cos (92)
m Ei =Ecsexp(—jks-r), ko = nokg 0
n, = n, ;’f : “«K sin (9)
/ \ 1
SN Hi = —ko x Ecexp (—]jkoT)
f!\‘*—L_,//\x wWHo
/ 3] | -9“; \
/ N e Reflected wave:
' — cos (9¥3)
Er = Ezexp(—Jjks-r), k3 = nikg 0
k] Kk, sin (¥3)
1
. Hr = —k3 x Ezexp (—jksT)
incident reflected WO

Institute of Photonics
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Boundary conditions for  E- and H-field .ﬁ‘(".

Unit vector normal Recall:

to interface plane.

EoﬂzE

poH

[ssllw

transmitted,

| subscript “t”
| Boundary conditions at z = O:

| 7 e Normal components of D and B are con-
> T[l e tinuous:
n ::b 1 ka
| SN (”%Ei + niEr - "gﬁt) 'n=0
;; | xx (leEi—I-kg,XEr—kQXEt)'H:O
f!\‘*—L_,//\x .
/3 9, e Tangential components of E and H are
Y | \ continuous:
Kk k (Ei+Er—Et) xn=0
! : (ki xEj{+ k3 xEr —ky, xE{) xn=0
incident reflected,
subscript “I” subscript “r

Institute of Photonics
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TE- and TM-polarization .ﬁ‘(".

Karlsruhe Institute of Technology

Strategy: Consider boundary conditions separately for two orthogonal linear
polarizations! Any other polarization can be interpreted as a superposition
of the two cases.

g

Transverse-electric wave (TE):

yooz E, 5
n,  tn f}x H, E; L plane of incidence; H; || plane of incidence:
n N TE-wave (transversal E-component) or H-wave (lon-
H gitudinal H-component),
ki =P 0 Hi,
A H/i\ Ei=| Ly |, H=|o0
b H, . 0 Hiz

Transverse-magnetic wave (TM):

H; 1 plane of incidence; E; || plane of incidence:
AN TM-wave (transversal H-component) or E-wave (lon-

W gitudinal E-component),
P
ki Hg b 0 Ejy
E, k. Hi= | Hy |, E=]0
H, 0 Eiz

Institute of Photonics ék
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Snell's law and law of reflection .&‘(IT

Karlsruhe Institute of Technology

| Boundary conditions must be satisfied in all points
of the (y, z)-plane simultaneously. Independent
of the nature of the boundary conditions, the
spatial variation of the fields must hence be the

same,

21.10.2014

ki -r=kor =kszr for r = (O,y, Z)T

Law of reflection:

. Snell's law:
| n1 Sin (191) = npSin (192)

o Institute of Photonics
Prof. Dr.-Ing. Christian Koos : - I PQ
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Reflection and transmission coefficients .&‘(IT

Karlsruhe Institute of Technology

Amplitude reflection and transmission factors:

|
|
E,
. E k1. — k ni COS1¥{ — no COs Y
by L%@(;{ Rye = 23y — Pz —Fop M 1 —"no 2

\ Ely k1y + kog N ni COSY¥1 + nop COS Vo

SN Es> 2k 2n1 COS ¥
/ \ _ y __ _ lz _ 1 1
A A THvg=—"=14 RTg = —
AR TE E]_y TE ki1z + koo ni COSY¥q + nop COs o
k, L
Hq/é\
E] k3
H,
™
g Amplitude reflection and transmission factors:
[ 2
5 Kk, R H3y n%klm — n%kgw no COSY{ — nq COSUYo
2°"H, = = =
N ™ Hyy n3k1; +n%kp, npcosvdy + nycosds
;/ |\\\
w Torng = Hy, — 14 Ryy = 271%16‘133 _ 2no5 COS 14
/9y 33\\\ Hly n%klm + ?’L%ka no COS ¥ 4+ nq COS Yo
! |

Institute of Photonics
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Power transmission and reflection ﬂ(".

Karlsruhe Institute of Technology

Plane boundary
between air (n; = 1) and
GaAs (n, = 3.6)

1

PTE; PTM

Power reflection:

0.5

>
pTE = |RTE|

>
pT™™M = |RTM]

0 20° 40° 60° 80° o
no

Brewster angle: tandig = —
ni

Saleh, B. E. A. & Teich, M. C. (2007),
Fundamentals of Photonics, John Wiley & Sons,
Hoboken, NJ.
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Total internal reflection (TIR)

KIT

Karlsruhe Institute of Technology

I
I
I
]
I
I
I
I
I
I
I
I
I
I
I

k3, = n3ks — k3, < 0

Limiting angle for total internal

reflection:;
. T
SN 1911‘ = —2
nq

For ¥1 > ¥4

ko, = k1, = ni1kgSinvy > nokg

kog = ] koy/nTsin29; — n3 = +jkl)

Ei =Eoexp(—jkyo-r) =Esexp(—

I.e., E; Isevanescent in x-direction

60 21.10.2014 Prof. Dr.-Ing. Christian Koos

jko,z) exp (_kg;gx) ,
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Reflection factors for TIR .&‘(IT

Karlsruhe Institute of Technology

By _ kie +iky) _

TE: Rt = [ = i ) =exp (eTE)
(') n?sin? 94 — n3
©TE = 2arctan k3| 2 arctan \/ L 1
k1 nqi COS Y1
. Hsy  n3ki, +Jn2kS) |
™ Ry =Y == (l) =exp (JpTm)
ly n5ki1y — Jnl
A0, 2 [ 2cin2 2
ns \/nssin©91 —n
©TM = 2arctan é 32 ) — 2 arctan %\/ L L2
n5 ki n% nq1 COS 14

Combined: Rp =exp (j ¢p)

\/nz sin2 ¥y — n2
_ 1 2
wp = 2arctan | op

nq1 COS Y1
1 for p=TE
op —
g n%/n3 for p=TM

Institute of Photonics %K
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Field distribution .ﬁ‘(".

Karlsruhe Institute of Technology

— —— ]

T i)

Amplitude _>_ 1
-

Phase
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Rays and plane waves in slab waveguides .ﬁ‘(".

Karlsruhe Institute of Technology

Conditions for guidance of light: Total internal reflection,

« Necessary for total internal reflection: ¥ > 9,; phase shift ¢,

« In addition: Only discrete angles of « are permitted

Consider phase shifts along the rays AB and CD:
—n1koAB = —n1kgCD 4+ 2¢p + m2nr, meN

where AB = (h tand — h/tand)sind

CD = h/cos?
Permitted propagation angles ¢ defined by implicit equation:

2hnikgCOsStY = 2¢pp +m 27 m=20,1,...

Institute of Photonics >k
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The slab waveguide — an intuitive approach \‘(IT

Karlsruhe Institute of Technology

Phase

m<ny / L ateral self-consistence:
—2k1.h +2pp = —m - 2, m=1,2,...

Institute of Photonics
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Eigenvalue equations for TE and TM modes

KIT

Karlsruhe Institute of Technology

Consistency condition:

—2k1.h + 2¢0pp = —m - 2, mqo € N
Define}:1 . .
ransverse core
u = Eklx — —\/n%kg — ﬁz phase constant B = nekg = k1, = ko,
h (Z) 5 5~ Transverse cladding Mode propagation constant
w= 2 2,:1: — \/18 — n2k{ attenuation
_ 2 Normalized
[ Eko\/nl -2 frequency ~ °TMY T 171
h 2 2 Y I orm = 1.05?
:EkOAN:\/U + w T 2x S
Numerical | «a
Ay = \/n? —n3 aperture v
]_V \/ ! 2 _ i =~ m=0| 1 2‘ 3 b |5
Eigenvalue equations for TE and TM: s
s S
utan(u—m—):Op\/VQ—’U,Q =
2 y
= 0
op = 12 5 for p=TE 0 V x x V KE 4
ni/ns for p=TM U —>

65 21.10.2014 Prof. Dr.-Ing. Christian Koos
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Discussion: Modes of a slab waveguide .&‘(IT

Karlsruhe Institute of Technology

TE TM h\/ 12
V B _
\5{”'\”_105 wz—\/ﬁQ—nk
h
E \ Vzakm/n%—n2=u2—|—'w2
L |me0f 4[| 2] 3 s[5 _ o0
=« 1 | oTM = ni/n5
iz  The smaller V, the less modes are guided.
V' Fundamental modes (m = 0) have the largest
0 possible 3 (the smallest possible u).
0 Vv w x Vv I® « ForV < n/2, there is only one guided TE and
U —

p one guided TM mode. The waveguide is
called single-mode.

« TE-modes have a always a larger g (smaller u) than the corresponding TM-modes.

» There is no lower cut-off frequency, i.e., the symmetric slab waveguide supports always at
least one guided TE- and one guided TM-mode.

» For weak guidance, n, ~ n, and o,,~ 1. The g-values for TM-modes and TE-modes
approach each other asymptotically.

Institute of Photonics >k
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Dispersion relations

KIT

Karlsruhe Institute of Technology

ocrmV

v ____\"‘x\ I 1'052 Weak guidance: A<1, oy, ~1
(o} — 1.
o MM - — ——
. 2/ 3 b s o / // -
~ 5 m=0 1‘ g /HO:EU /‘ H1,E1 /’Iz.f)z//
s H3, B3
ga- / I
bq' V' Hiu Eh
0 0
0 v x 2%V I 0 % 2
@ Y — ® =
Mode propagation constant: B = neko Note:
_ _h 55 5 TE = “H-wave”
Transverse core phase constant: u = 5\/ niky — B ™ = “E-wave”
: . h
Transverse cladding attenuation: w = 5\/52 — n3k3
Normalized frequency: V= gkm/n% —n3 = gkzoAN = \/u? + w?
| | 82 — p2k2 n2 —n2 w2
Normalized propagation constant: B = 290 = ¢ 2 = O0<B<1

67 21.10.2014 Prof. Dr.-Ing. Christian Koos
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Guided modes of the dielectric slab waveguide .ﬁ‘(".

Karlsruhe Institute of Technology

X X X

, M< \ -, M=< \ -, M<m
R | — M / M U
M<my / <
<M M |
<y My
UNL

m=1 m=1 m=2 m=3

VAV

Field patterns of guided modes do not change during propagation along z!

Institute of Photonics
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A more general approach:

KIT

Modes of z-invariant optical structures

Cladding, n2 f

Substrate, nj

Classification of eigenmodes:

 Real or imaginary g ?

* Mode fields confined to the
waveguide core?

69 21.10.2014 Prof. Dr.-Ing. Christian Koos

Lossless z-invariant dielectric structure
(“lossless homogeneous waveguide”):

n= n(x,y)
where Im{n} = 0 throughout space.

Eigenmodes: A lossless homogenous
waveguide features a set electromagnetic
wave patterns which do not change their
transverse shapes during propagation
along z, so-called eigenmodes:

E(r,t) = £(z,y) exp (J (wt — Bz))
H(r,t) = H(z,y) exp (J (wt — 52))

w
B = —ne
C

Institute of Photonics I PQ
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Propagating and evanescent eigenmodes .&‘(IT

Karlsruhe Institute of Technology

*4
Ng B/ K
" ar
XI Cladding n, - ny
4 l ,—”’ 0
y 2a Core n1 ___________ ~ak
Okamoto, )
Fundamentals of Substrate N;>nN; 2
Optical Waveguides

* Propagating eigenmodes are associated with a real propagation constant 3 and a
real effective refractive index n,, whereas for so-called evanescent eigenmodes, (3

and n, are purely imaginary

» [For propagating eigenmodes, the propagation constant obeys
|5| <nikg for BeR

where n; is the maximum index in the waveguide cross section

Institute of Photonics
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Guided modes and radiation modes .&‘(IT

Karlsruhe Institute of Technology

*4
Ng B/ K
" ar
XI Cladding n, - ny
4 l ,—”’ 0
y 2a Core n1 ___________ ~ak
Okamoto, )
Fundamentals of Substrate N;>nN; 2
Optical Waveguides

» For guided modes, the propagation constant 3 is real, and the fields are
confined to the waveguide core,
E(x,y) — O for (372 + y2) — 00

H(x,y) — O for (582 + y2) — 00

* Guided modes form a discrete set with propagation constants in the range
nokg < 8| < niko,
where n, denotes the maximum refractive index in the cladding region.

in 3D!

* For radiation modes, fields extend to infinity. Radiation modes form continuous
sets and show an oscillatory behaviour to at least one side of the waveguide.

Institute of Photonics
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A more general approach:

KIT

Modes of z-invariant optical structures

Cladding, n2 f

Substrate, nj

Classification of eigenmodes:

 Real or imaginary g ?

* Mode fields confined to the
waveguide core?

72  21.10.2014 Prof. Dr.-Ing. Christian Koos

Lossless z-invariant dielectric structure
(“lossless homogeneous waveguide”):

n= n(x,y)
where Im{n} = 0 throughout space.

Eigenmodes: A lossless homogenous
waveguide features a set electromagnetic
wave patterns which do not change their
transverse shapes during propagation
along z, so-called eigenmodes:

E(r,t) = £(z,y) exp (J (wt — Bz))
H(r,t) = H(z,y) exp (J (wt — 52))

w
B = —ne
C

Institute of Photonics I PQ
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Guided modes: Maxwell's equations for the mode fiel  ds .&‘(IT

Mode ansatz: E(r,t) = E(z,y) exp (j (wt — Bz)) I/
H(r,t) = H(z,y) exp (j (wt — Bz))

N

Cladding n,

Core ny

—{ P <

Substrate n,>n;

0

+ ] 6§y = —jwuoHz

By JBEYy= —JwpoHzx
o, . . :'I> o0& . .
B 8; —JBEx = —JwpoHy - 8_; —JBEx= —Jwhoty
08y 0&sx . Slab 0Ly :
dor Oy Jwpot: waveguide: r —Jwhot
OH 9 o
S iy = jweon®es Oy § BHy= jweonEa
oM. . e _§ g31= jweon?
— 8; — j BHe = jwegn?Ey :> I gﬂfv— Jwegn“Ey
H .
OHy OHz — jwegn2€, —Y— jwegn?E.
ox oy Oz
Separation of modes: TE: Ey, Hay Hz TM: Hy, Ex, £

o Institute of Photonics
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Wave equation for the lateral mode fields

KIT

[

K

arlsruhe Institute of Technology

o
Ng=n, B/k
X A Cladding nep=n; | -~  __- at
l :z l —————— 0 ny
Y 2a Core i S P
T ~—r~=- =3}
Substrate ng=n, N
=n,
02E, (x
5y2( ) + <w2,uoeon2 (z) — 62> Ey(x) =0 TE
T
0 1 OHy (x)
2 Y 2 2 2 __
C) o <n2 (z) Oz > + <W poeon” (z) — B >ﬂy (z) =0 ™

Okamoto, Fundamentals of Optical Waveguides

74
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Institute of Photonics
and Quantum Electronics

—IPQ—¥



TE mode solution .&‘(IT

Karlsruhe Institute of Technology

Ansatz for E,-component:
(A Ccos (k1. — ) for —a<z<a
Ey (z) = A cos(—kqipa — @) exp (lcg&x) (x + a)) for x < —a

A cos (k1.a — @) exp ( (Z) 2 (x — a)) for x > a

\

S e S

Corresponding H,-component:

(—kle sin (k1,2 — @) for —a<x<a

H, (z) = L< k(@)A cos (—kiza — @) exp k (x—l—a,)) for x < —a
WhO

—kg;g A cos (k1za — @) exp —k3x (x — a)) for x > a

\

H, must be continuous at x = +a

Institute of Photonics
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TE mode solution .ﬁ‘(".

Karlsruhe Institute of Technology

Eigenvalue equations for g and ¢:

w 1 w 1
— = w = = arctan (—) — arctan —
tan (u+¢) = j‘> 5 )+ 3 <u>-|—
w 1 1
tan (u — ) = — ¢ = —arctan (E) — Zarctan —I——
U 2 U 2 (7

u=ki,a= a\/n%kg — 52; w = kgsga = a\/[5’2 — n%k%, w = k’3wa = a,\/BQ — n3k8
Numerical solution of eigenvalue equation: New parameters V, -, B
Normalized frequency V = ako\/n% —n3

n2 . n2
"2 3
Asymmetry parameter Y= "5 >
ny —ny
2 2 2 2
Normalized propagation B — B2 —n3kg _ né —n5

constant n%k%— ng - n%—n%
E> vw=Vv1—-B; w=VVB;, v =V,/vy+ B

...back to channel waveqguide analysis

Institute of Photonics ék
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f(B)

Numerical solution of eigenvalue eguation for TE .&‘(IT

1 B 1 v+ B mm
V11— B — —arctan ——— | — —arctan —— =0
2 ( 1 B) 2 ( 1 )

\ - >4

TE mode

. . . . . .
-~ an [=2] ~ [+ +] w —
1 T T T T T

o — ~N w
1 I 1

Okamoto, Fundamentals of Optical Waveguides

_ Institute of Photonics
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Slab waveguide .&‘(IT

Karlsruhe Institute of Technology

(a)TEg mode (b)TEy mode (c)TEp mode

1 1 1 1 1

1

- a a -a a -a a
——
X

~v=6.6 X A l Cladding ny=n;
z
V=4 Y 23 Core ny
T Substrate n

Okamoto, Fundamentals of Optical Waveguides

o Institute of Photonics
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n, =3.38
n, =3.17
n3 =

g =Ny




Eigenvalue equation for TM modes .&‘(IT

Similar denvation as in TE case:

1 2 | B 1 2 B
Vv/1 — B — —arctan né — Zarctan né i _M_ 9
2 2 2\ 1-B

f(n1,m2,n3,m,V,B)

n, =3.38
n, =ng=3.17

Propagation constant for the TM
mode is smaller than for the TE
mode, i.e., TE is better confined to
the core.

6l TE

Normalized propagation constant b

0 1 2 3. 4 5 &7 % s <o Okamoto, Fundamentals of Optical Waveguides
Normalized frequency Vv

Institute of Photonics
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Summary: Calculating guided modes of slab waveguide s ﬂ(".

Karlsruhe Institute of Technology

 Frequency w

« Waveguide parameters n, n,, »
n,, a

Normalized frequency V
Asymmetry parameter

Numerical solution of
eigenvalue equation

 Normalized propagation
constans B, for different
modes (mode index m)

 Transverse phase

constant u,, / cladding _
» attenuation wy,, W', »  Field plots
y ¢m’ ﬁm’ klx,m’ k2x,m ® )
Ko, ()

3X.m

Repeat for different
m& * Dispersion relation for
each mode: g = 3, (w),

Institute of Photonics
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Radiation modes of an asymmetric slab waveguide .&‘(IT

Karlsruhe Institute of Technology

o
ny<n, B/ K
- ar
Xi CIadding n3<n2 ’a"‘ n1
Z l ,—” 0 -
[Ly 2a Core n, | 7 _____-. -al
Okamoto, T N
Fundamentals of Substrate n, 2
Optical Waveguides

Propagating radiation modes can be thought of as

L ) NyIN1|N3 Ny Nqf N3
plane waves impinging of the waveguide structure from /" /’
outside. These modes show an oscillatory behaviour to \

at least one side of the waveguide structure. ‘

For asymmetric slab waveguides:
e Substrate mode: Oscillatory behaviour in the substrate only, evanescent in

the cladding nako < |8| < noko
» Cover mode: Oscillatory behaviour in both substrate and cover:
18] < n3ko

Institute of Photonics
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Radiation modes of an asymmetric slab waveguide ﬂ(".

Karlsruhe Institute of Technology

na<n, nokg < |B] < nikg [ ny<n, n3ko < |B| < nokg

Radiation mode (,substrate mode*)

Guided mode
< p=1 o p =2 Radiation mode
3= N2 (,cover modes®)
18] < n3ko

Chen, Guided Wave Optics

Note: The external plane waves associated with the radiation modes can have

any propagation direction.
= In contrast to guided modes, propagating radiation modes form continuous

sets with propagation constants
18] < nokg for B € R (propagating eigenmode)

o Institute of Photonics
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Evanescent radiation modes .\\J(IT

Karlsruhe Institute of Technology

Evanescent radiation modes decay exponentially in the direction of propagation.
These modes have purely imaginary propagation constants ¢ and large wave

vector components in the transverse direction

n3ko < ky < o0

Such modes are, e.g., needed to describe the fine structure of the field in the
vicinity of a sub-wavelength waveguide imperfection.

Propagation constants (3 for guided modes and radiation modes in the
complex plane (symmetric slab waveguide):

A
Imp
guided propagating guided
modes radiation modes | modes
iI —— —+—14 fi -
-, kg ~#ako nyke nykqRep
r
L evanescent
¥ "~ radiation
modes

Marcuse, Light transmission optics
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Signal propagation in dispersive waveguide .&‘(IT

Karlsruhe Institute of Technology

Propagation in a single waveguide mode: Same description as for dispersive
homogeneous medium.

