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SIMULATION TASK

Simulation task 30% demands:

= Use any numerical modelling tool. For instance, COMSOL Multiphysics or
Lumerical or CST and others have one month trial version.

= Check the Simulation task description in the course website.

= Upload your models, extracted fields and summarize Word document in shared

drive folder.

Send to till 13 may 2026.

Alina Karabchevsky, Integrated Photonics @
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PRESENTATION TAS

K

Presentation 20% (one presentation) demands:

Preparation: The frames will be prepared for professional presentation using Beamer frames
written in the LaTeX code or ppt.

Topic: One of the course topics (please coordinate with the Lecturer)

Duration: The presentation will last at least 25 minutes.

Points to consider: Introduce the background on the topic, then a) Literature overview to introduce
the topic presented in the frames, b) detailed theoretical background, c) considerations for the
systems that can be designed and comparison to similar devices, d) possible future works.
Presentations dates: see first slide

Please send the topic you wish to present to for approval till the second

lecture of the course.
Alina Karabchevsky, Integrated Photonics @
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TELEPHONE FRENCH PREDICTION FOR THE
YEAR 2000
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Fig. 17.2 A French prediction
for the year 2000.
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WHY WE CAN'T LIVE WITHOUT FIBER
0PTICS

Figure 1: Fiber optics communication




WHY WE CAN'T LIVE WITHOUT FIBER
0PTICS

Lightwave communications is a necessity for the information age.

1)

2)

3)

4)

5)

Transporting massive amounts of data over long distances.
Optical links provide enormous bandwidth.

Applications: from global high-capacity networks, which constitute the backbone
of the internet, to the massively parallel interconnects that provide data
connectivity inside datacenters and supercomputers.

Optical communications is a diverse and rapidly changing field merging experts
in photonics, communications, electronics, and signal processing.

Ever-increasing demands for higher capacity, lower cost, and lower energy
consumption, while adapting the system design to novel services and
technologies.
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WHY WE CAN'T LIVE WITHOUT FIBER
0PTICS

= Optical fibers for next generation = Nonlinear channel modeling and
optical networks. mitigation.
= Amplification and regeneration. = Forward error correction.
= Spatial multiplexing. = Long-haul networks.
= Coherent transceivers. = Optical integration and silicon
photonics.

= Modulation formats.

.. : : = Optical wireless communications.
= Digital signal progressing.

: . . = Quantum communication.
= Optical signal processing.
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HISTORY

= Data transmission in 1960 - MW radio links
(300-3000 KkHz; includes 525-1715 kHz, AM
radio broadcasting).

Map of AT&T Long-Lines
Microwave Relay Network in 1960

= Bandwidth limitations of radio links lead to
development of mm wave metallic waveguides.

= Charlie Kau and George Hockham 1966 low
loss (<20 dB/km) fiber 2009 Nobel Prize
(Charlie Kau).

. T4 mi
+ ~1dBkm loss @ 70 GHz
. 5 !

!
* Exploratory development started in 1968 & field trial performed in 1974~1976
« 14-km long WT4 transmission system trial operating at 274 Mu/s in BPSK format
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HISTORY

= Fiber optics links make use of a transmission
medium - the fiber with nearly no loss and a
seemingly infinite bandwidth.

= No other communication system has similar
properties. Consequence: For the first 25-30
years of the technology, while it supported the
major information revolutions, NO real
communication principles had to be invoked
and all the technology was developed by
physicists.

Low-Rate
Datain

KAIST

Traditional Lightwave System
(Capacity upgrade requires higher-speed operation)

Low-Rate
Data Out




BIT RATE-DISTANCE
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Figure 2: Increase in bit rate-distance product BL during the period 1850-2000. The
emergence of a new technology is marked by a solid circle [1].
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HISTORY

= 1970 - First successfully drawn fiber with a loss of 20 dB/km.
= Soon thereafter loss reaches almost the same level as modern fiber.

= Next major achievement: RT CW operating diode laser in 1970. Wavelength was
850 nm.

= 1970-1971 - all the components of a fiber optics link were available.

= 1980s and 90s - optical fibers were laid down for commercial deployment,
replacing the older copper wires and communication satellites for long-distance
transmission.

= With society's rapidly growing demands single fiber has been boosted by several
orders of magnitude, from a few Gb/s in 1990 to hundreds of Tb/s today.

©



PRESENT ERA III

= Era III: We are currently in the third major era in the age of fiber communications.