N
I n3
r 3
n;
\
Slab waveguide: 3 = S(w)
0,t) = A(0,t)exp (Jwet _
Q( ) —( ) D(JWC) 4 19(020775)
I [T A w7 el gy
2m J—o00
Propagation: 8wz ~ I }
a(0,w) = A(0,w —we) b a(z.w) = A(0,w—w)e HW)*

Taylor expansion of mode propagation constant:
(w— wc)2 (2)
C

(w— wc)s (g3)

B(w) = Zne (w) ~ A + (w0 - we) B + = +...
where (1) — M
¢ dw? w=w,

Institute of Photonics
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Propagation in a single waveguide mode:
Group and phase delay

KIT

Karlsruhe Institute of Technology

|

Group delay

Group delay and group velocity of signal envelope:

z
tg = — = ((jl)z
Vg
1 C
’Ug = )
1
$) neg

Effective group refractive index:

dne(w
Neg (wc) — TNe (wc) + we e( )
dw wW=—We
dne( A
— TNe ()\0) — )\c 6( )
d)\ )\:)\C

Institute of Photonics

85 21.10.2014 Prof. Dr.-Ing. Christian Koos :
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Phase delay
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Intermodal dispersion

KIT

Karlsruhe Institute of Technology

 Multimode propagation: Signal can propagate in different modes, all

featuring different group velocities
= Intermodal dispersion / (Inter-)Modendispersion

Example: Symmetric slab waveguide P *
1 15 n

o=

/’#—-— /,/"" T / " m}iﬁ
/ -~ 10 . >
D os / '/ ] — t f yomz X (P/ L
g ik AHE | Shb < y ;

/ / 3.6 ? B=nyky \11 /2 j g

>

. . y
N W

.
[

B~

I E m=0 Z/""‘ -/"

/ oty Z”szku - (
\

h
2 n
ﬂu 1 2@ Un 05 10 pmt 15 :
y—= ky—
1 )
tgm = [5’7(”) (we) L m = mode index

Different modes experience different group delays,
I.e., different slopes of the dispersion relation 5=3(w)

(l) ﬂM | N | ULI\,MM*__

A

e I e e s = =S Sy

-~y
—~
o
—~—

Institute of Photonics
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Polarization mode dispersion .ﬁ‘(".

Karlsruhe Institute of Technology

87

For “single-mode” waveguides: Still, two polarizations can propagate; the
fundamental TE and TM mode have different dispersion relations
— Polarization mode dispersion (PMD)

Polarisationsmodendispersion

L9F

Normalized propagation constant b

TE

21.10.2014

1
1 2 3 4 9 6 7 8 9 10

Normalized frequency V(QOkamoto, Fundamentals of Optical Waveguides
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Intramodal dispersion .&‘(IT

Karlsruhe Institute of Technology

« If only one polarization is excited, the wavelength-dependence of the group
velocity remains
= Intramodal dispersion / Intramodendispersion
= Group velocity dispersion (GVD) / Gruppengeschwindigkeitsdispersion
= Chromatic dispersion / Chromatische Dispersion
At 2mc
79 = C)\ A)\c —I_ D)\ A)\g, CA = — >\2 /8((32)
Two contributions to chromatic dispersion
1. Material dispersion M,: Frequency dependence of the material’s refractive

indices B ldng(A)
e dhx

2. Waveguide dispersion W,: Boundary conditions in waveguide lead to
frequency dependence of the modal propagation constant

My

Pm—
For weakly guided modes: e ;

C\ = M)+ W, tos H/E HE//H/Ez
1dng(X) N1g — N2g d2(V B) / | / A A

= — , W)\ = — V Hy,Ey
c dX CA . (1‘/'2 , ! 2
dispersion : - ’
factor

Institute of Photonics
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Interplay of material and waveguide dispersion .&‘(IT

Karlsruhe Institute of Technology

Compare two different symmetric slab waveguides with no, = n3 = 1.45 and
niy = no + on:

Waveguide 1: én = 0.005; 2a =4 um
Waveguide 2: in = 0.005 x 10; 2a =4 um /+/10

For both waveguides, a certain real frequency f corresponds to the same nor-
malized frequency V.

Eigenvalue equations: -~ =0 (symmetric waveguide)

1 B 1 v+ B mm
TE: V1 — B — —arctan ——— | — —arctan —— =0
2 ( 1—B) 2 ( 1 )

N

f(m,V,B)

1 n? B 1 n? |v+ B mim
TM: V1 — B — —arctan | —L — Zarctan [ =L — T =0
2 <ng\/1—3) 2 <n§\/1—3 2

A\

f(n1,m2,n3,m,V,B)

= lIdentical (nearly identical) normalized propagation constants for TE (TM)
in both waveguides!

Institute of Photonics
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Example (see problem set):
Interplay of material and waveguide dispersion -A‘(IT

Karlsruhe Institute of Technology

TE, a = 2um, silica, m=0, f =698 THz

TE, a = 0.6324 um, silica, m=0, f =698 THz
1"""""'""""""""""' =" B et
JIRAACEE T 141 s
] S S | o (S R
e o &

% Y 8 _

= : : : : = : : i i i i i j
& 0 = i i : ; : : : i
T 02 02l — 57’2, — 0.005 x 10

04}

06 :0:5 _________ ________ 20, = 4 ,u,m /\/

Y] ISBERS SRS ST SO0 J— : sm ---------------- e S
iy I I i i ' i 4 I i I i i i j
20 R R N 3 R

= Nearly identical
normalized dispersion
relations for both
waveguides!

V = ako\/n% — n%

~ a,km/ 2n25n

But: Dispersion
characteristics differ
quite significantly!

Institute of Photonics
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Interplay of material and waveguide dispersion .&‘(IT
60

|- Material dispersion M

NN
o

| Total chromatic
dispersion C for WG 1
(weakly guiding)

N
o

|- Total chromatic
dispersion C for WG2
(strongly guiding)

GVD [ps/nm/km]
o

™ Waveguide dispersion
W for WG 1 (weakly
guiding)

Waveguide dispersion
W for WG2 (strongly

guiding)

“. Wavelength [um] .
Zero material-dispersion Zero-dispersion wavelength A, Zero-dispersion wavelength A,
wavelength A, of WG 1 (weakly guiding) of WG 2 (strongly guiding)

Institute of Photonics ék
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A Short Visit to Plasmonics




Metal-clad slab waveguide

KIT

Karlsruhe Institute of Technology

Ny = 0.065 - 4j

Silver i

X
Z
o Ke s

Glass ng

A=1.55pum

Susceptibility of metals
Ideal metal:

"N

€Er — 1-—
Real metal:
 Bound + free charges

« Damping of electron motion
=> Komplex ¢,

E‘E
N

€Er = €pr — JEpj

n=n-—jn,=n—Jk

93 21.10.2014 Christian Koos

TABLE 4.1 Refractive indices and extinction coefficients of selected metals and
semiconductors
Material A (pLm) n K £, — j& = (n — ji)? F
Au 0.633 0.17 3.0 —8.97—j1.02
0.653 0.166 3.15 —0.89—11.05
1.55 0.550 11.5 —132—j12.6
Ag 0.633 0.065 3.9 —15.2—j0.507
0.653 0.140 4.15 —17.2—jl.16
1.55 0.514 10.8 —116—j11.1
Cu 0.633 0.14 3.15 —0.91—j0.88
0.653 0.214 3.67 —13.4—j1.57
1.55 0.606 8.26 —67.9—j10.0
Al 0.633 1.2 7 —47.56—j16.8
0.653 1.49 7.82 —58.9—j23.3
1.55 1.44 16.0 —254—j46.1
Cr 0.633 3.19 2.26 +5.07—j14.4
1.590 4.13 5.03 —8.24—j41.5
Ge 0.633 4.5 1.7 +17.4—j15.3
0.653 5.294 0.638 +27.6—j6.76
1.55 4275 0.00567 +18.3—j0.049
GaAs 0.633 3.856 0.196 +14.8—j1.51
0.653 3.826 0.179 +14.6—j1.37
1.535 3.3737 == +11.4
Si 0.633 3.882 0.019 +15.07—j0.148
0.653 3.847 0.016 +15.0—j0.123
1.532 3.4784 — +12.1

Extinction coefficient

Chen, Guided Wave Optics

—IPQ—¥
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Modes of metal-clad slab waveguide

KIT

Karlsruhe Institute of Technology

Ny = 0.065 - 4]

%
z
Silver Hy K 7

Glass ng

A=1.55pum

For most modes:

» B-V-curves have essentially same shape as for
dielectric slab waveguide

« TM-modes have larger loss than TE-modes

» Loss coefficient peaks slightly above the cutoff
frequency and then decreases with frequency

Exception: TM,-mode

* Propagation constant is nearly independent of
frequency

* High attenuation, independent of frequency

Chen, Guided Wave Optics

94 21.10.2014 Christian Koos
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Mode fields of metal-clad slab waveguide

KIT

Karlsruhe Institute of Technology

Strong confinement to the metal-dielectric interface!

Christian Koos

= Surface plasmon polariton (SPP) mode
1 T T \ T
—15884 1 =15133
U, =15133 n,=15881' ' 3 B o N ™,
% n,=0065-j4 h/\=2.638 TE, | MSONE T, /24608
LoF . = UL
< 0.5 Re (E':_,'] 7 - IRE(fU)
L Im (f’y’) """"" L =3 I 1 m(e’?} ...............
03 ~l= = . -15 =1 05 0 0.5 1
x/h x/h
4 ns=15133 1= 1.5884 ' ! n=15884 n,=15133 '
= ne=0065-j4 h/h=2638 TEl = n.=0.065—j4 h/r= TMl
i; | S SO OURUUONURNIE 7 ;. SNUIOUOL . \::,} 0 T S iaa e a i Fe e e B L p i B P R e e N
2 | -1 1 I 1 | |
-2 -15 -1 ~05 0 0.5 1 29 -15 =4 -05 0 05 1
x/h x/h
1 — ;
O e e R S N TE2 TM2
n,=0065-j4 h/h=2638
I 1 1 1 |
] -15 A 05 0 0.5 1 05 |
x/h x/h
21.10.2014
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First-principle derivation of SPP modes .\\J(IT

Karlsruhe Institute of Technology

Ansatz for TM mode confined to the metal- metal, €, xl
dielectric boundary:
Z
0 dielectric, ¢4 Y
H(r,t) = H, (z) ol (wt—PB2)
0

mxr —

(2) :
Hoe Fmet  for z>0 k) — /82 — k2
where H, (z) = 0 \/5 crmRo,

(2) ' :
kY x 2 2
Hpe"dx for <O kc(lz,-) — \/5 — €,qk5,
Corresponding electric mode field:
H
_f;ye(:v) for >0
B, () = ¢ 5P 7
cotn for <O
(4)
jFmatly (@) for >0
B (z) =1 Y ,
- R @)
g, T 20

Institute of Photonics >k
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First-principle derivation of SPP modes .\\J(IT

Karlsruhe Institute of Technology

Continuity of E, at x =0 leads to the dispersion relation of the SPP:

B == ko\/ €rm€7~d

€rm + €rd
The lateral decay constants are given by:

. _ 2 . _ 2
k(z) — L €rm k(@) — k €rd
e OJ €rm + €rd de 0 erm + €rd

A localized propagating solution requires real 3, k., and k4, , i.e.,

Wp

V314 €rg

Erm < —€pd w <

Recall: BH, () or 250
— WEeQErm
B (=) = P, (@) for <O
WEQErd d<< i

=> E, must change sign at x = 0: Dielectric /\ /\ /\ /\

BRSNS N

Metal

Institute of Photonics >k
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Dispersion relations of surface plasmon polaritons (SPP) _}\J(IT

Karlsruhe Institute of Technology

SPP dispersion relation for Ag/SiO, interface based on free-electron gas dispersion model:

SP Wavelength (nm) -
150 100 75 50 30 o
(@ F Radiative modes
6 _ "
' c.,p=8_35*1915 s

g ' o o (fee)1? - No propagation, evanescent
3 et e o p 2 4 along the interface
2
LLl

. - Bound SPP mode

0 - : : - -

0 0.05 0.1 015 18] [nmY] 0-25

SPP dispersion relation for Ag/SiO, interface based on real material data:

SP Wavelength (nm)
500 250 150 100 80 70

4 ‘r\/é;ii'étwe Mode (RPP) ®) -} Radiative modes
. 4 Quasi-bound Mode (QB) -

X No propagation, evanescent
Bound Mode (SPF)

>3 along the interface
% Dielectric, &,
2 4 MOV | B Bound SPP mode
- ++4+--- +++--
L NIRVAVAVAY
bl w0 ) Adapted from Dionne et al.,

0 0.02 0.04 ,0.06 18] [nmr] 0.1 Phys. Rev. B 72, 075406 (2005)

Institute of Photonics ék
98 21.10.2014 Christian Koos = I PQ

and Quantum Electronics



Penetration depths and propagation loss of SPP .ﬁ‘(".

Karlsruhe Institute of Technology

Complex dielectric constants of the metal:

€Erm = €rm —jeg% where usually 67(% < €rm
— Complex propagation constant:
B =p5—1B; where (without derivation): 3 = kg crmérd
€rm + €rd
. 3/2 / (i)
Lateral penetration depths: 8 = kg ( €Erm€prd > €rm
5m = 1/k%)x < A (metal) ’ €rm _I_ €rd 2€rm

Sg=1/k) < A (dielectric)

Discussion:

« Lateral penetration depths can be much smaller than the vacuum wavelength
=> Ultra-compact devices

« Surface plasmons can in principle be lossless if ¢, is real! SPP propagation
loss is only a consequence of “imperfect” material properties of the metal!

« Propagation distances L, = (23 )* are of the order of tens of microns

» Loss reduction by asymmetric coupled surface plasmons propagating along the
surfaces of a thin metal film

" Institute of Photoni
99 21.10.2014 Christian Koos e o ones - I PQ %
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Long-reach coupled surface plasmons polaritons _\\J(IT

Karlsruhe Institute of Technology

Electric field distribution of coupled surface plasmons supported

by a thin metal film “sandwiched” between two identical
dielectric layers.

More loss, most
of field in metal

Anti-symmetric
Low loss, most mode

Symmetric
mode

of field In dielectric J. A. Dionne et al., Phys. Rev. B 72, 075405 (2005)
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First-principle derivation of SPP modes .\\J(IT

Karlsruhe Institute of Technology

Ansatz for TM mode confined to the metal- metal, €, xl
dielectric boundary:
Z
0 dielectric, ¢4 Y
H(r,t) = H, (z) ol (wt—PB2)
0

mxr —

(2) :
Hoe Fmet  for z>0 k) — /82 — k2
where H, (z) = 0 \/5 crmRo,

(2) ' :
kY x 2 2
Hpe"dx for <O kc(lz,-) — \/5 — €,qk5,
Corresponding electric mode field:
H
_f;ye(:v) for >0
B, () = ¢ 5P 7
cotn for <O
(4)
jFmatly (@) for >0
B (z) =1 Y ,
- R @)
g, T 20

Institute of Photonics >k
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First-principle derivation of SPP modes .\\J(IT

Karlsruhe Institute of Technology

Continuity of E, at x =0 leads to the dispersion relation of the SPP:

B == ko\/ €rm€7~d

€rm + €rd
The lateral decay constants are given by:

. _ 2 . _ 2
k(z) — L €rm k(@) — k €rd
e OJ €rm + €rd de 0 erm + €rd

A localized propagating solution requires real 3, k., and k4, , i.e.,

Wp

V314 €rg

Erm < —€pd w <

Recall: Bﬂy(x) or 250
E,(z) = gffgfgﬁ ;
Ly
et ] for <O <<

=> E, must change sign at x = 0: Dielectric /\ /\ /\ /\

BRSNS N

Metal

Institute of Photonics >k
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Dispersion relations of surface plasmon polaritons (SPP) _}\J(IT

Karlsruhe Institute of Technology

SPP dispersion relation for Ag/SiO, interface based on free-electron gas dispersion model:

SP Wavelength (nm) -
150 100 75 50 30 o
(@ F Radiative modes
B 1
c.,p=8_35*1915 s

g ' o o (fee)1? - No propagation, evanescent
3 et e o p 2 4 along the interface
2
LLl

. - Bound SPP mode

0 - . : - -

0 0.05 0.1 015 16| [nm-Y] 025

SPP dispersion relation for Ag/SiO, interface based on real material data:
SP Wavelength (nm)

500 250 150 100 80 70
4 ‘r\/é;ii'étwe Mode (RPP) ®) -} Radiative modes
- — e it X No propagation, evanescent
o 3 Bound Mode (SPF) .
s along the interface
ﬁ ]! Dielectric, =,
g MY | F Bound SPP mode
== Ry fon Bt e
L NIRVAVAVAY
- | | y) ISRLETE R, | Adapted from Dionne et al.,
0 0.02 0.04 ,0.06 18] [nmr] 0.1 Phys. Rev. B 72, 075406 (2005)
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Applications of SPP: Bionsensing ﬂ(IT

Karlsruhe Institute of Technology

Conjugated .-~
Ligand ~ o
» Excitation of SPP on top

surface of the metal for a
specific wavenumber S.
= Dip in the reflected
angular spectrum

» Molecular adsorption on

-~ reeceaige tNE tOP surface shifts the

et gngle of minimum

... v Teflection

'  Highly sensitive due to
high intensity of SPP
mode close to the metal
surface

Dextran "/

! Angle of
i Reflection

Metal Surface

PRSI s Resonance Angle

Detector

Roffection
Absorbance
Reflection

Light Source

Commercial Product: Biacore, https://www.biacore.com

Figure adapted from www.wikipedia.org
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Planar Integrated Waveguides

Si, n=3.48/

I'_ wi
1 220nm ¥..
m ; .
i Sio, 2um SiO,, n=1.44
2 n=1.44 A
N\ Si substrate
SiO.N,, n = 2.01




Integrated waveguides .&‘(IT

Karlsruhe Institute of Technology

Channel waveguide Strip waveguide

Rib waveguide Ridge waveguide
w w

& n
3 % hslab

n, n,

Institute of Photonics
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Integrated waveguides ﬂ(".

Karlsruhe Institute of Technology

Diffused waveguides Multilayer waveguides
. width
«——>
__I_I i r]c

height

Vertex (x,y =0,z)

o Institute of Photonics IPQ
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Guided modes of rectangular channel waveguides: _\\J(IT

Marcatili method
Assumptions : "t
e Low index contrast: n;/n, ~ 1
n, @
» Electromagnetic field in the shaded
areas can be neglected (field T "o %
strongly confined to the core) 2d 0 L - n. @
2 X
* Guided fields can be separated in %
two mode families:
n,
Hr = 0; Hy and £, dominate //
Z
= &x — Mode g
22—

_ Solution strategy:
Hy = 0; Hy and £y dominate . start from Maxwell’s equations for E, (E,) modes
and express all field components by H, (H,)
* Use mode ansatz for H, (H,), derive other field
Marcatili et al.. components and match boundary conditions at

Bell Syst. Tech. Journ. 48: 2071 — 2102 (1969) the core-cladding interfaces

Institute of Photonics
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Maxwell's equations for E .-modes .&‘(IT

Karlsruhe Institute of Technology

o0& _ _ E,-modes:
8;; +JBEy = —JwuoHx H, =0 OE -

8, . .. . 8E, .
— oy JPEx=—lwnoHy  pEEE) -7 - jpE. = —jwuoHy

R i L e it
8&%; +j BHy = jwegn®Ey asj +J BHy = jweon?Eax
L ipt = jweon’e, ) e — juegn?e,

% — 6(’:_;3; = jwegn?E. % = jwegn’E.
8£$+a§y—j6ﬂzzo :\/ %—Jﬁﬂzzo

109 21.10.2014 Prof. Dr.-Ing. Christian Koos
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Field components

E,.-modes:

Express all field components by H,

H =0
: 2
WLy 1 a-Hv
E.=—LH + -
| B 7 wegn?B dx?
1 J°H,
E\-': ) _
T wegyn-P dxdy
—j O0H,
E_: ]? Y
T wegyn- dx
—j 0H,
H="1"2
b dy

110 21.10.2014 Christian Koos

Ey-modes:

Express all field components by H,

H =0
1 0°H,
Er — = ) '
' weyn-3 dxdy
1 0°H,
E = _OHo H, — A
- B wgn*B 9y’
- 0H
r__J 2
© wgyn? dy
—Jj 0H,
H="1""
B dx

Institute of Photonics
and Quantum Electronics
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Wave equation for dominant components .&‘(IT

Karlsruhe Institute of Technology

HZH\, d*H. 5 5 X
E,-modes: == o = (k" —B7)H =1,
0x- dy- '
H. 0°H, PR
E.-modes: = T (kznh —B°)H, =0,
y X~ dy-

... within homogeneous core and cladding regions

Mode-field ansatz for E ,-modes:
Symmetry => Consider first quadrant only

(A cos (k1px — @) COS (klyy — gby) in region 1

Hy (z,y) = { A €OS (k1za — Pz) exp (—kg,g (z — a)) cos (klyy — diy) in region 2
A cos (k1 — D) COS (klyd — QBy) exp (—k:(fy) (y — d)) in region 3
k2 2 g2 2,2 _
(@)1; ;y Bz_l_n;g gp517:(19—1)E p=12...
ky, © — ki, — B2+ n3kg =0 2

~kfy + kS 7 — 7+ n3kg =0

Institute of Photonics
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Relative magnitudes of field componentsforE~ .-modes _&‘(IT

Karlsruhe Institute of Technology

Eliminate 3 : k2, + kS 2
kD, + kD2

(nl — 'n,2) k%

(n% - nz) kg

For low index contrast:  n% — n3 < n?
= k1, < niko, k1y < niko, B =~ nikg

Magnitudes of field components:

W k1.8
€l ~ |2E2 |2y E2] & [SL2) | Hy| ~ O () |Eal
5 15
~ k 2 kiy
£y 7| o 1€l ~ O (5°) I€x [Hel | 2| Byl ~ O (8) (2]
k
where § ~ Fia ~ LY < 1.

nlko nlko

Conclusion: Match boundary conditions for E, and H,, ignore E,/!

Institute of Photonics %K
112 21.10.2014 Christian Koos . - I PQ

and Quantum Electronics



Longitudinal field componentsof E~ ,-modes _&‘(IT

Karlsruhe Institute of Technology

(A cos (kipx — @) COS (klyy — @y) in region 1
Hy (z,y) = ¢ A cos (k1za — D) exp ( (7’) . (x— a)) CcOS (klyy d5y) in region 2

A cos (k1 — D) COS (klyd — dBy) exp ( (%) (y d)) in region 3

\

Calculate longitudinal field . g= M H, = -0
alculate longitudinal field components: &2 = Seqn? oz =155,
—%121 sin (k1,z — ®5) COS (klyy - d5y) in region 1
1
A ligg () . :
Er(x,y) = - { —=% cos (k1ga — Pz) exp | —k5, (z —a) ) cos (k;lyy - diy) in region 2
Jweg na ,
—%@ sin (k1,xz — ®z) COS (klyd — qby) exp (—kg‘; (y — d)) in region 3
\ 2

'—kly CcoSs (k1zx — Dy) Sin (klyy gby) in region 1
H, (z,y) = J% ! —k1y COS (k1za — Pg) €xp ( (Z) 5 (T — a)) sin (klyy — diy) in region 2 .
k:gg cos (k1,x — P) COS (klyd QBy) exp ( (2) (y d)) in region 3

\

Institute of Photonics
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Dispersion relations for  E, modes .&‘(IT

Karlsruhe Institute of Technology

Dispersion equation for £ -modes:

. 1.(0)
k1yd = (¢ — 1) = + arctan 3y
2 K1y

kiza= (p—1) g -+ arctan (n% 2‘”)

Numerical solution:
e |nsert

1)2 __ 12/(..2 2 2
kggg — ]CO (’n]_ — TLQ) — kla:
(2 _2(.2_ 2 2
kBy == ko (?’Ll —n ) — kly
into dispersion equations and solve fork  ;, and k

* The propagation constant is obtained by:
2 12,2 2 2
B = kgni — k1p — k1y

o Institute of Photonics
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E, modes .\l‘(IT

Karlsruhe Institute of Technology

Similar derivation as for E,-modes ...

Dispersion equation for Sép’Q)—modes:

7 k(i)
kipa = (p—1)7 +arctan 2z

(2)
’”J% k?fy

2

kiyd = (g —1) il + arctan | ——*

Dispersion equation of
conventional slab wavequide

o Institute of Photonics
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Slab waveguide interpretation of Marcatii method: E .\\J(IT

Karlsruhe Institute of Technology

Dominant components of £"?P-modes: &, and 7,

y
A Ny @ n, X
A %
Hy n, @ @ Y Equivalent horizontal
2d £ > X M Ex :
4 slab waveguide
oa > n, TE-mode,

mode index m=q — 1 k(i)

k1yd= (g — 1) g -+ arctan 3y

‘}{1/ kﬁly
Ex f
TM-mode, Equivalent to slab

waveguide eigenvalue
equations derived earlier!

n, ny n,
> X

k1,a= (p — 1) = + arctan né 2r

mode indexm=p-1

Equivalent vertical
slab waveguide

o Institute of Photonics
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E, -modes of a channel waveguide

KIT

Karlsruhe Institute of Technology

Y (um)

n, = 1.5; n,= 1.45, width: 2a = 20 pm, height: 2d =10 pm, A = 1.55 pm

E, Mode Profile (n =1.488597)

E, Mode Profile (n~=1.49336)

Y (um)

X (um)

E, Mode Profile (n=1.480741)

Vv
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Y (um)

Y (um)
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E, Mode Profile (n ,=1.473883)

E, Mode Profile (n =1.478624)

Y (um)

. ___________
-10 0 10
Number of "
intensity maxima
in x-direction ,Number of

\ / intensity maxima
N/ iny-direction

= (quasi-)TE mode

1

1
1
1
1
1
1

1

Dominant E-field

component
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KIT

y Karlsruhe Institute of Technology

Slab waveguide interpretation of Marcatil method: E

Dominant components of £P"?-modes: &, and 7,

y
r 2 (D Ny X
E Ey . .
o Y n, @ C? y n, 2 equivalent horizontal
Ha > slab waveguide
o g n, TM-mode,
mode indexm=¢q -1 .
2 k(@)
E m Ny R3y
Yy kiyd= (¢ — 1) - + arctan | —
TE-mode, Equivalent to slab waveguide
mode indexm=p - 1 eigenvalue equations derived earlier!
n, n, n, / ‘
> X s kg)
kiz,a= (p—1)—+ arctan | —=L
2 k1 o

equivalent vertical
slab waveguide

Institute of Photonics
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E,-modes of a channel waveguide

KIT

Karlsruhe Institute of Technology

n; = 1.5; n,= 1.45, width: 2a = 20 pm, height: 2d =10 pm, A = 1.55 pm

Ey Mode Profile (n=1.488563)

Y (um)

Y (um)

Ey Mode Profile (nq=1.493262)

X (um)

Ey Mode Profile (n=1.480796)

000

X (um)
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Y (um)

Y (um)
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0
X (um)

Ey Mode Profile (n=1.473648)

Ey Mode Profile (n=1.478316)

Y (um)

Number of ~ **"
intensity maxima
in x-direction , Number of

\ / intensity maxima
./ iny-direction

4
’

£P9_modes
' = (quasi-)TM mode

1
1
1
1
1

1

"1 Dominant E-field

component

Institute of Photonics
and Quantum Electronics
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Assumptions

Guided modes of rectangular channel waveguides:

AT
* Low index contrast: n;/n, =~ 1
» Electromagnetic field in the shaded

mvarcati method = ittt
areas can be neglected (field

Yi
7
n, @
strongly confined to the core) %
n, @

» Guided fields can be separated in T n, ©
two modes:

2d n
N | _1_ 2 0 X
He = 0; Hy and £, dominate 7// /

= & —mode / n

(A cos (k1zx — D2) COS (klyy — @y) in region 1
Hy (z,y) = ! A cos (k1za — D) exp (—kg;g (x — a)) COS (klyy - @y) in region 2
A cos (kizx — @) COS (klyd — @y) exp (—k:(fy) (y — d)) in region 3

%

Hy = 0; Hy and £y dominate

= &, — mode
4 —

\

Institute of Photonics
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Slab waveguide interpretation of Marcatii method: E .\\J(IT

Karlsruhe Institute of Technology

Dominant components of £"?P-modes: &, and 7,

y
A Ny @ n, X
A %
Hy n, @ @ Y Equivalent horizontal
2d £ > X M Ex :
4 slab waveguide
oa > n, TE-mode,

mode index m=q — 1 k(i)

k1yd= (g — 1) g -+ arctan 3y

‘}{1/ kﬁly
Ex f
TM-mode, Equivalent to slab

waveguide eigenvalue
equations derived earlier!

n, ny n,
> X

k1,a= (p — 1) = + arctan né 2r

mode indexm=p-1

Equivalent vertical
slab waveguide

o Institute of Photonics
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E, -modes of a channel waveguide

KIT

Karlsruhe Institute of Technology

Y (um)

n, = 1.5; n,= 1.45, width: 2a = 20 pm, height: 2d =10 pm, A = 1.55 pm

E, Mode Profile (n =1.488597)

E, Mode Profile (n~=1.49336)

Y (um)

X (um)

E, Mode Profile (n=1.480741)

Vv
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Y (um)

Y (um)
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E, Mode Profile (n ,=1.473883)

E, Mode Profile (n =1.478624)

Y (um)

. ___________
-10 0 10
Number of "
intensity maxima
in x-direction ,Number of

\ / intensity maxima
N/ iny-direction

= (quasi-)TE mode

1

1
1
1
1
1
1

1

Dominant E-field

component
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Effective-index method .\_\‘(IT

Karlsruhe Institute of Technology

Assume:
« Low index contrast, n,/n, ~ n,/n; =~ 1, i.e. wave equations for weakly inhomogeneous

media can be used,
V2E(r) 4+ kgn® (r) E(r) = 0
VZH(r) 4 kgn” (r) H(r) = 0
* Horizontal waveguide dimensions larger than vertical dimensions, w >>h, ,

Institute of Photonics
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Effective-index method .&‘(IT

Karlsruhe Institute of Technology

Mode field equation for weakly inhomo-  F(x,,y) L W
geneous media: ' '

U (2,y) | 9 (,y) Fix)
Ox? Oy? \\\\\
+ (kgn? (z,y) — B°)  (z,9) =0
¥ (xz,y) can be any component of the
mode fields E(z,y) and H(x,y).

Assumption: Rapidly varying z-dependence slab 1 slab 2 * slab 3
of the electromagnetic fields can be fac- | :
tored out, Local y-dependence, slow
variations In X _ rast variations
¥ (z,y) =F(z,y)G(x), inx | ,
where F (x,y) is varying only slowly as M Y M
H nes]_ es2 | neSS
a function of z,
(

p N .
82¥ (x,y) ~ F(2.y) 0°G (z) __/\I\I\_ X)
T

Ox? X €
o Institute of Photonics
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Effective index method .&‘(IT

Karlsruhe Institute of Technology

Wave equation:

092G (z O2F (z,
F o) T + G @) T 20 4 (B2 (o.9) = 82) F (2.9) G () =0
1 8%°G(z) o 1 9°F(z,9) | 2 2
_ k y) =0
G(z) 022 § +F(:v y) Oy T Rgn L y)
purely x—aependent y— dependenge dominates

Introduce the effective index nes(x) of the horizontal slab waveguide struc-
ture as an xz-dependent separation variable:

1 92 F (z,vy)
F(z,y) 0y?

+ kgnz (z,y) = kones ()

1 892G ()
G o2 = hones ()
This yields two related slab waveguide equations:
0°F (z,y)
57t (kgn? (z,y) — kgnZs (z)) F (z,y) =0
092G (:U)
52 + (kgn2s () — %) G (z) =0

o Institute of Photonics
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Example: E ,-modes of a rib waveguide ﬂ(“.

Karlsruhe Institute of Technology

Contour Map of Transverse Index Profile at Z=0 A=1.55um

Reference: Numerical solution
E, Mode Profile (n=(1.484648,4.377¢-010))

Y (um)

X (um)

Nee, = 1.4633 Neep = 1.4633 n.= 1.4737

Slab waveguide solver: http://www.computational-photonics.eu/oms.html
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Example: E ,-mode of a channel waveguide ﬂ(".

Karlsruhe Institute of Technology

Contour Map of Transverse Index Profile at Z=0 E, Mode Profil€ (n_4=(3.263238,-2.65%

-3 -2 - 0 2 3 3 -2 -1 0 1 2 ;?

X (um) y X (pumn)
X (—T

Nes3 = 3.17

Accuracy ?
ne = 3.2649

Slab waveguide solver: http://www.computational-photonics.eu/oms.html

Institute of Photonics
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Generalized Guide Index b

Accuracy. Comparison of different methods

KIT

Karlsruhe Institute of Technology

1.0
Dots, Finite-Element Method —
| Dashes, Effective Index Method w 2h
Dash—dots, Marcatili Method
08 |-
Effective-
061 index method
En
04 p ,
T
Marcatili -
I
By
02 FEM Y/
I
f
A l
.
” " ’
0.0 a1 _.L..['
0 1

Chen, Foundations for Guided Wave Photonics

128 21.10.2014 Prof. Dr.-Ing. Christian Koos

0 X

-

Semi-analytical methods are accurate
far above cutoff.

Near cutoff, the fields are not well
confined to the core; the basic
assumptions for the analytical methods
are hence not any more fulfilled.
Marcatili’'s method tends to
underestimate the propagation
constant, whereas the effective-index
method tends to overestimate it.

—IPQ—¥

— W —
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Numerical Mode Solvers ﬂ(".

Karlsruhe Institute of Technology

General procedure:

» Choice of a finite computational domain

» Discretization of refractive index profile

 Discretization of field equations

» Numerical solution of resulting linear
system of equations / eigenvalue problem

Y (um)
A SR N L 2 T N <

Numerical mode solvers come with most _ _
commercial software packages for X (
electromagnetic field simulations: 1

» Rsoft, Ossining, NY, BEAMProp,
http://www.rsoftdesign.com o - 1

 CST, Darmstadt, Microwave Studio,
http://www.cst.de

5
* Photon Design, Oxford, UK, FIMMwave . @
http://www.photond.com/ 0

Y (um)

» Ansoft, Pittsburgh, HFSS http://www.ansoft.com

... and many more ... 3
6 4 2 0 2 4 §.
X (um)

Institute of Photonics | PQ
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Finite-Difference Method .\\J(IT

Karlsruhe Institute of Technology

« Start from vectorial or scalar mode field equation (for weakly inhomogeneous
media)

%W (z,y) | 0¥ (z,y)
02 0y2
¥ (xz,y) can be any component of the mode fields £(z,y) and H(z,y).

_|_

+ (kgn? (z,y) — B°) ¥ (z,y) = O

» Refractive index profile is sampled at discrete grid points that may or may not
be equidistant

Uniform grid: Nonuniform grid:
A x, Ay do not vary A X, Ay are locally
throughout the | adapted to the
computational structure

// domain /

» Derivatives are replaced by finite differences

f(xpt1) — f(xp—1)
2Ax

, f(@pi1) + f(@p-1) — 2/ (zp)
S L A 7

fl(ivp) ~
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Finite-Difference Method .\\J(IT

Karlsruhe Institute of Technology

7

EEmEmscs on




Finite-Difference Method .\\J(IT

Karlsruhe Institute of Technology

Discrete approximation of second-order partial derivatives:

82£ (CB, y) _ £p+1,q + gp—l,q - 2219:‘1
0z2 T=Tp, Y=Yq Ax? |

82£ (il?, y) _ gp,q—]—l + gp,q—l - 22}%‘1
0% |umap y=yq Ay?

Discretized mode field equation :

v +Y,_1,—2¥ v +Y,,—1—2¥

=p+1l,g T Zp-1g P4 | Fp,q+1l T Fpg-1 £p,q
Az2 T Ayf2 + kgng (Tp.q = B*pg
Formulation as a linear eigenvalue problem:

A@ 62{!’} — To be solved numerically

\ Propagation constant

[PQ,1]-vector (eigenvalue)
(eigenvector)

[PQ,PQJ]-matrix

Institute of Photonics %k
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Termination of computational domain .\\!(IT

Karlsruhe Institute of Technology

Problem: Field quantities at the edges of the computational domain are related
to unknown field quantities outside this area.

/ Note: Simply setting ¥p,; ,=0Is not a good
/ solution! This would be equivalent to
terminating the computational domain
with a perfect (metallic) reflector!

/ /4‘
Goal: Domain boundary should be transparent

/// for outgoing waves!

2

y Outside the computational
X Xp O domain!

0%¥ (z,y) (Zpr+19 X ¥p-14—2¥py
8332 A.”L'Q

L=TpP,Y=Yq

Institute of Photonics %K
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Termination of computational domain

KIT

Karlsruhe Institute of Technology

Perfectly matched layers (PML)

¥ = 0 outside

computational domain

Y (um)
L e = T TR B N

Note: Wave impedance of absorber must be

X (um)

Artifical absorbing
material

matched to impedance of the

computational domain to prevent back-

reflection from the surface

Drawbacks:

» Adjustment of PML parameters crucial
* Requires extension of computational domain
to incorporate PML

134 21.10.2014
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Transparent boundary conditions (TBC)

A

|

Xp
Assumption: Field near the boundary
behaves like an outgoing plane wave
Parameters (amplitude, direction) are
determined via some heuristic algorithm
Plane-wave assumption allows to estimate
the field values outside the computational
domain.

Institute of Photonics IP Q
and Quantum Electronics



Finite-Element Method .\\J(IT

Karlsruhe Institute of Technology

The finite element method does not start from the wave equations directly, but
from a related problem that is based on the minimization of an integral expression
over the computational domain.

Example: It can be shown* that solving the scalar wave equation,

%W (z,y) 4 8°W (z,vy)

52 912 + (’fgnz (z,y) — 52) v (z,y) =0

IS mathematically equivalent to minimizing a functional of the form

2
I_ff (BW(:U y)) n (82(33,?;)) 4 (k%nQ (z.7) —52) 02 (z.y)| dz dy

Oy
ov (x, .
—f U (x,y) Z(z,y) ds — Min!
oQ on |
|
. =0 N *Kawano, Kitoh et al., Optical
for Dirichlet or Neumann boundary conditions Waveguide Analysis, Wiley, 2001

Institute of Photonics >k
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Finite-Element Method

Further steps:

 Discretization of computational
domain in P elements (triangles,
rectangles ...)

 Field expansion in each of the il
elementsintog =1 ... Q basis
functions ¥ (x,y)

Up(z,y) = Z cpg Ypq (%, y) "
q

« The functional can then be written as quadratic matrix equation

C: (PQ,1) - vector of coefficients c,
A, B: (PQ,PQ) — matrices (Contains integrals of basis functions over elements)

I= %CT (A — (kgn® — 8°) B) ¢ — Min!

» The stationarity condition for the functional yields an eigenvalue matrix
equation that can be solved numerically to obtain the expansion coefficients c,,
and the propagation constant

VII=(A-(kgn®-8%)B)c=0 =B 'Ac=(kgn?-p%)c
Eigenvector (expansion coefficients) ‘ Eige'nvalue'

(leads to propagation constant)

Institute of Photonics I PQ
and Quantum Electronics
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Numerical Mode Solvers ﬂ(".

Karlsruhe Institute of Technology

General procedure:

» Choice of a finite computational domain

» Discretization of refractive index profile

 Discretization of field equations

» Numerical solution of resulting linear
system of equations / eigenvalue problem

Y (um)
A SR N L 2 T N <

Numerical mode solvers come with most _ _
commercial software packages for X (
electromagnetic field simulations: 1

» Rsoft, Ossining, NY, BEAMProp,
http://www.rsoftdesign.com o - 1

 CST, Darmstadt, Microwave Studio,
http://www.cst.de

5
* Photon Design, Oxford, UK, FIMMwave . @
http://www.photond.com/ 0

Y (um)

» Ansoft, Pittsburgh, HFSS http://www.ansoft.com

... and many more ... 3
6 4 2 0 2 4 §.
X (um)

Institute of Photonics | PQ
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Finite-Difference Method .\\J(IT

Karlsruhe Institute of Technology

Discrete approxiation of second-order partial derivatives:

82£ (CB, y) _ £p+1,q + gp—l,q - 2219:‘1
0z2 T=Tp, Y=Yq Ax? |

82£ (il?, y) _ gp,q—]—l + gp,q—l - 22}%‘1
0% |umap y=yq Ay?

Discretized mode field equation :

v +Y,_1,—2¥ v +Y,,—1—2¥

=p+1l,g T Zp-1g P4 | Fp,q+1l T Fpg-1 £p,q
Az2 T Ayf2 + kgng (Tp.q = B*pg
Formulation as a linear eigenvalue problem:

A@ 62{!’} — To be solved numerically

\ Propagation constant

[PQ,1]-vector (eigenvalue)
(eigenvector)

[PQ,PQJ]-matrix

Institute of Photonics %k
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Finite-Element Method

Further steps:

 Discretization of computational
domain in P elements (triangles,
rectangles ...)