= The Era I, the era of direct-detection, regenerated systems began in 1977 and
lasted about 16 years.

©



COMMUNICATIONS SYSTEM

= An optical fiber communications system is similar in basic concept to any type of
communications system.

= The basic function is to convey the signal from the information source over the
transmission medium to the destination.

= The communication system consists of a transmitter or modulator linked to the
information source, the transmission medium, and a receiver or demodulator at the

destination point. Optical system

..............................................................................................................................................................................................................

Coupling
Light source |O Optical receiver |

T Optical fiber l

Electrical Electrical
signal receiver
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0PTICAL FIBER TRANSMISSION SYSTEM

= Source of light - LASER, LED or broadband.

= Signal - electric signal at entrance converted into the optical signal at transmitter,
modulating the light intensity.

= Speed - NIR light illuminating the fiber propagates in the core with the speed of
light v = ¢/n.In glass v = 200 Mm/s when ngj,ss = 1.52.

= In order to reach a receiver (detector) - PIN photodiode or avalanche photodiode
where the optical signal converted back into electrical signal.

©



RDVANTAGES OF OPTICAL FIBER
TRANSMISSION SYSTEM

= Immense binary flow rates with order of several Tb/s (under laboratory conditions
reaching the order of 10 Tb/s) which impossible while using copper-based media.

= Low attenuation - the signal can be transmitted over long distances without
regeneration.

= Do not create external electromagnetic field, therefore they belong to media hard
to be listened in devices.

= No inter-fiber crosstalk.
= Resistance to external electromagnetic field perturbations.

= Reliable signal due to the bit error rate (BER) lower than 101°,

©



H.W.: SELF-READING

J. Opt. 18 (2016) 063002 (40pp)

Roadmap of optical communications

Summarize:
[1] Introduction.

[2] History.
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LIMITATIONS
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Figure 4: Limitations: fiber loss, fiber dispersion.
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FIBER OPTIC NETWORK OPTICAL
WAVELENGTH TRANSMISSION BANDS

Table 1:wavelength transmission bands

Wavelengths

O-band (original)
E-band (extended)
S-band (short)
C-band (conventional)
L-band (long)

U-band (ultra-long)

1260-1360 nm
1360-1460 nm
1460-1530 nm
1530-1565 nm
1565-1625 nm
1625-1675 nm

Original band, PON upstream
Water peak band

PON downstream

Lowest attenuation, original DWDM
Low attenuation, expanded DWDM

Ultra-long wavelength
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DENSE WAVELENGTH DIVISION
MULTIPLEXING (DWDM)

Dense Wavelength Division Multiplexing (DWDM) is a technology that allows many
optical signals (channels) to be transmitted simultaneously over a single optical
fiber, each using a different wavelength (color) of light.

How DWDM works?

= Multiple lasers — each emits a different wavelength.
= A multiplexer (MUX) combines them into one fiber.

= The signal travels long distances.

= A demultiplexer (DEMUX) separates wavelengths at the receiver.

©



DENSE WAVELENGTH DIVISION
MULTIPLEXING (DWDM)
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PHYSICAL CONSTANTS, 51

Table 2: physical constants

_m

N a Q0 09>

Boltzmann's constant
Planck's constant
Electron charge

Speed of light in vacuum
Absolute temperature
Vacuum permittivity

Vacuum permeability

1.38-10-23
6.626-10-34
1.602-10-1°
2.998-108

Ty = Ty + 273
8.854-1012
4m-10-7

I 'S
Coulomb
m/s
Kelvin
F/m

H/m

©



PARAMETERS

Table 3: Parameters, SI

Symbol |Term ______________|Units

A Vacuum wavelength nm

A Wavelength difference nm

4 Attenuation 1/km

D Dispersion parameter ps/(nm-km)
E, Photon energy ]

v Wavenumber (spectroscopy) cm!

Tc Temperature C



CONVERSION TABLE

Table 4: Conversion table

_m

Frequency =c/A

A f Frequency difference A f = —cAA/A* Hz
4B Attenuation agg = 4.343a dB/km
B Dispersion parameter D=—-—— /32 psZ/nm
A Wavelength A= hc / 5 nm

A Wavelength A=107/v nm

5
T Temperature T, = 5 (T —32) °F



ELECTROMAGNETIC RADIATION

= Term Light defines Electromagnetic (EM) radiation.

= Optical fiber is a waveguide used for transmission of light. It consists of 1) a
dielectric core and 2) surrounded layer named cladding.