 Field expansion in each of the il
elementsintog =1 ... Q basis
functions ¥ (x,y)

Up(z,y) = Z cpg Ypq (%, y) "
q

« The functional can then be written as quadratic matrix equation

C: (PQ,1) - vector of coefficients c,
A, B: (PQ,PQ) — matrices (Contains integrals of basis functions over elements)

I= %CT (A — (kgn® — 8°) B) ¢ — Min!

» The stationarity condition for the functional yields an eigenvalue matrix
equation that can be solved numerically to obtain the expansion coefficients c,,
and the propagation constant

VII=(A-(kgn®-8%)B)c=0 =B 'Ac=(kgn?-p%)c
Eigenvector (expansion coefficients) ‘ Eige'nvalue'

(leads to propagation constant)

Institute of Photonics I PQ
and Quantum Electronics
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Sources of errors in numerical methods .\\J(IT

Karlsruhe Institute of Technology

* Model errors due to basic assumptions in the underlying algorithm, e.g.,
* Index contrast: Methods for low-index contrast fibers cannot necessarily
be applied to high-index contrast integrated waveguides!
» Vectorial vs. scalar approaches: Scalar methods should only be used in

weakly guiding waveguides

. . \
e Discretization errors

» Representation of refractive index profile by discrete
grid points

» Finite difference approximation of the derivatives / finite
element approximation of an integral expression

» Note: Given a certain number of grid points / finite
elements, FEM methods usually allow for better
representation, since elements adapt to structure shape

= Refine mesh and check convergence

 Finite computational domain / boundary conditions a t
domain edges ;
= Extend computational domain / PML width and

check convergence

Institute of Photonics >k
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Y (um)

Demonstration: Numerical calculation of b wavguid e mode ﬂ(".

Karlsruhe Institute of Technology

Program: Rsoft FemSIM

| —

1
m°

E, Mode Profile (n_=(1.484666,-2.835e-010))

X (um) I

7.43789e-006

141 21.10.2014 Christian Koos

Y (um)

Contour Map of Transverse Index Profile at Z=0

Institute of Photonics |P Q
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Planar waveguide technologies — an overview .&‘(IT

Karlsruhe Institute of Technology

Mainstream technologies for planar lightwave circuit s (PLO):

Glass waveguides
Low index-contrast, fabricated by ion exchange or deposition and etching

e Lithium niobate waveguides
Used mainly for electro-optic modulators

* Polymer waveguides
Easy fabrication, but absorption losses in infrared

« Silicon nitride / Triplex waveguides
Variable index contrast, low loss

« Waveguides based on IlI-V compound semiconductors
Used for active devices (lasers, semiconductor optical amplifiers, photodetectors)

» Silicon-on-insulator (SOI) waveguides
Very compact, fabrication in CMOS fabs, current area of research

Institute of Photonics
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Glass waveguides fabricated by deposition / etching ; ﬂ ("-
Silicon optical bench (SOB)

doped SiO,, A n ~ 0.01
/ Waveguide

M

Si0,, n=1.44

An/n =0.3% ...1.5%

Bend radius: > 2 mm for An/n =1.2 %
Loss (1550 nm): 0.01 — 0.1 dB/cm 20 pm

Silicon substrate: Widely available, good thermal sink,
good mechanical alignment (V-grooves for fibers)
Geometry: Typical core size is 5 x 5 um, the core is
surrounded by ~ 20 um base and cladding layers; relative

iIndex difference A between 0.3 % and 1.5 %
Fabrication:

* The thick silica film is formed by chemical vapor deposition
(CVD) or flame hydrolysis deposition (FHD) of SiO,
» Core layer is deposited by CVD and structured by photolithography and reactive ion
etching (RIE).
» Cladding is deposited by CVD
Applications: Optical communications, chemical sensing

o Institute of Photonics
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Glass waveguides based on ion exchange

Principle:

» Refractive index of speciality glasses (e.g., IAG4) can
be increased by ion exchange, i.e., by substituting Na
with Ag

» Two-step process to fabricate embedded waveguides:

Glass surface
-

1. After thermal diffusion
(first step)

Buried depth 15 pm

2. After E-field diffusion
(second step)

144 21.10.2014 Prof. Dr.-Ing. Christian Koos

An ~ 0.1

Institute of Photonics
and Quantum Electronics

Source: Leoni
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Glass waveguides based on ion exchange ﬂ(".

Karlsruhe Institute of Technology

Molten salt

Mask
Glass

Step 1: Step 2:
Waveguide near surface,

: N Buried waveguide,
fabricated by thermal diffusion

fabricated by field-assisted ion exchange

Source: Leoni

o Institute of Photonics
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LINDO , waveguides: Ti-indiffusion or proton exchange ﬂ(".

Karlsruhe Institute of Technology

* Ti-indiffused (Tl) waveguides ~ “"~ %%~ %01

_/ e W~ 10 pm
Thermal diffusion o
1000C~1050C; 6~8 hr W

LINbO3

Wet Oxygen ambient

LiNbO3

IIIIIIIIIIIIIII’

* Proton-exchanged (PE) waveguides

{/_Ba"i’l'iﬁéﬂB;\_r{zoic amd(%ﬂﬂﬁ)

__ . An ~ 0.02 ... 0.05 (extraordinary pol)
Li+ H Rl An =~ -0.04 (ordinary pol)
Li,,H, NbO3
LiNbO3 casmmssmmnnmmnap LINbO3

Institute of Photonics
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Polymers: Absorption Properties .&‘(IT

Karlsruhe Institute of Technology

* Relatively low loss at ~ 800 nm, but very high 5.0
losses at 1300 nm and 1500 nm az'm

« Reason: Overtones of C-H-bond oscillations: f 20
Fundamental oscillation at 3390 nm; overtone at &
~1700 nm, 850 nm ...; absorption decreases 2 1.04 3
exponentially with decreasing wavelength! £ 0.5

* Reduction of losses if H is substituted by - 0‘3

. T 1 i
Deuterium (D), Cl or F (larger atom mass leads to 400 500 600 700 800 900 nm

lower oscillation frequency, i.e. absorption is N=3
shifted further into IR) N=4 +
108 5000 ; +
- N= dB/km T f——
N=3 52
dBkm —x=7 -- [ 1\
, 104 - \= Molekdl: u -
0 = =
——x aN=4_oC-Cl } 1000 — N=S LA
8 10 - X 5 A a A C-F E= * \J
% X ul XC-D g 500 —— o
E 104 A o B © C-CH = N=6 ] | ] |
g A 0 ,E * F /I
10844 wod T N\J | PMMA | |
500 1000 1500 2000 nm — —+ |
| - =
Wellenlange— 400 500 600 700 800 900 nm
Abb. 8.7. Dimpfungsbeitrige der Oberténe von Wellenlange —=
CH-, CD-, CF- und Cl-Bindungen in Polymeren Voges/ Petermann: Optische Kommunikationstechnik
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Polymer waveguides

KIT

Karlsruhe Institute of Technology

148 21.10.2014

Generic Etching, Molding, Embossing Waveguide Creation Processes-—-————--

Ridge Formation

1. Depositclad
layer polymer on
Substrate

2. DepositWG
layer on clad layer

3. Photo image
WG region to
enable etching
removal of WG
layer polymer
outside of WG

4. Etch remove
WG layer polymer
outside WG

3. Backfill with clad
layer polymer—
Substrate remains

EZEEZEEEZEEZEII

AT T TFTTFTTF

Y

FFFFFTFFFTTFFS

T

Prof. Dr.-Ing. Christian Koos

Trench Formation

1. Depositclad
layer polymer on
Substrate

2. 3. Photo
image WG
region to enable
etching removal
—alternative
routes use mold
or embossing
tool-—--to create
atrench-

4. Backfill WG
polymer into trench

3. Backfill over coat
clad polymer—
Substrate remains

it

A A AT T

Bruce L. Booth; Optical InterLinks, LLC

—IPQ—¥
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Polymer waveguides ﬂ(IT

Karlsruhe Institute of Technology

Printed circuit board (PCB)
4x12 waveguides on 250umx250um grid
(proof of feasibility)

Yurii Vlasov, 'Silicon photonics for next generation computing systems’, ECOC 2008

Institute of Photonics
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Si;N, / SIO, waveguides ﬂ(".

Karlsruhe Institute of Technology

Si02

Sio2

SiO2

» Refractive indices:
SiO,: n=1.44at1.55pum
SizNg: na2.1at1.55pum
SIO,N,:n=144..2.1at1.55pum

 Waveguide core :
» Low-index silicon dioxide (SiO,) surrounded by a thin film of a high-index silicon
nitride (SigN,); index contrast can be adjusted by thickness of Si;N, layer
 Low losses: <0.1dB/cm
o Typical core size: 1um x 1um

« Applications: Datacom, chemical sensing. LioniX trademark: “Triplex”
http://www.lionixbv.nl/download/pdf/flyertriplex.pdf

Institute of Photonics
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Active waveguides: -V compound semiconductors

KIT

Karlsruhe Institute of Technology

2.5 *=-AIP 0.5
W N
e‘?‘:tf.. b Aleal-xAS
BEAN 06 -
' \ In,,Ga,As, P, —_
g
o~ ~ 0.7 o ]
S “~._AlSb >
L “w. Jog <
o 1.5 ' o
L;li GaAs :' B0
& ; —{1.0 &
) - r -
c— e Si :
5 100 /:“2/§
& =
= a = ©
M Ge =520 &
= m
0.5
—1 3.0
InAs InSb_]
0 | 1 | | i
54 5.6 5.8 6.0 6.2 6.4 6.6
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Lattice constant (A)

Christian Koos

and Quantum Electronics

e Ternary compounds

represented by the line that

joins two binary compounds

Quaternary compounds
represented by the area
defined by binary compound
corners

Dashed lines: Indirect bandgap

Solid lines: Direct bandgap

Source: Saleh/Teich,
Fundamentals of Photonics

—IPQ—¥
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Active waveguides: lll-V compound semiconductors .&‘(IT

Karlsruhe Institute of Technology

Contact . R;dge Mesa Contact
k\\\\\\\\\\\\\\\\\\\}i&\\\\\\\\\\\\\\\ N
Si0, p-InP Si0,

InGaAsP InGaAsP n—inpP
(active) (active)
n* - inP n* - inP
{(substrate) {substrate)
(a) (b)

Cross sections of semiconductor lasers: Ridge and ¢ hannel waveguides

» Refractive indices:

InP: n=3.17 at 1550 nm
INnGaAsP: n~3.4 ... 3.6 at 1550 nm
SiO.;: n=1.44 at 1550 nm

152 21.10.2014 Prof. Dr.-Ing. Christian Koos
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Silicon photonics

KIT

Karlsruhe Institute of Technology

Silicon:
« Transparent at IR telecom wavelengths

« High refractive index -
= Nanophotonic devices <3 ;
Dense integration < ]
Small active volumes
Ultra-fast low-power switching O/E/S/ ]
I | | | | | | C/L/U ]
| | | 1010 e —
‘ ‘ ‘ Dual-tomlhtel Ita-nn.lm 2Pru-;essvr a 500 1000 1500
Moo el .“;....‘%:f*:m-s,zlz:::” 10° Alnm]
: l::.lgr Pﬂlrﬂl.l:;Pruﬁsor / 108 a ] )
‘ ‘ i “i‘?‘fl ‘ 2 « Mature CMOS fabrication processes
Imcl Pemium 1l Processor 107 g) ]
|| e ] S — Cheap mass-production of
6= . .
Research expenses in ’ 107 nanophotonic devices
the last 10 years: s = Full integration of photonics and
> 450 G$ electronics
> 5 Mio man-years
400 S | ' ' '

1970 1980 1990 2000 2010

Institute of Photonics
and Quantum Electronics
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Crucial: Fast high-resolution lithography .&‘(IT

Karlsruhe Institute of Technology

Optical lithography Electron-beam lithography

W electron gun

idance of the
ectron beam

mask with ﬁ

pattern

lens

electron-
photosensitive resist | sensitive resist

/,-/_—»/

Animation courtesy of Prof. Roel Baets, UGENT/IMEC Institue of Photonics 1D ék

Dr. Christian Koos and Quantum Electronics
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State-of-the art CMOS tool: 193nm Immersion Lithography ﬂ(".

Karlsruhe Institute of Technology

7 'E::::iliﬂl""-— :
s JunnpnnnEEusnl
o T RLLL LA, |

WEEEEEE
EEEEEEAGE
LTI

-4

A=193nm, NA=1.2,res =45 nm
— Suitable for nanophotonic devices

Institute of Photonics IP Q
and Quantum Electronics Sh
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ASML Wafer Stepper TWINSCAN™: Q(IT
Deep-UV (DUV) Lithography at 193 nm

Separate metrology
wafer topography
characterization

R

Dual wafer stage

Institute of Photonics %
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Next-generation lithography: Extreme UV (EUV) ﬂ(".

Karlsruhe Institute of Technology

Source: Generation of EUV
radiation in a Zn plasma

that is optically pumped by
a high-power laser

G s

Wavelength: 13.5 nm
Introduction envisaged for 2015
Resolution: < 18 nm

http://www.hardware-infos.com

Institute of Photonics *
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Fabrication of silicon-on-insulator (SOI) waveguides ﬂ("'

Karlsruhe Institute of Technology

Silicon-on-insulator Resist coating Lithography
(SOI) wafer
Development Silicon etching Final photonic wire

(e.g., reactive ion etching)
158 21.10.2014 Christian Koos Institute of Photonics —po*
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SOl waveguides and bends

KIT

Karlsruhe Institute of Technology

Wi . |
- SI,n=3.48
Si0,, n = 1.44
Si substrate
« 0.094B/90° Single-mode

0.08

Bend radii1 -5 um
0.06 | Bend loss < 0.1 dB / 90°

0.04
0.027dB/90°

0.02 »

Excess bend loss [dB/90°]

-

159 21.10.2014 Dr. Christian Koos

0,01dB/90° g 004dBY/s

2 3 4 R [Hm] 5
Dumon et al., Photon. Technol. Lett. 16 (2004), 1328-1330

20°

Loss [dB/cm]

40
. h =220 nm
20 T Propagation loss 1 - 3 dB/cm
20
10
g 4wy
o . i
400 450

Multi-mode

500 W [nm] 550

Koos et al., IEEE Photon. Technol. Lett. 19 (2007)
Institute of Photonics Bk
and Quantum Electronics IPQ



Optical Fibers




Fiber loss and transmission windows .&‘(IT

Karlsruhe Institute of Technology

i 1966: Charles K. Kao showed that the losses
of > 1000 dB/km in existing glass was due to
impurities and can in principle be reduced to
below 20 dB/km.

Early 19708 = Optical fibers as transmission media;

o Nobel Prize in Physics 2009

100 -

A\

20

N

50

1970's: Optical communications in the first
transmission window (800 — 900 nm); GaAs-
Second based optical sources and detectors.

AN

20

Early 1980’s: Further reduction of OH-ions

and metallic ion impurities

— Second-generation fiber-optic transmission
at around 1300 nm using InGaAsP lasers

Attennation (dB/km)

10
7

Late 1980’s: Third transmission window
around 1550 nm. Typical fiber losses of about
. 0.2 dB/km (Record: 0.154 dB/km in fiber with
1800 [ow-index F-doped cladding); requires control
of chromatic dispersion!

0ZT-— — =

LA
N\

0.1 L 777 |
800 800 1000 1200 1400 1

Wavelength (nm)
Keiser: Optical Fiber Communications

Institute of Photonics %K
161 21.10.2014 Christian Koos = I PQ

and Quantum Electronics

&



Various kinds of optical fibers .&‘(IT

Karlsruhe Institute of Technology

0

| 150 | Applications Fosiiee
- um —=
Advantage | Disadvantage R Featuros
b=50 =] Short distance, Easy Large PP Advantage | Disadvantage
- % low bit rate coupling dispersion
-"| Local area
.- | Extremel .
An=0.5-1.0% y
‘ ‘ : : g "._ | short distance Easy_ High loss
(a) Multimode step-index fiber : coupling
A Robotic circuits L:arge i
Process control dispersion
Medium distance, |Easy Moderate Data link
. _ . |medium bit rate coupling dispersion
Local area K
(e) Plastic fiber
An=05-1.0% (b) Graded-index fiber °©©
A OOOOOOOOO High power, Single
L d0o o o o )£ low dispersion material
00000 o,
A=0 o0 oo/ Large core
Long distance, Wideband | Difficult Q
—— | high bit rate coupling (f) Holey fiber
Wide area |
Local oscillator, No Higher loss
Sensor, polarization
n Pigtail for jitter
L —_— —— |integrated
A=0.3% optics
) e n,
Long distance, Immune | Difficult (g) Polarization—preserving fiber
high bit rate to H,or coupling
Wide area H."-rag. i
smarne | Types of fibers:
(d) Silica core fluorine-added cladding fiber d Step-l ndex fibers

» Graded-index fibers
» Fibers with non rotation-symmetric index

lizuka, Elements of Photonics, Vol. 2 proflles

Institute of Photonics >k
162 21.10.2014 Christian Koos = I PQ

and Quantum Electronics



Recall: Cylindrical coordinates .&‘(IT

Karlsruhe Institute of Technology

Koordinatentransformation
X=pCOoSQ, y=pSing, z=z

p= x% + y2 , O =tan~"! f (passender Zweig), z=2 Z4 . F
V4
= — = 2
h| ], hz Ps h3 1 CT
Beziehung zwischen Basisvektoren Co
€

(€,=€,COSP —€,Sing
e, =¢,sinQ +e,CcosQ
€, =€,

y..

(€,=€,CosP+e, Sing .= -~
{e,=—€, sing+e, cose

Note: We use r for the radius rather than p ...

Rade / Westergren, Mathematische Formeln, Springer

o Institute of Photonic
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Step-index and graded-index profiles -ﬁ‘(".

Step-index fiber

Jacket

Cladding

Core

A A
ny n
n — ny
__.—J -q:—.':.f._:.—l____z.— - (]
> >
S 3
g R O—— £ e b
ng o
S _ —
Radial distance Radial distance

Agrawal, Fiber-Optic Communication Systems

_ Institute of Photonics
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Cylindrical coordinates and refractive index profile .&‘(IT

Assumptions:

 Fields are confined to the core and the cladding
can be assumed to be infinitely thick.

 Later: Low index contrast / small relative index

- 2 2
nTy —n
difference A=-1 2 5 2~1073...1077
2n7
Rotation-symmetric refractive index profile:
2 _ T '
nQ(T): n%{l 2Ag(a)l, O0<r<a i
ny[l —2A] =n5, a<r<oo ny

Power-law profiles: where ¢(0) =0, g(1) =1

r r\ 4
g(—)=(—> , O§q<OO ng
a a B

q=72 Parabolic index profile Redial distance
g— oo  Step i”y profile \

Y

Institute of Photonics %K
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Differential operators in cylindrical coordinates ..\_\J(IT

Karlsruhe Institute of Technology

du |1 du du
gradu=Vu= 3 p+58(p " dze

_vop_ (1 0F: dFg JOF, OF.
revers (L5 ) (.
a(qu,) BF)
* P( op L0 &
o2 1 9( ou 1 0%u azu_ l
AH—V U= 5 a—p(pa—p) +p2 a(pz +8Z2 —Hp +p P p2 W‘FH--

Back to ,Bent wavequides”...

Rade / Westergren, Mathematische Formeln, Springer

Institute of Photonics %K
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Maxwell's equations in cylindrical coordinates

KIT

Karlsruhe Institute of Technology

Mode ansatz:
E(r,t) = E(r,¢) exp (J (wt —

H(r,t) = H(r, ) exp (j (wt — Bz))

B = nekg

Maxwell’s curl equations in polar
coordinates:

10& . .
=2 4 jBE = — jwpoHs
r 0p
: o0& .
—JBEr — 3—: = —JwpoHyg
1 (0(rE o0& .
(2050 08
N,
———" 4 BHy = jwegn?Ey
r Oy
. OH .
—IBHr — — = = jweon®Ey
l 0 (T‘ﬂap) . 3ﬂr :jw€0n2§2
r or Oy -

167 21.10.2014 Christian Koos

Bz))

Hy =

Er = —

»

H,=—

C-_—
Transverse field components can be
expressed by E, and

J

k%nQ — 52
J

k%nz — B2
J

kgnz — 52
J

k%nz — 52

Institute of Photonics
and Quantum Electronics

H,:

//6) 0E » 4+ Wio 8ﬂz)

\  Or r Oy
(B0 3ﬂz)
\7 Op or

[ OH., weon2 oOFE,
\5 or  r 890)
B OH 0 0&~
(22 ot E)

—IPQ—¥



Wave equations for longitudinal components .&‘(IT

Karlsruhe Institute of Technology

Components of E- and H-field can be separated
« within homogenous core and cladding regions of step-index fibers
« within weakly inhomogeneous graded-index fibers
Formulate scalar wave equation for longitudinal components in polar coordinates:

10 [ 0¥ (r,¢) 1 82£(r,so)
il - +
r Or or r2 02

Y stands for £, or H.

Separation ansatz: ¥ (r,¢) = g(r) h(p)

— r 0 (’I" dg (T)) —|—’I"2 (k(Q)nQ(T‘) . ,82) + 1 8%h () —0

+ (kgn*(r) = 62) L (r,9) = 0

g(r) or or h(p) Op?
| . " —C
Basic solution for h(¢): '
cos (vy)
h(p) = or forv=20,1,2...
sin (v)
l.e., modes exist with two different X
¢-dependencies, “rotated by 90°": cos(®)

and Quantum Electronics
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Radial field dependence .&‘(IT

Karlsruhe Institute of Technology

Differential equation for g(r):

209(r) | B9 (r) | >
+r 20 4 (1802 - 57) 17 - 7] g (1) =0
or2 or ‘ ' / L)
1] :I:az " up 2n

Compare: Bessel differential equations

g 2

l N 2 P- —
= J‘C(Ary)+(a szy 0

Losung: y=AJ(ax)+BY,(ax) [Beachte. |Yp(x)| — oo mit x — 0+]

y 2
2. x y "+ xy’— —(a’x +n2)y=0<:>y”+}; - {a2+ n—zJ =0
X

X
Losung: y=A[, (ax)+ BK,(ax)

1 s ) n’ _
= }(xy)—(a +-—2Jy-0

Rade / Westergren, Mathematische Formeln, Springer

Institute of Photonics %K
169 21.10.2014 Christian Koos . - I PQ

and Quantum Electronics



Radial field dependence .&‘(IT

Karlsruhe Institute of Technology

Differential equation for g(r):
829 (r) | 89 (r)
2079 g
" Or2 T or
Distinguish two cases:
1. k%

+ [(k%nz — 82) re — 1/2] g(r)y=20

. = k3n? — $2 > 0: Inside the waveguide core; 0 <r < a and n =nj.

= g() = Cady (ul) +C5 Yy (ul)
a a
where J, (Y,) denote Bessel functions of the first (second) kind of order

v, and where the transverse phase constant is given by

u =a\/n%k8 — B2

2. k92 = 82 _ k2p2 > 0: In the cladding, r > a and n = ny.

= g(r) =Cgly (uf) + C7 Ky (uz)
a a
where I, and K, denote modified Bessel functions. The transverse cladding

attenuation constant is given by
w :a\/BQ — n%k%
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JPhysically meaningful” solutions .&‘(IT

Karlsruhe Institute of Technology

Core: 0<r<a Bessel-Funktionen
sy
1

(

Yo(x)
i  Second kind

Ya(x)

g(r) ==0CsJdy (u )—I—C5YU (u—

r
a a

But: ‘YV (ufﬂ — oo forr — 0
a
=>O5=0

: . Modifizierte Bessel-Funktionen
Cladding: r>a vy

g(r)=0Csly (wg) + C7 Ky (wf) "

a

]
i
),
r |
But: |Iy | w— )| — oo fOr r — oo ol
a
— !
= Cg =0 L
|
| X X
——»
1 2 3 4 5 3 3
Back to LP modes Rade / Westergren, Mathematische Formeln, Springer
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Complete solution .&‘(IT

Karlsruhe Institute of Technology

Recombine separated functions:

. B AJy(ug) cos (vy + ) for0<r<a
Lre) = A%KV (w%) cos (v + ) for r > a

where v =0,1,... and ¢ € {O%} and where ¥ stands for £, or H,

J 0E» WO OH~
2.2 _ 32 B +

kgn I54 or r Oy
= %%—z and %% and must have the same p-dependence.

= If £, has a cos (vy)-dependence, H, must vary like sin (v¢) and vice versa.

Recall: £, = —

Complete solution for E, and H,-component:

£, ( (A Jy(ug) cos (vy + 1) for0<r<a
yP) = 9
Ex(r,p) \A% Ky (w%) cos (v + ¥) for r > a
(B Jy (ul) sin (ve + ) for0<r<a
He (Ta (P) = A B JV(Q(JL) CLR( r . £
\ m y(’wa) Sln(z/gp—l—w) orr >a

where v =0,1,... and we{o;g}
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Recurrence relations for Bessel functions .&‘(IT

Karlsruhe Institute of Technology

Fiir jede Zylinderfunktion C,(x)=J,(x), Y,(x), H (x) oder H}?(x) gilt

Cp—l(x)"' Cp+l(x)= 27,0 p(x) Cp-l(X)-Cp+1(X)=2Cp'(x)
xCp(x) =pCp(x) =xCp 1 (X) =xCp_; (x) = pCpfx)
dix {(xPCp(x)} =xPC,_ (%) c%c [xPCpx)}) ==x7PCpyy (1)

Speziell. Jo'(x)==J,(x), Yo' (x)==Y,(x)

[ c2xxdx= % 2[C, 0P+ % 02-n))C,2(x)
[ X141, (0dx =x'*"C, 1 (1) = =x' C, () - E C,(0)]
J' A (0de=—x'"C, (0 ==X C, () + E C,(x)]

[ PCoxdx=x"Cy(0) + (n— D"~ Cox) - (n— 1) [ ¥~ 2Co0)dx

x[0Ca( Bx) Cr(aux) = BCh0x) Cr( Bx) ]

[ Cuox)Cy(Br)xdx= ool

2 - x2 ’ n? 2
[ X oxdx= E[C,(ax)2+ (I - W]C,,(ax)

Jj *
I 100) = Dy 0= 52 Ly =20, (0 =By 0)

2 P
K, (=K, _(x)+ ?" K x)==2K,"(x)= K, _;(x) Back to LP modes ...

and Quantum Electronics
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TE modes .&‘(IT

Karlsruhe Institute of Technology

Forv=0, ¢ =x/2, we have: &:(r,¢) =0

He (7, 0) {BJO(UQ for0<r<a
iz \TP) — J
BRiyKo(wh)  forr>a
Recall: & =——5 > (40E= | who O
kgn< —B= \ Or r Oy
e —__ J (B 0, O
T kg2 —p2 \rop O or

The other E-field components can be derived using recurrence relations for Bessel
functions:

Er=20
€0 = o —BTC:Jl ug) for0<r<a
- % K?)E?u)) K1 (’wg) forr > a

Continuity of E, at r = a yields the dispersion equation for TE modes:

Ji(u) _ Kyi(w) where W2 A w? = 2
uJo (u) w Ko (w)
The same relation is reproduced by the continuity requirements of H,

_ Institute of Photonics
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TM modes and hybrd modes .&‘(IT

Karlsruhe Institute of Technology

Forv =0,y =0, we have:

AJO(u%) for0<r<a
J
A K((J)E?U)) Ko (u%) for r > a

QZ (Ta 90) — {

ﬂz (Ta 90) =0

Continuity of E;, and Hy at r = a yields the dispersion equation for TM modes:

J1 (w) __(n2)2 K1 (w)

ulo(u)  \n1) wKq(w)

where u? -+ w? =V?2

Similarly, a dispersion equation can be derived for the general case where neither

H, nor E, are zero:
) | (m2)? K (w) I R n2\* 1
uJy (u) n1/ wkKy(w) — V2T w2 w2 ny) w2

Numerical solution of these equations yields the dispersion relation in its usual
form ...

Ju (u) KL (w)
uJy (u) T w Ky (w)

Institute of Photonics %K
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Dispersion relations of the step-index fiber

KIT

Karlsruhe Institute of Technology
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Figure 9.3 Dispersion of a fiber with A = 0.2 and electric field lines of various modes

Chen, Foundations for Guided-Wave Optics, Wiley
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TE- and TM modes
TE:E, =E,=0;E;#0
TM:H, =H,=0;H,#0
Nomenclature of hybrid modes:
dominant longitudinal dominant longitudinal

H-field component E-field component
\
EHI/[,L H vu
7N
Azimuthal Radial
mode index mode index

Fundamental mode of step-index
fibers: HE,;;-mode

Single-mode condition: V < 2.405
(first zero of Jy(u) )

Groups of modes with similar
dispersion characteristics, e.g., TE,,
TMy; and HE,,; these modes will
lateron be merged to so-called linearly
polarized (LPvu) modes for weakly

" guiding waveguides.
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TE and TM: Mode designation and fields .&‘(IT

Karlsruhe Institute of Technology

TE,, modes:
» Exist only for v = 0 => rotational symmetry!  T1E,
* u denotes the number of maxima of E, : ;
along r (including the one atr = 0, if
existent)
» Field components:

Er = 0; écp?&O; E,=0
Hr #=0, Hpo=0;, H, # 0

TM,,, modes:

» Exist only for v = 0 => rotational symmetry!

* u denotes the number of maxima of H,
along r (including the one atr = 0, if
existent)

* Field components:

Er #0; §<,o:O; E,#0
Hr = 0; ﬂg@#oi H,=20

Chen, Foundations for
Guided-Wave Optics, Wiley
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Hybrid mode designation and fields .&‘(IT

Karlsruhe Institute of Technology

EH, - and HE  ,-modes:
» Exist for v > 1; v denotes the azimuthal symmetry

» Each mode is two-fold degenerate: sin(r¢$) and cos(v¢$)-dependence
* (Conventional, somewhat arbitrary) nomenclature of EH,, and HE,, —modes
according to the field with dominant z-component:
H, dominates => EH, , -mode; E, dominates => HE, , —mode

+Ag/4 +}bg/4

EHyy s HE;»

. —5.14 .
x—>e [ '“,\T/4 i 3 E
T L
s |
: .l. *

Chen, Foundations for Guided-Wave Optics, Wiley
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Optical fibers: Cylindrical coordinates and refractive index profile .\\J(IT

Karlsruhe Institute of Technology

Assumptions:

 Fields are confined to the core, i.e., the cladding
can be assumed to be infinitely thick.

 Later: Low index contrast / small relative index

- 2 2
nTy —n
difference A=-1 2 5 2~1073...1077
2n7
Rotation-symmetric refractive index profile:
2 _ T '
nQ(T): n%{l 2Ag(a)l, O0<r<a i
ny[l —2A] =n5, a<r<oo ny

Power-law profiles: where ¢(0) =0, g(1) =1

r r\ 4
g(—)=(—> , O§q<OO ng
a a —

q=72 Parabolic index profile Redial distance
g— oo  Step i”y profile \

Y
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Step-index fiber: Wave equations for longitudinal components Q‘(IT

Karlsruhe In: e of Technology

Components of E- and H-field can be separated
« within homogenous core and cladding regions of step-index fibers
« within weakly inhomogeneous graded-index fibers
Formulate scalar wave equation for longitudinal components in polar coordinates:

10 [ 0¥ (r,¢) 1 82£(r,so)
il - +
r Or or r2 02

Y stands for £, or H.

Separation ansatz: ¥ (r,¢) = g(r) h(p)

— r 0 (’I" 69 (T)) —|—’I"2 (k(Q)nQ(T‘) . ,82) + 1 82h ((10) —0

+ (kgn*(r) = 62) L (r,9) = 0

g(r) or or h(p) Op?
| . " —C
Basic solution for h(¢): '
cos (vy)
h(p) = or forv=20,1,2...
sin (v)
l.e., modes exist with two different X
¢-dependencies, “rotated by 90°": cos(®)

and Quantum Electronics
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Dependence on r:,Physically meaningful” solutions .&‘(IT

Karlsruhe Institute of Technology

Core: 0<r<a Bessel-Funktionen
sy
1

(

Yo(x)
i  Second kind

Ya(x)

g(r) ==0CsJdy (u )—I—C5YU (u—

r
a a

But: ‘YV (ufﬂ — oo forr — 0
a

=>O5=O

Cladding: r>a

9 () = Colu (wh) +Cr Ky (w

T
a

(s
But: |Iv (w—)| — oo forr — oo
a
= Ce =20
X
3 4
Back to LP modes Rade / Westergren, Mathematische Formeln, Springer
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Complete solution .&‘(IT

Karlsruhe Institute of Technology

Recombine separated functions:

. B AJy(ug) cos (vy + ) for0<r<a
Lre) = A%KV (w%) cos (v + ) for r > a

where v =0,1,... and ¢ € {O%} and where ¥ stands for £, or H,

J 0E» WO OH~
2.2 _ 32 B +

kgn I54 or r Oy
= %%—z and %% and must have the same p-dependence.

= If £, has a cos (vy)-dependence, H, must vary like sin (v¢) and vice versa.

Recall: £, = —

Complete solution for E, and H,-component:

£, ( (A Jy(ug) cos (vy + 1) for0<r<a
yP) = 9
Ex(r,p) \A% Ky (w%) cos (v + ¥) for r > a
(B Jy (ul) sin (ve + ) for0<r<a
He (Ta (P) = A B JV(Q(JL) CLR( r . £
\ m y(’wa) Sln(z/gp—l—w) orr >a

where v =0,1,... and we{o;g}
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Dispersion relations of the step-index fiber

KIT

Karlsruhe Institute of Technology
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Figure 9.3 Dispersion of a fiber with A = 0.2 and electric field lines of various modes

Chen, Foundations for Guided-Wave Optics, Wiley
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TE- and TM modes
TE:E, =E,=0;E;#0
TM:H, =H,=0;H,#0
Nomenclature of hybrid modes:
dominant longitudinal dominant longitudinal

H-field component E-field component
\
EHI/[,L H vu
7N
Azimuthal Radial
mode index mode index

Fundamental mode of step-index
fibers: HE,;;-mode

Single-mode condition: V < 2.405
(first zero of Jy(u) )

Groups of modes with similar
dispersion characteristics, e.g., TE,,
TMy; and HE,,; these modes will
lateron be merged to so-called linearly
polarized (LPvu) modes for weakly

" guiding waveguides.
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Linearly polarized (LP) modes .&‘(IT

Karlsruhe Institute of Technology

In weakly guiding fibers (A — 0, n%/n% ~ 1), one transverse Cartesian
electric field component is usually much stronger than the other electric
field components. Without loss of generality, we assume that the &.-
component of the modal field dominates whereas £, vanishes, |Ex| > |£;]
and |Ey| = 0. This is in analogy to Marcatili's treatment of a rectangular
waveguide. Following this approach, an alternative set of modes, the
so-called linearly polarized (LP) modes can be derived.

Wave equation for dominant electric field component:
VZEe + (kgn® — B%) €a = 0
Investigate spatial dependence of E, in polar coordinates:

10 ([ 0¥(re) 1 92W (7, ) > 0 2 B
T8r(r or )"’Tz 52 + (kgn® - B%) & (r,9) = O,

where ¥ (r,¢) represents the &;-component of the modal field.

Note: ¥ (r,¢) must be “approximately continuous” at r = a!
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Linearly polarized (LP) modes .&‘(IT

Karlsruhe Institute of Technology

Solution ansatz (in analogy to derivation of hybrid modes!):

AJV(U%) cos (vy + ) forO0<r<a
g(rﬂ (p) — JV(’U,) T
A K. (w0) Ky (wa) cos (vy + ) for r > a

where v =0,1,2,... and ¢ € {Og}

Longitudinal electric field component:
V-D(r,t) = V- (egn?(r)E(r,t)) ~ eon(r) V - E(r, )

= ¢on?(r) (‘%m + 8‘3" J'Béz) el(Wi—B2)

For £, = 0O, we find:

j 08r ] oF  sinyp oW
( or r %)
¥ (r,p) is continuous across » = a, and ¥ (r, ) has the same p-dependencies
inside and outside the core, i.e., ¥ /0y is also continuous. 0¥ /0r must
hence be continuous as well at » = a.
185 21.10.2014 Christian Koos Institute of Photon?cs _IPQ%
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Linearly polarized (LP) modes ..\_\J(IT

Karlsruhe Institute of Technology

Characteristic equation of LP,, — modes:
Continuity of 0¥ /0y at r = a leads to

udy (v) _ wKj (w)

Juv (u) N Ky (w)
Using the recurrence relations of the Bessel functions, this can be
written as

uwdy—1 (u) _ v Ky—1 (w)
Ju (u) Ky (w)
udy(u)  wKi(w)

Jo(u) Ko (w)

forv >0

forvr =20

where

u2+w2=V2

Recurrence relations of Bessel functions...

and Quantum Electronics
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LP-modes: Solution of characteristic equation .&‘(IT

Karlsruhe Institute of Technology

10
~ Numerical solution of
Ir 01 - ‘|'
o . U= ud) (u) _ wkj, (w)
& _ =
21 P -~ - Ji’/ (’U,) KV (’LU)
7t A
’ﬂ  Circular arc
6} %’ - 2 2 2
sy _ L -~ uw+wc=V
5S—22__ 9 L4 Mode designation:
i dih LP
3+ ! VU
2L . v. Azimuthal dependence: cos(v¢) or
, sin(v9); 2v = number of intensity
r 1 maxima along the circumference
D L 1 L 1

0 1 2 3 4 5 & 7 8 9 1o & Denotes the various solutions for a
given v and can be identified with
the number of intensity maxima in

Okamoto, Fundamentals of Optical Waveguides radial direction
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LP-modes:; Mode fields

KIT

Karlsruhe Institute of Technology

l=0,m=1 l=1,m=1
=3, m=1 =1, m=2
[
. - (I.
.
|=0,m =73 | =gl
o' ¥
. » -
I."

e Different notation:

l=2, m=1 l=0,m=2
v=I,u=m
-
. . . * Degeneracy of modes:
-
v = 0: Twofold degenerate
L=l s - i (two orthogonal
' - polarizations)
- » o
- R ... v > 0: Four-fold
. . - degenerate (cos(v9)- and
- )
sin(v¢)-dependence, each
=3, m=E | =31, 1 =:3 in two orthogonal
- polarizations)
L I
» 9 L
X ('
-

http://www.rp-photonics.com/multimode_fibers.html
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Karlsruhe Institute of Technology

Linearly polarized (LP) and hybrid (TE, T, EH, HE)mo  des ~NJIT

| T T

B

06

04

1.0 :
0.8 - =
B Py, — -7 TMy, + HEy, 5
0.6 / = t ~ "//’ - ii:; —Lpll
o ey (Four-fold

g / g 7

’ - LP d
/ /L L o L= egenerate!)
e e / ,’, LPs1
— P e e _]
’ 7’ ’
s~ ot / s LPs>
0.2 z 4 4 LPg;

/7 L ) LPy
/7 { /’/
AT LS L ' TEy + HE'y TEg - HEy =

\ Chen, Foundations for Guided-Wave Optics, Wiley
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LP-modes: Cut-off frequencies .&‘(IT

Karlsruhe Institute of Technology

Recall: Characteristic equation of LP — modes for v > O:

uJdy—1 (u) _ v Ky—1(w)
Ju (’LL) Ky (’w)

Waveguiding limit: Fields extend into the whole cladding region

Bessel function plots

wza\/BQ—n%k(Q)%O

U = \/V2 —w? =V
le/—l (w)
Ky (w)

— 0,

= J,4(V) = 0 at cut-off, I.e., the normalized cut-off frequency V , - of the LP -
mode is given by the p-th positive zero j,; , of J 4

VV;L,C — jz/—l,p,
Note: J_,(u) = J;(u), where u = 0 is counted as the first zero of J ,,(u) only for v = O!

=>LP,, and LP, _ -modes have the same cut-off frequencies!
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HE vs. LP mode designation and cut-off frequencies

KIT

Karlsruhe Institute of Technology

Additional Total
Normalized Traditional Mode LP Mode Number Number
Frequency V Designation Designation of Modes of Modes
0-2.4048 HE,; LPy, 2 2
2.4048-3.8317 TEo;, TMy;, HE», LPy, 4 6
3.8317-5.1356 EH,;, HEs;, HE, LP;, 4 10
LPy; 2 12
5.1356-5.5201 EH,;, HE4 LPs, 4 16
5.5201 —6.3802 TEp, TMq,, HE»> LP, 4 20
Chen, Foundations for Guided-Wave Optics, Wiley
1 Jo Viie =] 01 = =2.405
0.8 | /' Va1 = Vo =11 = 3.832 General mode equivalences for
06l J,=-J, ,/J / Vi =], =5.136 weakly guiding fibers:
0.4t 2 : J, I,V12c ij502520 LPO[,L == HE]—M
0.2} . LP1, < HEy,, TEqg,, TMg,
1 2 3 5 & LPuy = HEp 414 EHL_1
-0z forv > 1
-0.4 ¢

Institute of Photonics
and Quantum Electronics
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Number of guided modes ﬂ(".