= Guiding condition: Refractive index of cladding < core.
= Total Internal Reflection: The light inside the core is trapped due to TIR.

= Propagation condition: TIR occurs at the core-cladding interface when the light
inside the core of the fiber is incident at an angle greater than the critical angle 6,
and returns to the core lossless allowing the light propagation along the fiber.

o



0PTICAL FIBER

In its simplest form, a step-index fiber consists of a
cylindrical core surrounded by a cladding layer whose
index is slightly lower than the core.

Both core and cladding use silica as the base material;
the difference in the refractive indices is realized by
doping the core, or the cladding, or both.

= Dopants such as GeO, (germanium dioxide) and P,O;4
(diphosphorus pentoxide) increase the refractive
index of silica and are suitable for the core.

= Dopants such as B,0; (boron trioxide) and fluorine
decrease the refractive index of silica and are suitable
for the cladding.

/4

Outer
Jacket

Coating

Strength
Member

/

Cladding

Core
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FABRICATION METHODS

Several methods can be used to make the preform. The three commonly used
methods are modified chemical-vapor deposition (MCVD), outside-vapor deposition
(OVD), and vapor-axial deposition (VAD).

Fabrication of telecommunication-grade silica fibers involves two stages:

1) First stage - making a cylindrical preform with the desired refractive-index
profile. The preform is typically 1 m long and 2 cm in diameter and contains core
and cladding layers with correct relative dimensions.

2) Second stage - the preform is drawn into a fiber by using a precision-feed
mechanism that feeds the preform into a furnace at the proper speed.

o



MCVD PROCESS

Peter Schultz, Donald Keck, and Bob Maurer (left to right) at Corning were the first to
produce low-loss optical fibers in the 1970s by using the outside vapor deposition method
for the fabrication of preforms, which were then used to draw fibers with low losses.
(Courtesy of Corning.)




MCVD PROCESS

The MCVD process is also known as the inner-vapor-deposition method, as the core
and cladding layers are deposited inside a silica tube.

O2_ FLOW METERS FUSED SILICA
TUBE
—e /—‘ __..02
OZ% OZJ 02& » A Cé»o
MULTIBURNER
4 TORCH
POC25 | GeCls Lpcy,, siF, '-"gz
SiCl, SFg, C£2, FREON 2
\ V4
BUBBLERS TRANSLATION

Figure 5: MCVD process commonly used for fiber fabrication [1].
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MCVD PROCESS

In this process, successive layers of SiO, are deposited on the inside of a fused silica tube
by mixing the vapors of SiCl, and O, at a temperature of about 1800°C. To ensure
uniformity, a multiburner torch is moved back and forth across the tube length using an
automatic translation stage. The refractive index of the cladding layers is controlled by
adding fluorine to the tube. When a sufficient cladding thickness has been deposited, the
core is formed by adding the vapors of GeCl, or POCIl; (phosphoryl chloride). These
vapors react with oxygen to form the dopants GeO, and P,0Oy:
GeCly + 0, — GeO, + 2Cl,

4POCl; + 30, — 2P,0< + 6Cl,

The flow rate of GeCl, or POCI; determines the amount of dopant and the corresponding
increase in the refractive index of the core. A triangular-index core can be fabricated
simply by varying the flow rate from layer to layer. When all layers forming the core have
been deposited, the torch temperature is raised to collapse the tube into a solid rod of
preform.

©



FIBER PREFORMS

(b)

Figure 6: (a) Fiber preform [from LEONI fiber optics]. (b) Fiber special preform
[from kohokukogyo]
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FIBER DI

= The preform is fed into a furnace in a controlled

manner where it is heated to a temperature of
about 2000C.

N G Precision Preform

Feed Mechanism
— X,Y Stage

- Preform

Graphite Resistance
— Fumace (2000°C)

—— Laser Diameter Measurement
<«—Local Clean Air Hood
Cool Tube (optional)

Bare Fiber

= The melted preform is drawn into a fiber by using ( «—}—Caoating Die (Primary)
a precision-feed mechanism. Goating Saton#1 | MM [0« uv cure
. . . . . K % «——Coating Die (Secondary)
3 The f1]?er .d1amet.er 1s monitored optlca.lly by s 2 ( _LB—wvous
diffracting light emitted by a laser from the fiber. il S | T Doy et
| Coated Fiber
. . . . . Capstan Take Up Spool
= A polymgr coating is applied to the fiber during f/
the drawing step. [ |

Figure 7: Apparatus used for fiber
drawing [from Fiber Optic Center].
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FIBER DRAWING
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Figure 8: Fiber drawing tower, preform and furnace [from Thorlabs]




TYPES OF OPTICAL FIBERS

= Number of modes (single/multi mode).
= Refraction index profile (step-index or graded index).
= Material (glass, plastic, semiconductor).