Karlsruhe Institute of Technology

AFS50/125Y

Step Index Multimode Fiber

Acrylate Polymer Coating

Silica Clad (F doped)
Silica Core

Description

This low loss, step index, multimode fiber is excellent for holmium and
erbium laser delivery. The low hydroxyl ion content providing high
transmission efficiency and has a useful spectral transmission range \

from 400 to 2400 nm.

Specifications

Specification Value Specification Value

Core Diameter 50 um = 2% Buffer/Jacket Acrylate

Clad Diameter 125 +1/-3 ym Numerical Aperture 0.22+0.02

Acrylate Diameter 250 pm £ 5% Full Acceptance Angle 25°

Temperature Operating Range -40 to 85 °C Core/Clad Ratio: 2.5

Minimum Bend Radius Maximum Afttenuation: 9 dB/km @650 nm
Recommended Short Term 12 mm 4 dB/km @ 1500 nm
Recommended Long Term 24 mm

Proof Test (Bend Method) 50 kpsi

=> How many guided LP modes exist?

Institute of Photonics
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Number of guided modes in step-index fibers .&‘(IT

Karlsruhe Institute of Technology

Approximation for large zeros of Bessel functions:

When » is fixed, s> >» and p=4»? | | Notation: j, . = s-th positive
9.5.12 zero of J,(u)
e u—1_ 4(u—1)(7u—81) 32(u—1) (834>—982u+3779)
Jv s,yr 8 ﬁ 3(83)3 15(83)5
| _ 64(p—1)(6949°—1 5385547415 85743u—62 77237)
105(88)7 B

where f=(s+4v—1)7 for 5, ,, B=(s+3»—2)x for y, .. With 8=(t43v—1)=, the right of 9.5.12 is the

asymptotic expansion of p,(¢) for large ¢. _ ' . .
Abramowitz / Steqgun, Handbook of Mathematical Functions

0
In our case: |
3 SN
Jv—1,u ™ (,u—l— U—Z)’/'T<V Ses
Number of guided modes: NN
1 vV 1 vV 1 u
Myma-So2(2-3) (2 -3)
2 T 4 T 4 R
4 V2 :
~ —V2 5 ! \!‘H >V
7T ) K_lj
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Graded-index fibers

Note: Many fibers of practical interest do not have a
step-index profile!

Examples:

« Parabolic-profile step-index fibers (“GRIN-lenses”)

« Manufactured fibers with non-perfect step-index
profiles

= Power-law description of rotationally symmetric
index profile:

core

211 -2Ag (L <
= {n}z [[1 2A]g (Q)L’ . e g
n — = ns5, asr<oo
??,2 7’L21 i ~ =

A=-1_—52  Relative index difference 3

2n1 e e e
g (—) = (—) Profile function (power law)

a a S
Radial distance

0<qg<o. Profile parameter
Note that closed-from solutions exist only for the special cases of step-index

profiles (q — oo) and infinitely extended parabolic index profiles (q=2)!
194 21.10.2014 Christian Koos Institute of Photonics —IPQ%
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Infinitely extended parabolic index profile ..\_\J(IT

Karlsruhe Institute of Technology

Assumption : Infinitely extended parabolic index profile (unphysical!)
2
T

n?(r) =n%[1 — 2Ag(r/a)] g(f> = <—) , IN0 <r<oo

a a

Harmonic azimuthal dependence

U (rg) =Q(r) cos(vp+v)  v=0,1,2,...; ¥ € {og}

Solution for radial dependence (without derivation) . Gauss-Laguerre modes
o l2ma [Ge=DU 202\ e gy [(2r2
Qyu(?") = 5 | 5 e 0 L[,L—l 5 |

wgm V(v +p— 1) \wg W

pw=1,2,3,... L‘(LO) Ordinary Laguerre polynomials of
a2 degree u
'w(% — 7/~ Gaussian field radius

V/2 LEL” ) Modified Laguerre polynomials of

degree p and order v
Propagation constant:
B kov1l— 26 0 m m + 2 1, m V. w3 a’
= n — , — = , = — 1, = —, = —.
170 A mmax H max 2 0 V/2

l.e., all modes with identical m are degenerate!
195 21.10.2014 Christian Koos Institute of Photonics _IPQ%
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Gauss-Laguerre mode fields .&‘(IT

Karlsruhe Institute of Technology

Mode designation ( v, u):
v. Azimuthal dependence: cos(v9) or sin(v); 2v = number of

intensity maxima along the circumference
w: Denotes the various solutions for a given v and can be

identified with the number of intensity maxima in radial
direction (including the maximum at r = 0 for » = 0)

Degeneracy of modes:
v = 0: Twofold degenerate
(two orthogonal polarizations)

v > 0. Four-fold degenerate
(cos(v¢)- and sin(v¢)-dependence, each in two orthogonal

polarizations)

Institute of Photonics
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Infinitely extended parabolic index profile: QAT

Number of guided modes
0
Cut-off: B8 = ko v 11
= M = Mmazx Z—I_ET: g
V
=V —I— 2/,!, — 1= 5 x\‘
Guided modes must fulfill: N
y
|4 P SEE
v+2u—1< 5 ™
v=0,1,2,... 1 .
! >
n=1,23,... 1%

Number of guided modes:

1 /V vV o1 V2
My~d-— [ ——1) [+ =)~ —
g 2 (2 ) (4+2> 4

l.e., In comparison with a step-index fiber of same V, the parabolic index
profile accepts approximately only half the number of guided modes!

Institute of Photonics
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Photonic-bandgap fibers .&‘(IT

Karlsruhe Institute of Technology

Air hole

A

1 K

Silica g, Air hole

X%

Silica ng,

Bragg fiber Photonic-crystal fibers

« Cladding: Concentric rings / periodic structures of high- and low-index
materials

= Guidance due to multiple reflections (“photonic bandgap”)

e Core: Can be hollow!

« Hollow-core fiber: Little interaction of guided light with fiber material

= Low absorption for wavelengths where no transparent fiber materials
are available.
Weak nonlinear effects, high power levels (e.g. for material processing)

o Institute of Photonic %K
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Photonic crystal fiber: Fundamental modes ?

KIT

Karlsruhe Institute of Technology

E, Mode Profile (n=1.445477)

e

Mode 1

Y (um)

° I @

oL .

E, Mode Profile (n;=1.445477)
0220334

Mode 2

Y (um)

0.0

X (um)

Looks ,suspicious”: Mode field does not have the same symmetry properties as the structure!

Y (um)

Y (um)

Ey Mode Profile (n+=1.445477)

Ey Mode Profile (n+=1.445477)

X (um)

= Choose finer discretization; check convergence!

199 21.10.2014 Christian Koos

0.213427

0.0

L [N

. ©

oL

° I

Y (um)

Y (um)

Institute of Photonics
and Quantum Electronics

E,/i Mode Profile (n,=1.445477)

E_/i Mode Profile (n4=1.445477)

X (um)

0.0796234

0.0843312
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Photonic crystal fiber: Fundamental modes ! ﬂ(".

E,/i Mode Profile (n=1.445473)

E, Mode Profile (n=1.445473) Ey Mode Profile (n =1.445473)
0.077638

0.0223766

s | L s
B
Y (um)

Y (um)

Mode 1

Y (um)

0 8 6 4 2 0 2 4 6 8 0.0 0.0
X (um)
E, Mode Profile (n=1.445473) E, Mode Profile (n=1.445473) E,/i Mode Profile (n=1.445473)
0.081371

0.0227195

Mode 2

Y (um)
Y (um)

L 1 L L
I
Y (um)

8 6 -4 2 0 2 4 6 8

ol

0.0

o Institute of Photonics
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Drawing of optical fibers: One- and two-stage proces

SES

KIT

Karlsruhe Institute of Technology

7

N

2

Laser |

P =

ny ny

/
Heater to

One-stage process:
Fiber directly drawn from
liquefied base materials

‘ Heater for crucibles
\

Region for the cladding
glass to diffuse into
the core glass

Here: Double-
crucible method

Diffusion => Graded

control diffusion

index profile

N .
~JI£ ﬂjj: Diameter
// S monitor

125 um
UV-curable
= resin
0.9 mm

X Capstan

Confocal cavity for

drive

—
~—
—
—
—
—

\\‘ - ,\‘J
==
—

201 21.10.2014

Thin rubber
belt to push the
fiber against the
capstan wheel

Christian Koos

Bobbin

! Signal to control the
speed of the capstan

Adapted from lizuka, “Elements of Photonics”

Two-stage process:

Fiber drawn from a
solid preform rod

Adjustable
spring

Institute of Photonics
and Quantum Electronics

- Preform rod

Argon gas shield against

- Oxygen gas to prevent

oxidation of carbon

Zigzag carbon heater

Fiubber belt

with confocal
reflector

 Ar
P m oD
< meter
Servo
UV-curable control
resin
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Low -loss silica glass fibers .&‘(IT

Karlsruhe Institute of Technology

« Telecom fibers consist of highly pure fused silica (amorphous SiO,, “Quarzglas”)
e Purity in the sub-ppb-range needed! => Material is made synthetically by chemical vapor
deposition (CVD):
« Oxidizing silicon tetrachloride (SiCl,); this yields highly pure white SiO, soot, which
is melted into the preform
* Dopants allow to increase/decrease refractive index:
« Oxidation of GeCl, (POCI,) leads to formation of GeO, (P,0g) => Increase of
refractive index
* Flourine (F) doping allows to reduce the refractive index

x
§ Doped Core
‘ 2 Silica +
<§ Germania
D
o T pure Silica Cladding
o
o a. Matched-Cladding Fiber
X
E Less-Doped Core
E - Silica + ‘
- Pure Silica | | Less Germania | -
©
Silica + Fluorine Silica + Fluorine
04 0 8 1.2 l 6 Depressed Cladding Depressed Cladding
wavelength / pm —— b. Depressed-Clad Fiber  Adapted from Hecht,

“Understanding Fiber Optics”

_ Institute of Photonics
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Synthesis of highly pure silica by CVD .&‘(IT

Karlsruhe Institute of Technology

104 h

B, : « Vastly different in vapor
. Matarials . .
103 //ﬁﬂ_l/ ! pressures of impurity-metal
S J halides and SiCl,, GeCl, or
102 __‘__/_/—“_—'_p ' POCI3
POCI, 1 atm Prassura
10 b . « Evaporation of, e.g., SiCl, at

/ 65° and normal pressure
¥ 7t leaves unwanted VCI,, FeCl,
e etc. in the liquid!

= Synthesis of highly pure SiO,
} Impurity possible

Yapor Pressura (mmHg)

1072

10+ | J

_IEI_.E, - V

-I,Ijﬁ 1 1 1 .'l'rlﬂ""" 1 1 1

20 20 40 50 &0 70 a0 a0
Temperature {*C)
lizuka, “Elements of Photonics”

Institute of Photonics %K
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Silica preform fabrication: Inside vapor deposition (IVD) ﬂ(".

Karlsruhe Institute of Technology

Silica soot deposited to the inner
walls of a silica rod, fused to the
tube wall as the flame passes!

0 : B
e ﬁﬂfwwﬂﬂﬂffﬂm J\w&m, st

( ol

Fusing

Material gas |

r—

21 O,
—
A== H,

Material gases evaporated under well-controlled conditions

(temperature and pressure) lizuka, “Elements of Photonics”

Institute of Photonics %K
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Silica preform fabrication: OVD and VAD .&‘(IT

Karlsruhe Institute of Technology

Outside vapor deposition (OVD) Vapor Axial Deposition (VAD)

To motors
Motor A7 | - < Silica rod

Spin and / _Clean air
i pull-up
: control
Carbon or ceramic _— Soot
I rod for easy release 1 -
—50— — o .ﬁ.ac Screw 'T!__
| R L e
sicl k- A "l Material _
o gaiis -/—; Exhaust pump
8 — e — Y  —
I ' GE’
/
v
GeCl, ...._':ﬂ,, :@D - & [[ Laser
o Deposition
level temperature
& | X detector J
DZZ / A
POCI, o SFg
T Bl /
Angle controls
CVD Gases

profile

» Material gases directly injected into the hydrogen flame

» Deposited soot contains OH-ions which lead to optical loss and must hence be removed
by flushing the preform with Cl, at elevated temperatures before melting the soot into a
solid preform

» VAD allows for very long preforms contrast to OVD and IVD

lizuka, “Elements of Photonics”

Institute of Photonics ék
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Preform fabrication for microstructured fibers .&‘(IT

Karlsruhe Institute of Technology

Fabrication by drawing from solid preform:

-1 mm 4'

Preform: Stack of hollow ==
glass tubes and rods,
enclosed by outer tube

A Air hole

d
Silica n I(_)| I(_)l

X

e .-:,:l:\_..:,'_:_:‘/ Hot-Zone
of Furnace

Melting/drawing yields
microstructured (“holey”) fiber

Hecht, “Understanding Fiber Optics”

Institute of Photonics %k
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Polymer fibers

KIT

Karlsruhe Institute of Technology

» Large infrared material absorption due to overtones of C-

H-bond oscillations (fundamental oscillation at 3390 nm; dgign

overtones at ~1700 nm, 850 nm ...) ‘f

« Absorption can be reduced by using fluorinated o 2.0
polymers (lower oscillation frequency!) ::f, 10-

* Losses today: > 20 dB/km (850 nm / 1300 nm) e '

» Advantages: Large diameters (85 um ... > 3mm) 2 0.5
=> Relaxed mechanical tolerances 03

» Applications: 400

* Image transmission bundles
» Short data links in automotive, optical interconnects,

T 1 1
500 600 700 800 900nm
N=3

NI +

home installations a0 - T
» Fabrication of polymer fibers:  Drawing from solid \
preggrm or extrusion (esp. in mass production) | -
dB/m _ I N=3 Nz2 * 1000 +—— v i——
b 1o N =3 | Moleki: © oo —
o -0 PAN=4 | 0oC-Cl -é N=6 F' /,r |
2 10 X . g 4CF 5 =
% X 4 u} XC-D - \__,j\ PMMA
E 104 A n B o C-CH 100-f N | PMMA | .
i A o : |
° N ———
10844 400 500 600 700 800 900 nm

500 1000 1500 2000 nm
Wellenlange—

207 21.10.2014 Prof. Dr.-Ing. Christian Koos

Wellenlange —=

Voges/ Petermann: Optische Kommunikationstechnik
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Signal propagation in fused-silica fibers: Loss spe

caum  SCIT

Karlsruhe Institute of Technology

Note:

P(z) = Ppe %%,

a
—=10Ig

zZ

P(z)

Attenuation of Ge-doped (A=0.25 %) singlemode fibre:

100

dB/km

alz —»

10

0.1

0,01

6,001

208

N - - m
RN \\ [ OH- absorption peaks ’
. berechnete
B \ Gesamtdampfung /
= \\\‘ —
N N\ \ |
\ Y
n \\ _
- AN -
i N\ ]
N

B UV - Absorption N = /

- < s
B e S g Rayleigh-]

~ } .
Lossy higher-order mode ™ 4| If-Absorption”" Streuung
— Ty
""-u...__-_ ’
- ]\ — —_—
| UnregelmaBigkeiten des Wellenleiters _
_______ Sailsadihiitustlosipes NI IR DU SR, I
05 1,0 Aug 15  pm
A—
21.10.2014 Christian Koos

Institute of Photonics
and Quantum Electronics

Py
= alllge=4.34«

VAD = Vapor axial
deposition

MCVD = Modified
chemical vapor
deposition

Basic loss mechanisms:
» Intrinsic absorption

« Extrinsic absorption
« Scattering
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Sources of loss in silica fibers |

KIT

Karlsruhe Institute of Technology

Intrinsic absorption:
» Unavoidable absorption by fused silica

a(v)

(SiO,) e
» Electronic resonances in the ultraviolet

(A < 0.4 um) => UV absorption Av "—‘:’fi“l ———————— . _nig
* Vibrational resonances in the infrared

(A >7 um) => IR absorption r
e Intrinsic loss below 0.1 dB/km in the " ” ¥ 7

wavelength range between 1.3 um and
1.6 um

Extrinsic absorption due to impurities

» Transition metals Fe, Cu, Co, Ni, Mn and Cr
absorb strongly in the wavelength range between
1.3 um and 1.6 um => Need to reduce
concentration below 1 ppb

* OH-absorption due to water / OH- ions:
Vibrational resonance of the OH-bond occurs near
2.73 um; harmonic and combination tones with
silica resonances produce absorption around
1.39 um, 1.24 pm and 0.95 pm

« Standard fibers: OH- concentration below 10,
1.39 um absorption peak below 1 dB / km

209 21.10.2014 Christian Koos

al/(dB/m x ppm?l) ——

04 038 1.2 1.6
wavelength / um —_—
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Sources of loss in silica fibers I

KIT

Karlsruhe Institute of Technology

* “Dry fiber”:

OH- concentration reduced to

such low levels that the absorption peak
almost disappears; can transmit signals over
the entire band between 1.3 ym and 1.6 um
and is marketed under the trade name

AII\/\/ave Fiber

Shal Zero Water Peak

The New Standard for Single-Mode Fiber

Rayleigh scattering:

 Amorphous material

than the wavelength

=> Rayleigh scattering
e Loss ~ A4, amounts to around 0.12 — 0.16 dB/km at 1550 nm
 Dominant loss mechanism in state-of-the art fibers!

Waveguide imperfections:

» Imperfections at core-cladding interface

210 21.10.2014

Christian Koos

Attenuation (dB/km)

,e.g.,

1.2

Conventional Fiber

06 +

Dispersion

T 20

Dispersion (ps/nm-km)

Dry Fiber

1250 1300 1350 1400 1450 1500 1550
Wavelength (nm)

f 10
1600

=> Random fluctuations of the refractive index on a scale much smaller

random core radius variations (typically below
1%); resulting fiber loss is typically below 0.03 dB/km

» Microbends : Random axial distortions; can occur when the fiber is “squeezed”, e.g. inside a
cable assembly; can be minimized by appropriate cabling (jelly) and by keeping the
normalized frequency V as large as possible (typically between 2.0 and 2.4)

» Macrobends : Bend radii of typically a few millimeters (“visible with the bare eye”); bending
loss is usually negligible for single mode fibers and bend radii larger than 5 mm

Institute of Photonics
and Quantum Electronics
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Alternatives to silica glass ?

KIT

Karlsruhe Institute of Technology

* Minimize Rayleigh scattering by using
bigger wavelengths => Needs low
infrared absorption!

» Materials with low intrinsic IR losses
exist, but extrinsic absorption lead to
attenuation values much larger than
those of silica fibers!

 In addition: Devices (especially fast
detectors) not available at wavelengths
beyond 2 um!

= Currently no alternative to silica
glass fibers!

211 21.10.2014 Christian Koos

dB/km

a/z —=

100

10

1

TN
: 5853 i
- ﬂﬂ = 2,132
.
0,04 < : -
B BBFZ’ BdF]'II‘F& :
i np =152 |
0,001 l
1 2 ] L um

Han'EaFE “YF] - l!'ul.f:]
np = 1436

—

310,
nﬂ = 1,&59

Institute of Photonics
and Quantum Electronics
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Signal propagation in dispersive single-mode fibers .ﬁ‘(".

Karlsruhe Institute of Technology

-

\ Optical fiber
a(0.t) = A(0,t) exp (jwet) 0o t) =
1 oo o . _
I [T A w7 el gy
21 J 00
Propagation: e 48wz N I )
@(O,w):g(oyw_wc) > Q(zyw):A(O’w_wc)eJﬁ(w)z

Taylor expansion of mode propagation constant for narrowband (slowly varying) signal:

_ 2 . 3
6(w>=%ne(wm O 4 (= we)gt) 4 =) g2y | (W =wo) g3y

_ 2! 3!

, 1
where 3 = M
dw?

W=uwr

Institute of Photonics %K
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Quantitative analysis of chromatic dispersion .&‘(IT

Karlsruhe Institute of Technology

Electric field of an LP-mode propagationg along a fiber

Eiv(r?t) — g(a:,y) X A(Z,t) X?Xp (J (wct—ﬁcz))J
lateral mode field slowly varying envelope opticalvcarrier

=¥ (z,y) a(z,1)
z- and t-dependence and slowly varying envelope ansatz:
a(z,t) = A(z,t)exp (j (wet — Bez)) o—o a(z,w) = A (z,w — we) exp (— ] Bez)
Propagation:
a(z,w) =a(0,w)exp(-jp(w)z)

(w—we)? (2) , (W—we)® (3
2| BC + 3| C + 9

B(w) =~ Be + (w — wc)ﬁ(l)

Evolution of slowly varying envelope in the frequency domain:

o (2) (3)
Az, t) = %/_OOA(OM) exp (—J ( Bz 52 +6w3z)) exp (Jwt) dw

Institute of Photonics >k
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Quantitative analysis of chromatic dispersion

KIT

Karlsruhe Institute of Technology

Evolution of slowly varying envelope in the time domain:

DA (z,t DA (z,t 1 02A (z,t) 1 93A (z,t
A( )+5(1) (2,1) e _(2 ) EPIC) (3 ) _
0z ot 2 ot §) ot
Use retarded time frame:

t' =t (1)7 =z, A(zt)—A/<zt— (1))

Elimination of 3@:

0A" (2, t) j 1 (2)02A" (', ) 1 _(3y03A" (¢,¢)
9z 27" ot'2 6 " a3
Corresponding frequency-domain formulation for 3©) =

2
A (z’,t') = i/OO A’ (0,w) exp Ji)sz exp (jcut’) dw
- 27w J—oc0 2

Note that the primes are usually omitted ...

Institute of Photonics
and Quantum Electronics
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Propagation of a chirped Gaussian impulse .ﬁ‘(".

Karlsruhe Institute of Technology

Chirped Gaussian input impulse at z = 0 (chirp parameter «):

1 o) 2 R D2 2 2
A(0,t) = Apexp (—( ja) ) o oA(O,w):AO\& Xp< orw )

207 (1—ja)e 2(1l—ja)
. 27T0't2 _(1 +jo)w?
R (ol e

Time-bandwidth product increased by chirp:
oo =\ 1+ a?

After propagation distance z: Gaussian shape preserved, but dispersive pulse broadening
(Treatment in retarded time frame, but primes omitted!)

A, (1-ja) t2) | (),
Al(z — — z) = Q
A0 @exp( . Q) =1+ G+a) 7

Pulse broadening:
o (z) L +a ), 2+ 2, ’
o1 (0) o7 (0) o7 (0)

Institute of Photonics >k
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Gaussian impulse propagation in dispersive fibers

KIT

Karlsruhe Institute of Technology

4 L L T T 1 L] T ¥ T i T

W

LA SN SN BN SHE AR SRS SUNN SI EERS SR Shakt e

BROADENING FACTOR, T4/ To
-~ o

* An unchirped impulse (a = 0)
broadens as

()

» A chirped pulse may broaden
(8@ o > 0) or compress (5o < 0)
during propagation, depending on
the relative sign of 3, and «

1 1 L 1 l ] 1 L [ ! ‘. I L i ! | |

B> 0O

0 T . . . . , |Agrawal, Fiber-Optic Communications Systems

0 0.5 1 1.5 2 Dre

DISTANCE, z/Lp Cy=— v ((:2)

Dispersion length

p 2 9 (2) ot (2) ), ‘ 2, ’
Lpn =05 (0 ‘ = 1+ o +

p =i ) /e o (0) o7 (0) o7 (0)

216 21.10.2014 Christian Koos
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Limitations of dispersive broadening on data rate .ﬁ‘(".

Karlsruhe Institute of Technology

Consider narrowband optical source, modulated with unchirped Gaussian pulses
(2) 2 Spectral width of the signal
0752 (L) = 0152 (0) + Be™ L defined by the modulation
ot (0)
Minimum width of output impulse:
2 2

o1 min (L):\/Q 2N for oy (0)=/|¢ )‘L

Limitation on data rate B:
& 1 -
B L < — The data rate scales with the square root of
2\/_ the distance

Broadband optical sources : Spectral width defined by the source

Ut (L) = O't (0) + ( )Lac'd\s)Q

(2) 1
BpBe™ " Low,s < > Width of the source spectrum

— The data rate scales linearly with
the distance

Institute of Photonics ék
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Dispersion-induced bit rate limitations .&‘(IT

Karlsruhe Institute of Technology

1 03 i I 4
E 3/ Operation near zero-
~——— 52 =0; 6O £0 / dispersion wavelength
-~ s 1 = Higher-order dispersion
~~_ D=0 3 terms dominate!

(@&
N
T
/

.h-.,

-

<

D=16 ps/(km—nm) E/Narrowband optical source:

1— Broadband optical source:

1
B x —
L

Bit Rate (Gb/s)

&)
o)

10 102 10° 10*
Fiber Length (km)

1071

Agrawal, Fiber-Optic Communications Systems

Institute of Photonics
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Recall: Dispersion engineering of a slab waveguide .ﬁ‘(IT
60

|- Material dispersion M

NN
o

| Total chromatic
dispersion C for WG 1
(weakly guiding)

N
o

|- Total chromatic
dispersion C for WG2
(strongly guiding)

GVD [ps/nm/km]
o

™ Waveguide dispersion
W for WG 1 (weakly
guiding)

Waveguide dispersion
W for WG2 (strongly
guiding)

“. Wavelength [um] .
Zero material-dispersion Zero-dispersion wavelength A, Zero-dispersion wavelength A,
wavelength A, of WG 1 (weakly guiding) of WG 2 (strongly guiding)

Institute of Photonics ék
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Dispersion characteristics and dispersion compensation .&‘(IT

Karlsruhe Institute of Technology

40, - - v . . 40
*1 CSF/SMF .1 | DSF

Dispersion (ps/km-nm)
=3
Dispersion (ps/km-nm)
o

-20
=20 230 E
30 1 A 1 1 1 ‘40 1
1.1 1.2 1.3 1.4 1.5 1.6 17 1.1 12

Wavelength (jum)

(a) CSF: A = 0.2T%, a = 4.1 uym, (b} DSF: A = 0.75%, & = 2.3 um,
Ao = 1.325pum, A1 = 1.142pum Ae = 1.523um, 1@

(Table 2.1) (Table 2.2)

Dispersion Compensation:

1 ] L 1
1.3 14 15 1.6

Wavs!enblh (um)

Consider concatenated fibers (lengths L, and L)) :

= 1.073 pm

o{ CSF,DSF, e . ]
_,[@ndDCF " o ]
§ e

L
1.1 1.2 1.3 1.4 1.5 1.6 1.7
Wavelength (1um)

(¢) DCF: A = 2%, a = 1A5um,
A1 = 1.158 um (Table 2.3). Com-
parison of CSF, DCF and DCF

A(L, t)——/ A (0, w)exp( J—(B(Q)L1—|—B(2) )&) exp (jwt) dw

Original pulse shape reproduced for:

8Ly + 83 Ly =0
Cx1L1+CxoLo =0

220 21.10.2014 Christian Koos

Dispersion compensation by using fibers with

opposite signs of 33,
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Waveguide-based devices and systems
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Mode expansion method

KIT

Karlsruhe Institute of Technology

Very often, dielectric  waveguide
structures are piecewise invariant in the
propagation direction. For each of these
sections, an eigenmode expansion can
be wused to describe the field
propagation:

E(r,t) = Z amEm(x,y) e(j(m_ﬁmz))

LM

Input

=— W2

—

L L
=

x= W2

Gwded +Z/% (p) gp,u(x y) eUWi=Pulp)2)) ¢ o

modes \

H(r,t) = Zam?{m(m y) el(wt=Fmz))

Y
Radiation modes

GUIded +Z/au (p) Hp,pu(z,y) eU(wi=Pu(p)2)) dp

modes L PP

J

Continuous set with
integration parameter p

222 21.10.2014 Christian Koos
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Radiation modes

Institute of Photonics I PQ
and Quantum Electronics



Recall: Propagating eigenmodes of a slab waveguide ﬂ(".

Karlsruhe Institute of Technology

na<n, nokg < |B] < nikg [ ny<n, n3ko < |B| < nokg

Radiation mode (,substrate mode*)
(continuous set)

n=1 o p =2 Radiation mode (,cover mode*)
- (continuous set)

18] < nzko

Chen, Guided Wave Optics

Note: The external plane waves associated with the radiation modes can have

any propagation direction.
= In contrast to guided modes, propagating radiation modes form continuous

sets with propagation constants
18] < nokg for B € R (propagating eigenmode)

o Institute of Photonics
223 21.10.2014 Christian Koos . _IPQ
and Quantum Electronics



Completeness of mode set; scalar mode expansion _\\J(IT

Karlsruhe Institute of Technology

Guided modes and radiation modes form a complete basis. That means that every
solution E(r), H(r) of Maxwell's equations can be represented by a superposition of
these modes,

E(r) = Y amEm(z,y) e 437 [ ay (0) Epu(a,y) e 00 dp
m w P

H(r) = Y amMn(w,y) € O 437 [ ay (0) Hpu(w,y) e 007 d p
m p P

For modes of weakly guiding low index-contrast waveguides, one transverse field
component is usually much stronger than the other field components. For a given
polarization, the dominant transverse component can then be associated with a
scalar function ¥(x,y,), and the vectorial mode expansion can be reduced to a
scalar expansion of the dominant transverse field component &(x,y)

O (2,y,2) = Y am@m(z,y) e IFm* 3~ /p ap (p) Wpu(@, y)e 1 PP)Z d p
m I

Note that this expansion is not any more complete (valid for one polarization only!)

Institute of Photonics >k
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Orthogonality relations of mode fields .}\J(IT

Karlsruhe Institute of Technology

Consider two guided waveguide modes: _ _
Vector differential operators

El/(x: Y, Z) — §V(x7 y) exp (_J BVZ) ’
HM(SE, Y, Z) — ﬂﬂ(xa y) exp (_J 6#’2)
= Orthogonality relation for guided modes:

1 o0
] (8w x Bl y) + E4@ ) X Hula,9)) ez dzdy = Puduy
4 JJ)—oc0

1 o0
where Py = 5// Re{&u(z,y) x Hj(z,y)} -e:dzdy
—00

Similarly: Orthogonality relation for radiation modes
lf/m (5 (z,y) x HY (z,y) +E5 (x,y) X Hppu(x ))-e dedy = P, .0 5( — ')
4 )] oo \EPH Y Iy T Y o !\ T Y 1ip,pu\T,Y 2 Y = Ppud,0(p—p
L Re & H* dedy = Pp o !
where 5//_00 e{_p,u(w,y) X _pf,u(:v,y)} re;drdy = Ppu (P—P)
Guided modes and radiation modes are always orthogonal to each other:

1 o0
LI (Eon) B 0) + £ 0) X Hul1)) -0 dzdy =0

Institute of Photonics ék
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Vector differential operators

Karlsruhe Institute o f Technolos gy

Linearitdt
1. V(o® +BY¥ )= VO +B V¥
2. V(e F+G)=a V- F+B V- G
3. Vx(aF+BG)=a VxF+p VxG

Operation auf Produkten
4. V(o )=d V¥ +¥ Vo
5. VIF-G)=(F-V)G+(G - V)F+
+Fx(VxG)+ G x (VxF)
V- (®@F)=d V-F+(Vd)-F
V: (FxG)=G+ VxF-F - VxG
VX(® F)=® VXF +(V® )xF
VX(FxG)=(G-V)F-(F-V)G+
+F(V-G)-G(V-F)

Zweifache Anwendung von V
10. V- (VxF)=0
1. Vx(Vd)=0
12. Vx(VXF)=V(V-F)-V?F

e e

grad(a® +B¥ )=a grad ® +p grad ¥
div(c F+B G)=a div F+B div G
rot(a F+B G)=arot F+p rot G

grad(®¥)=® grad ¥ +V¥ grad ®
grad(F - G)=(F - grad)G +

+(G - grad)F + F xrot G+ G xrot F
div(® F)=®d divF+F - grad ®
div(FxG)=G - rotF-F - rot G
rot(® F)=® rot F+ (grad ®)xF
rot(F xG)=(G - grad)F -

—(F-grad)G+F divG-G divF

divrot F=0
rot grad ® =0
rot rot F =grad div F-AF

226 21.10.2014 Christian Koos
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Simplified orthogonality relations .\\J(IT

Karlsruhe Institute of Technology

Maxwell’s equations for guided modes are invariant under the transformation:

B— —pB

o0& oOH : .
oo o HipEy = —jwpots 7 = +IAHy = Jweon’E
E E Yy
y —7 Cy 0E., . . OH» . o 2
Er = =& T O —JBEx = —JwpoHy — Ox —JfHa = Jweon Ly
Hy — —Hy ox Oy Ox oy
Hy — Hy

=> Simplification for waveguide modes propagating in the same direction (3, # -3,):

1 o0
—// Re {éu(fc,y) X ﬂ;(w,y)} e;dxdy = Puovy
2JJ—

For scalar mode field representations of weakly guiding, low-index contrast

waveguides: B 00
QWZO //—oo Cu(z,y) EZ(:E, y)dzdy =Puduy
o
where Pu = 25': /] |£M($;y)|2d$dy
0 —0Q

Institute of Photonics
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Example: Coupling efficiency .&‘(IT

Karlsruhe Institute of Technology

lllumination of a waveguide facet with a

free-space beam

=> How much power is coupled into the
fundamental waveguide mode?

Mode expansion of illuminating field at z = O:

E(z,y,0) =) am&m(z,y) + Zf ap (p) Epu(z,y) dp
Si substrate 7 m poop

7 H(z,5,0) =Y amHm(z,y) + 3 /p ay (p) Hpu(z,y) dp
m I

/
Fundamental mode amplitude:
1 )
a0 =5 | (E(,y,0) x Hy(w,y) + E5(z,y) x H(z,y,0)) - ezdwdy
4Pq —00

Power coupling efficiency:
B 1 1% (B2, 0) x Hj(2,y) + £5(z,v) x H(z,4,0)) - ez dzdy|”
" 5 /123 Re{&o(z,y) x Hy(z,y)} -e:dzdy - 5 [°% Re{E(z,y,0) x H*(z,y,0)} -ezdzdy
For scalar mode fields (problem set!):
B ’fffooo@(x,y,O)Z’é(m,y)da:dy2
%% 2oz, )P dady - [1%% [#(z,y,0)[Pdzdy

Institute of Photonics %k
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Orthogonality relations of mode fields .}\J(IT

Karlsruhe Institute of Technology

Consider two guided waveguide modes: _ _
Vector differential operators

El/(x: Y, Z) — §V(x7 y) exp (_J BVZ) ’
HM(SE, Y, Z) — ﬂﬂ(xa y) exp (_J 6#’2)
= Orthogonality relation for guided modes:

1 o0
] (8w x Bl y) + E4@ ) X Hula,9)) ez dzdy = Puduy
4 JJ)—oc0

1 o0
where Py = 5// Re{&u(z,y) x Hj(z,y)} -e:dzdy
—00

Similarly: Orthogonality relation for radiation modes
lf/m (5 (z,y) x HY (z,y) +E5 (x,y) X Hppu(x ))-e dedy = P, .0 5( — ')
4 )] oo \EPH Y Iy T Y o !\ T Y 1ip,pu\T,Y 2 Y = Ppud,0(p—p
L Re & H* dedy = Pp o !
where 5//_00 e{_p,u(w,y) X _pf,u(:v,y)} re;drdy = Ppu (P—P)
Guided modes and radiation modes are always orthogonal to each other:

1 o0
LI (Eon) B 0) + £ 0) X Hul1)) -0 dzdy =0
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Vector differential operators

Karlsruhe Institute o f Technolos gy

Linearitdt
1. V(o® +BY¥ )= VO +B V¥
2. V(e F+G)=a V- F+B V- G
3. Vx(aF+BG)=a VxF+p VxG

Operation auf Produkten
4. V(o )=d V¥ +¥ Vo
5. VIF-G)=(F-V)G+(G - V)F+
+Fx(VxG)+ G x (VxF)
V- (®@F)=d V-F+(Vd)-F
V: (FxG)=G+ VxF-F - VxG
VX(® F)=® VXF +(V® )xF
VX(FxG)=(G-V)F-(F-V)G+
+F(V-G)-G(V-F)

Zweifache Anwendung von V
10. V- (VxF)=0
1. Vx(Vd)=0
12. Vx(VXF)=V(V-F)-V?F

e e

grad(a® +B¥ )=a grad ® +p grad ¥
div(c F+B G)=a div F+B div G
rot(a F+B G)=arot F+p rot G

grad(®¥)=® grad ¥ +V¥ grad ®
grad(F - G)=(F - grad)G +

+(G - grad)F + F xrot G+ G xrot F
div(® F)=®d divF+F - grad ®
div(FxG)=G - rotF-F - rot G
rot(® F)=® rot F+ (grad ®)xF
rot(F xG)=(G - grad)F -

—(F-grad)G+F divG-G divF

divrot F=0
rot grad ® =0
rot rot F =grad div F-AF
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Simplified orthogonality relations .\\J(IT

Karlsruhe Institute of Technology

Maxwell’s equations for guided modes are invariant under the transformation:

B— —pB

o0& oOH : .
oo o HipEy = —jwpots 7 = +IAHy = Jweon’E
E E Yy
y —7 Cy 0E., . . OH» . o 2
Er = =& T O —JBEx = —JwpoHy — Ox —JfHa = Jweon Ly
Hy — —Hy ox Oy Ox oy
Hy — Hy

=> Simplification for waveguide modes propagating in the same direction (3, # -3,):

1 o0
—// Re {éu(fc,y) X ﬂ;(w,y)} e;dxdy = Puovy
2JJ—

For scalar mode field representations of weakly guiding, low-index contrast

waveguides: B 00
QWZO //—oo Cu(z,y) EZ(:E, y)dzdy =Puduy
o
where Pu = 25': /] |£M($;y)|2d$dy
0 —0Q

Institute of Photonics
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Multi-mode interference (MMI) coupler ..\_\J(IT

Karlsruhe Institute of Technology

Basic configuration:

Single-mode input waveguide

=— W2 .~ Multi-mode interference
(MMI) section

L

2a

Input Ju? I
Ne1
w
x= W2
¥ Ne2

X

&(z,y,0) = Z amgm(xa y)

P(z,y,0) ¥ (z,y)dxdy

Okamoto, Fundamentals of Optical Waveguides

where am =

QPmCU/J,O /

Institute of Photonics >k
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Analysis of MM section

KIT

Karlsruhe Institute of Technology
Propagation in MMI section:

@(33, Y, Z) — Z amgm(w, y) e_jﬁmz
m

Reduce 3D problem to 2D by using the
effective-index approximation...
GHV

T I
VI~ 0y =1.05
T 20t \\\( 1
< |m=0 1} 2/% L 15 ! i
< * slab 1 ; slab 2 ; slab 3
s ! !
S e s
0 0 i
s 0 v 4 u n V in

T
Far from cut-off, we find: um ~ (m -+ 1) 5 \ 2

A4

- m(m+2)7w
Bo — Bm = 3L

Neq Neo
i i y
Angew? _/\I\k
L = : :
T3 S [ 1

233 21.10.2014
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Input
#

Self-imaging within an MMI coupler

KIT

Karlsruhe Institute of Technology

"wu
d‘"

a./‘

3
y

Okamoto, Fundamentals of Optical Waveguides

234 21.10.2014 Christian Koos

Self-imaging: Input field is reproduced in

single and multiple images along the

propagation direction of the MMI section
&(z,y,6Lr) = &(x,y,0) e 1P06Lx
$(x,y,3Ly) = P(—z,y,0) eI Bo3Lx

2 2
1—|—J

+—¢( —T,Y,

.. for a suitable excitation of modes at z = 0,

see below (this does not hold for the situation
depicted on the left!)

N images after propagation distance
3pLx
N .
where p and N are integers without common
-we divider

O) o — i Bo- 3L7r

X

— = = =
s = s
z=0 z=3L2 z=3L, z=9L 2 z=6L, }z

Institute of Photonics
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Further information on MMI couplers

KIT

Karlsruhe Institute of Technology

General self-imaging properties
in N x N multimode interference couplers

including phase relations

M. Bachmann, P. A. Besse, and H. Melchior

Self-imaging properties of generalized N = N multimode interference couplers are derived. Pasitions,
amplitudes, and phases of the self-images are directly related to the lengths and widtha of the coupler by
solving the eigenmode superposition equation analytically for any arbitrary length. Devices of length
{M/N) 3L, where M is the multiple cceurrence of the N self-images, are analyzed in detail. The general
formalism is applied to practical N ® N couplers used in integrated optica, and simpls phaze relations are

obtained.

Fey words: Integrated optica, optical splitters and combiners, self-imaging,

1. Introduction

Splitting and combining of multiple optical beams is
an important function in integrated optics. Multi-
mode waveguides can be used to form multiple images.
Ulrich and Ankele,! after a suggestion by Bryngdahl 2
first demonstrated this effect in planar glass wave-
guides. Using ray optics, they successfully described
the formation of multiple images at certain device
lengths, The phu.-ses of the images, however, have
m:rl: been given in a compact analytic expression.

nnnnnnnn latam Winmanine amd TTlwichd sannetod o

comparison with straight waveguides. Record low
values for cross talk and imbalance have been re-
ported. It has also been demonstrated that these
values can be maintained fairly independently of
polarization and over wide ranges of operation wave-
lengths® and operating temperatures.® Usually, 2 x
2 devices are short, well bhelow 1 mm.*% Even
ultrashort {only 20-30-pm-long) 3-dB splitters have
been reported.’? Soldano ef al. demonstrated good

fabrication tolerances by optimizing the widths of the
MIAAT crainlaors B

20 Juna 1994 / Vol. 33, No. 18 / APPLIED OPTICS 3905

Institute of Photonics
and Quantum Electronics
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Directional coupler ﬂ(IT

Karlsruhe Institute of Technology

Closely spaced waveguides running in parallel to each other
— Evanescent tails of individual eigenmodes interact with neighboring waveguides
= Oscillation of power between the two waveguides

x104 x104
i L. ] _ Pathway, 1.0
] L = 2 -~ Monitor: ]
3] o = = - l
; E E \ ; 1, Mode O
i B | e [ 2,Mode0
2] - - |
g : C g 1= S
. - 5 g _ - il
N ] - N S e
i - i ol TG .
- ~ il e o _,_,-'-""'_f/:
I g B i S I
D _|IIII|IIII|IIII rllllllllllll IIII|IIII|IIII|_ _I|I|I|I|I|I|I|I|I|I|_ E]O
20 10 0 10 20 -20 10 0 10 20 1.0 0.5 0.0 i
X (im) X {pum) Monitor Value (a.u.)
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Analysis of directional couplers .&‘(IT

Perturbation approach:
» Electromagnetic field represented by a
superposition of modes of the indivudal

waveguides with z-dependent mode amplitudes
For simplicity: Consider guided modes only

2 .
E(m,y,z) — Z Ay (Z) §y(a’;,y) e_J Buz
v=1

2 :
H(z,y,2) = Y Av(2) Ho(z,y) e I
r=1
Maxwell’s equations for total structure:

V x E(z,y,2) = —jwpoH(z, y, 2)
VxH(z,y,2) =jw (e (z,y) + Aer (z,y,2) + Aex (2,4, 2)) E(z, 9, 2),
Note: VXx(@PF)=o(VXxF)+ (Ve xF)
Maxwell's equations of individual waveguides:

V x (Evexp(—]JBvz)) = —jwpo (Hvexp (—]pvz)),

V x (Hvexp (—]jfuvz)) =Jjw (e + Aev) (Evexp (—]jhrz)).
Orthogonality relation for guided modes:

%//_O:o (Ev(a,y) x Hi(z,y) + Ej(z,y) x Hu(z,y)) -

_ Institute of Photonics
237 21.10.2014 Christian Koos . . I PQ
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Analysis of directional couplers .&‘(IT

Karlsruhe Institute of Technology

Mode coupling equations:

941 (2) _ — jKk1pAs (2) e I(B2—P1)2
0z _
942 (2) _ — ko1 Aq (2) e 1(P1—F2)2
0z _
w @)
where ., = T // A (@,9) Eulz,y) - Ex(z,y) dady
-
Notes:

* Here, the mode amplitudes A(z) are dimensionless quantities
9, is used for power normalization of the mode fields

1 o0
Py = E/f Re{&,(x,y) X H(xz,y)} -e,dzdy.
— 00

« The physical power P is given by the mode amplitude and the power contained in the
associated mode field:

Py (2) = |Av (2)|° Py
* In many cases, both waveguides have the same cross section and both mode fields are
normalized to the same power. We may then simplify the mode coupling equations:
Br=Pp2=p K12 = K31
» Phases of mode fields can then be adjusted such that x isreal ~12 = K31 = K

Institute of Photonics >k
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Directional coupler .&‘(IT

Karlsruhe Institute of Technology

For identical waveguides (A; (0) = A,; A,(0) = 0):
B1 = P2 = B; K12 = K21 = K
A1(z) = Apcos (kz)
Ao(z) = —jApsin (kz)

l.e., power is oscillating back and forth between the waveguides.

Equal power in both waveguides for x z = #/4:

T
L3y = 4—11

General solutions for coupled waveguides:

A1(z) = Kcos (0z) —|—j§sin (az)> A1(0) —j gsm (02) AQ(O)} o102

Ao(z) = [—jgsin (02) A1(0) + (cos (02) —] gsin (02)) AQ(O)] el 02

__Pa—P

where 02 = K2 + 62; 1) 5

Mismatch of propagation constant

Institute of Photonics %K
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KIT

Karlsruhe Institute of Technology

Power oscillations in directional couplers

1 |

2 7 SN ‘ TN . . .
o k™ e AN identical waveguide
= /’ . \\ :
L~ 051 ) 5 =0 -4 Cross sections,
= P “ “ H ”
5 g . no “detuning
0 - | | | [ -~ ™ | | | | o
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
KZ/T
1 I 0 I I I
o |f?1|2 v \/ \
=
o~ 05¢F Sk =15 .
E |{22|2’,"—_“‘~~ ”,“'-""-.,‘ ’,"_-"'-n.“‘ ',""'-'"
0 e’ | NS ” I LTS | ) Ll
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
kz /T
= Jaq 2 Strong “detuning”,
S 05 8k =3 1 incomplete power
—— 2
< || transfer
0 i b O Lol PR Ll il L S L clasi L PRI Minl.. PORE Lk, . T
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Kkz/T Chen, Foundations for

Mechanical analogon: Coupled pendula

guided-wave optics

http://www.theorphys.science.ru.nl/people/fasolino/sub java/pendula/laboratory-en.shtml

Institute of Photonics
and Quantum Electronics
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Waveguide gratings: Coupled-mode theory .&‘(IT

Karlsruhe Institute of Technology

Regular, z-independent waveguides
» Orthogonal eigenmodes propagate in an

independent way e (o) )
* Field can be written as a linear superposition of

eigenmodes with constant mode amplitudes
Slightly irregular wavegeuides with small '
deviations from z-independent structure: BN BN BN BN BN BN BN B OEm B -
« Can be considered as perturbed z-independent e,(x,y) + Ae,(x,1,2)

structure:

€p (33', Y, Z) — € (:E:y) -I_ Ae (:[;7 Y, Z)

* Field can be approximated by modes of unperturbed structures with z-dependent mode
amplitudes:

E(xvyvz) — ZAV (Z) éi'/(xay) exp (_J/BVZ) + Z/péﬂ (p,Z) ép,,u(xvy) exp (_JIBAU' (p) Z) dp
v H

H(z,y,2) = ZAV (2) Ho(z,y) exp (—]JBvz) + Z ]‘OAM (p,2) Hpu(z,y) exp (—jBu(p)z) dp
v o

* The evolution of the mode amplitudes is dictated by the coupling of these modes due to
the perturbation of the waveguide

Chen, Foundations for guided-wave optics
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Coupled-mode equations for guided modes .&‘(IT

Karlsruhe Institute of Technology

Maxwell's curl equations for the perturbed waveguide structure:

V x E(z,y,2) = —jwuoH(z, y, 2)

VxH(z,y,z) =jw(e(z,y) + Ae(z,y,2)) E(z,y, 2),
Mode expansion (for simplicity, consider guided modes only):

E(mv Y, Z) — ZAV (Z) §V(CB: y) exp (_J I8VZ)

H(z,y,2) =) Ay (2) Ho(z,y) exp (—] Buz)

Using the orthogonality relation, the mode coupling equations can be derived:

where the coupling coefficients are given by:
w o0 "
KJ[,LI/:—// A€($,y,2)§y($,y) §u($,y)d:cdy
4‘P‘u, —0C0
Interpretation: The dielectric perturbation is “weighted” by the electric fields of the

modes. Coupling is most effective if perturbations occur in regions where the E-fields
are strong!

Institute of Photonics >k
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Coupled-mode equations for guided modes .&‘(IT

Karlsruhe Institute of Technology

Note:
« The quantity

1 [roo
Pu = 5//_00 Re {§ﬂ(a:,y) X ﬂﬂ(az,y)} .e,dxdy

gives the power that is contained in the mode field representations. Note that fi< O for
modes that propagate to the left. The physical power flux is given by P =|A |? fj

« If all modes have the same power normalization (2 = =...) and if A ¢ is real, then the

coupling coefficients obey the following symmetry relations:

*

P —H,Z,, for counterpropagating modes
v K for co-propagating modes

 The phases of two mode fields v and u can be adjusted such that «,, is real

Institute of Photonics
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Mode coupling by periodic perturbations .&‘(IT

Karlsruhe Institute of Technology

X 27
Taylor expansion of periodic perturbation: A K = e
OO K -_-_ﬂ_-_-_-_m — z
- —JqiKz
Ae(z,y,2) = Z Aeq (z,y) e e, (x,y) + Ag,(x,y,2)
gq=—00
Mode-coupling equation:

6Ag - _JZZ"uquu (2) e IBv=Butak)z
Z
where
mq_%// Acq (z,y) Ev(,y) - €] (z,y) dzdy

Interpretation: Two modes with propagation constants 3, and 3, are most effectively
coupled by the spatial frequency component gK that corresponds to the difference 3, - 3,

Institute of Photonics >k
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Example: Grating-assisted fiber-chip coupling ..\_\J(IT

Karlsruhe Institute of Technology

k.=kn,

_—
B=kN
n2 g
Coupling of guided mode to radiation First-order grating (q = -1):
modes by periodic perturbation:
Brag = nzkgsin © K = 5guid - Brad

Bguid = neko =

Chen, Foundations for guided-wave optics
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Example: Grating-assisted coupling and mode conversion _&‘(IT

Karlsruhe Institute of Technology

Higher-order diffraction in Grating-assisted Grating-assisted mode conversion:
fiber-chip couplers:

TEO -> TE1

@)
I
1
=
==
-

0] kn,. kn,  kgo I
krgr kg
(a)

Contradirectional
: K coupling
\\
\
_______ LK K
! ,ﬂl ) b 0 k k "k B
kn, rEfHS 'Em_.'r TEO n, n, - ng
(b)

(b)

Chen, Foundations for guided-wave optics
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Example: Contra-directional coupling and
PE - PN AT
Waveqguide Bragg gratings

A Consider two counter-
: propagating but otherwise

[T i
ll—ll_ll_ll_ll_ll_ll_ll_ll_ll_ll_ll_i

. identical modes:
Ar(O)=A0-E - AlL)="7 Br=-B=058
A0 =? = < AL)=0 Pr=—P

| Kyl = —H,Z‘T =K

z=0 z=1L
Coupled-mode equations for perturbation Ae(x,y,z) with zero mean value along z:
A .
M = jrkA, (z) e—J26z
0z
A ; i
0Ar (2) _ kA, (2) & 202 where 6§ —= 8 — K Detuning (Bragg)
0z 2 parameter

General solution:

A (2) = AOJCOSh (c(z—L))—jésinh(c (L —z))

ocosh (oL) + jdsinh (oL)
jrsinh (o (z — L))
ocosh(oL) +josinh (oL)

4;(2) = Ao

where 02 — f{,2 — 52 ) . .
Chen, Foundations for guided-wave optics
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Waveguide Bragg gratings: Transmission and reflection .&‘(IT

Karlsruhe Institute of Technology

Peak power reflectance
for 6 = 0:

|F|2 — |Al (O)|2
T A (0))7

— tanh? (o)

Chen, Foundations for guided-wave optics
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KIT

Waveguide Bragg gratings: Transmission and reflection
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Chen, Foundations for guided-wave optics
Institute of Photonics _IPQ %k
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Material absorption and modal loss ﬂ(".

Karlsruhe Institute of Technology

Assumption: Waveguide core is affected by absorption loss,
l.e., the complex refractive index has a nonzero imaginary part.
This can be interpreted as a perturbation of the refractive index

profile:

2

eon” =eg(n —j 'n,,i)2 ~ eqn?

™
|

— Jeg 2nn;

Ae = —jeg2nn;

By formally applying the coupled mode theory to the
fundamental mode, we obtain the power attenuation along the
waveguide:

0Ay 1

— a4, Ap(2)]? = |A,(0)]?
0z 2
where: oy = lyam Modal loss coefficient
am = 2kon; Material loss coefficient

__ We€pncore /] 2
Iy, = E dxd
Y 2ko Py core Ev(z,y)|"dedy

vy (x dxd
ffcore 2 (2,y)I” Y Field confinement factor (“fraction of optical
ff @y (z,y)[°dzdy power that propagates in the waveguide core”)

Institute of Photonics IP Q
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Material and modal gain: Same procedure .&‘(IT

Karlsruhe Institute of Technology

Modal gain in an active optical waveguide: Mesa Contact

Active waveguide core
= gain region (g.r.) N

aAy . ]. \
oz 29V Y
[Av(2)]? = |Au(2)|® 9
where: InGaAsP - Inp
(active)

gv = Ivgm Modal gain coefficient
gm Material gain coefficient n* - InP

__ wegngr // 2 (substrate)
Iy, = Ev(x, dzd
Y= Dkopy M 1Ev(z, y) Y

g [Zu(z,y)[Pdzdy
[ @0 (z,y)|*dzdy
Field confinement to the gain region (“g.r.”)
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Bent waveguides .&‘(IT

Karlsruhe Institute of Technology

Radiation loss of bent waveguides

The phase front of the guided mode is rotating around
the center of the bend. Because the group velocity of
the phase fronts cannot exceed the speed of light
(c/n), the phase fronts bend and cause radiation. The
radiation loss increases exponentially with decreasing
bend radius.

[ Y

n 1 '-..-_.."
Analysis of waveguide bends :
N, « Assume low-index contrast waveguide

\ structure and use scalar approximation.
) equipﬁ"asefronts . Redupe the proble.m tp two dimensions by
applying the effective index method.
\\ » Use polar coordinates (r,¢) and consider
e

propagation in azimuthal direction.

Ry R, R, Differential operators in cylindrical coordinates...
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Analysis of bent waveguides .&‘(IT

Karlsruhe Institute of Technology

Scalar Helmholtz equation in polar coordinates:

1o ( @(r,@) L 1PeCe)

r Or or r2 9?2 Q(T)W(T’(p) =0

Separation ansatz:
F(r,p) =g(r)h(p)

r2 829(T)+ r  0g(r)
g(r) Or? g(r) Or

Azimuthal dependence: h (p) = C1 eijﬁso@

1 9%h(p)
h(p) Op?

+ k%nQ (r) rl = _

Remaining equation for radial dependence:

2, (r r
Qa;T( )—|—’I“aga£)—|—<k8n2(T)T2_Bg>g(r):O

Coordinate transformation from r to u:

CE r
r = Ryeft u=RiIn | — u,r >0
Ry
g(r) =g (u(r))
n(r) =mn(u(r))
253 21.10.2014 Christian Koos Institute of Photon?cs _IPQ%
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Analysis of bent waveguides .&‘(IT

Karlsruhe Institute of Technology

o 0%g(w) 2 2 2\ N
Transformed Helmholtz equation: T -+ (kont (u) — ﬁt ) g(u)=20
(7

where n¢(u) =n (Rt eE) el By = f%ﬁf’
t

= The transformed Helmholtz
equation in the (u,d)-coordinate 4 0
system has exactly the same
form as in a Cartesian coordinate
system if the refractive index
profile is replaced by the
transformed profile. Propagation
in bent waveguides can therefore
be calculated by solving the
equivalent straight waveguide.

u,=RJn(R/R)
u,=RIn(R/R)

A
n(r) nyu)

n;

: —

R. Baets, ,Dielectric waveguides®, Lecture notes » »
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Analysis of bent waveguides - discussion .&‘(IT

Karlsruhe Institute of Technology

Power leakage will occur from the guided mode of the transformed waveguide
(effective index n,,) to the region defined by:

Bt = netko < ng(u) kg & ng(u) > ney

This can be interpreted as ,tunneling” of photons through the ,potential barrier*
defined by the curvature and the index contrast. Decreasing the radius of curvature
makes the potential barrier narrower, and power leakage increases exponentially.

A n-An
4
nt[ U) loss (dB/90)
T12
+10
Power leakage
18
Ne t
. +6
n,(u) T4
» 12
|
R. Baets, ,Dielectric waveguides®, lecture notes 200 400 60IO 800 1000
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Analysis of bent waveguides - discussion ﬂ(".

Karlsruhe Institute of Technology

» The mode field will be concentrated in the
region with the highest index, i.e., it will be
.pressed“ towards the outer side of the
bend. This leads to adaptation losses at
the transition between the straight and the
bent section. Power loss can be mitigated | |
by a lateral offset at the transition. . . KU 81,800 10V W37

R. Baets, ,Dielectric waveguides*, lecture notes

» For wide waveguides and strong curvature, the mode will only be guided by the outer contour
of the waveguide, and the inner contour will not play a role. These modes are called
whispering gallery modes.

Koos et al., IEEE Photon. Technol. Lett., Vol. 19, Del‘Haye et al., Nature Dec. 20, 2007
pp. 819-821 (2007)
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Optical Waveguides and Fibers
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Summary | ..\_\J(IT

Karlsruhe Institute of Technology

Fundamentals of Wave Propagation

Dielectric polarization and susceptibility, complex refractive index

Causality and Kramers-Kronig relation

Absorption and material dispersion

Lorentz oscillator model of bound charges, refractive index and absorption
Sellmeier equations

Drude mode for conductive media

Signal propagation in dispersive media, group delay, group velocity, group refractive
index, group velocity dispersion

Material dispersion of fused silica

Dielectric slab waveguides

258

Plane dielectric boundary: Reflection and transmission for TE and TM-polarization, power
transmission and reflection, total internal reflection, field distribution

Slab waveguide: Formation of guided modes, lateral self-consistence, interpretation of
normalized waveguide parameters, graphical solution, TE and TM modes, field patterns
of different guided modes

Procedure for calculating for TE and TM modes

Signal propagation in dispersive waveguides, effective group refractive index, dispersive
effects, intermodal dispersion, chromatic dispersion, material dispersion, waveguide
dispersion, “engineering” waveguide dispersion

Formation of surface plasmon polaritons (SPP), special properties of SPP

Institute of Photonics
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Summary i ..\_\J(IT

Karlsruhe Institute of Technology

Planar integrated waveguides

Different types of integrated waveguides

Marcatili method: Basic idea, underlying assumptions, limitations

E, and E, modes of a channel waveguide

Effective index method: Basic idea, underlying assumptions, limitations

Numerical mode solvers: General procedure, basic idea of finite difference mode solvers,
termination of computational domain, sources of errors

Integrated waveguide technologies: Glass waveguides, fabrication of waveguides based
on ion exchange, proton exchange, polymer waveguides and absorption properties,
silicon-based waveguides

Optical fibers

General properties of fused-silica fibers: Fiber loss, transmission windows

Solution procedure for step-index fibers (no derivation!), separation ansatz, qualitative
dependence of fields on radial and azimuthal coordinates, “physically meaningful
solutions”, fundamental mode, single-mode condition

Hybrid modes and LP-modes, mode field nomenclature for LP modes

Basic procedure to estimate the number of guided modes

Graded-index fiber (no derivation, no formulae!), Gauss-Laguerre mode designation,
Fiber materials and technologies: “Glass fibers”, fused silica fibers, fiber fabrication,
polymer fibers, microstructured fibers

Institute of Photonics
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Summary lll ..\_\J(IT

Karlsruhe Institute of Technology

Fiber losses: Sources of loss, loss minimization

Signal propagation in dispersive fibers, chromatic dispersion, waveguide dispersion,
material dispersion, quantitative analysis of chromatic dispersion, slowly varying
envelope approximation and retarded time frame, propagation of chirped Gaussian
impulse

Limitations of dispersive broadening on data rate

Dispersion characteristics of single-mode fibers, CSF, DSF, DCF, dispersion engineering,
dispersion compensation

Waveguide-based devices

260

Mode expansion method: Guided modes and radiation modes, completeness and
orthogonality of mode sets

Coupling efficiency: Basic idea of analysis (no derivation!)

Multi-mode interference coupler (MMI): Basic idea of analysis of self imaging properties
(no derivation!)

Directional couplers: Basic idea, coupling of power between parallel waveguides,
“mechanical analogon”

Waveguide gratings: Basic idea, mode coupling by periodic perturbations, grating-
assisted fiber-chip coupling, waveguide Bragg gratings, co-directional coupling
Absorption and gain in optical waveguides: Basic idea of analysis, field confinement
factor

Bent waveguides: Basic idea of analysis, transformation of index profile, power leakage,
whispering-gallery modes
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