= Dispersion (natural, shifted fiber - DSF, dispersion widened fiber - DWE, reverse
dispersion).

= Signal processing ability (passive-data transmission, active-amplifier, laser).

= Polarization (classic, maintaining, polarized).

(=)



SINGLE MODE V3

= Single mode fibers (SMF) - the core diameter
5-10 pm. The cladding diameter 125 pm.

= Multimode fibers (MMF) - the core diameter

can be 50, 62.5 pm or more. The typical
cladding diameter is 125 ym (can be bigger).

0DE

‘ - B
v w
LP,, LP,- LP,
‘. an dh
" nr "
LPy, LPy; LP g3
1 2 3

Figure 9: Electric field amplitude profiles for
guided modes of a fiber [RP photonics].
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TYPES OF OPTICAL FIBERS

125 ym

(a) (b) (c)

Figure 10: Typical refractive index progression for (a) a step-index, (b) graded index
and (c) single mode fiber [2].
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DISPERSION SHIFTED FIBER - DSE

= Chromatic dispersion in a single-mode fiber is the sum of material dispersion and
waveguide dispersion.

= The waveguide dispersion can be controlled by proper choice of the waveguide
parameters, while the material dispersion is almost independent of these
parameters.

= The zero-dispersion wavelength can be made coincident with the 1.55 um
minimum loss wavelength of optical fibers.

= In addition, the dispersion can be very small over a wide wavelength range are
called dispersion flattened fibers (DFFs).

o



DISPERSION SHIFTED FIBER - DSE

(a)

(b)

(c)

| P

(M

Figure 11: Several index profiles used in the design of single-mode fibers. Upper
and lower rows correspond to standard and dispersion-shifted fibers, respectively

[1].
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CLASSIFICATION OF OPTICAL FIBERS

10— Standard

Dispersion [ps/(km-nm)]
o

-10

-20 !
1.1 1.2 1.3 1.4 1.5 1.6 1.7

Wavelength (um)

Figure 12: Typical wavelength dependence of the dispersion parameter D for
standard, dispersion-shifted, and dispersion-flattened fibers [1].
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THE DESIGN OF SINGLE-MODE FIBERS

In the axially symmetric single-mode fiber, there exist two orthogonally polarized
modes. They are known as HE{; and HE;, modes in accordance with their
polarization directions. If the fiber waveguide structure is truly axially symmetric,
these orthogonally polarized modes have the same propagation constants and thus
they are degenerate. This is why such fiber is called "single-mode" fiber.

In practical fibers, however, an axial nonsymmetry is generated by the core
deformation and/or core eccentricity to the outer diameter, and it causes a slight
difference in the propagation constants of the two polarization modes. In such fibers,
the state of polarization (SOP) of the output light randomly varies, since the mode
coupling take place between HE{; and HE%’1 modes, which is caused by fluctuations
in core diameter along the z-direction, vibration and temperature variations.

©



THE DESIGN OF SINGLE-MODE FIBERS

Birefringent fibers have been proposed and fabricated to solve such polarization
fluctuation problems.

(a) (b) (c) (d) (e)

Figure 13: Cross-sectional structures of typical birefringent fibers: (a) elliptic-core
fiber, (b) side-pit or side-tunnel fibers, (c) PANDA fiber, (d) Bow-tie fiber, and (e)
elliptical-jacket fiber [3].
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HOME COMPUTER PREDICTION FOR YEAR
2004
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Scientists from the RAND Corporation bave created this model to illustrate bow a “bome computer” could look like in the
year 2004. However the needed techaology will not be ecconomically feasible for the average bome. Also the scientists readily
admit that the computer will require not yet invented techn ro actually work, but s years from now scientific progress is
expected to solve these problems. With teletype interface and the Fortran language, the computer will be easy to use.



REFLECTION AND

Assumptions:

= Plane wave propagation.
= Linear medium.
= Isotropic medium.

= Smooth planar optical interface.

Figure 14: Plane wave reflection
and refraction at an optical
interface.
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{, MAXWELL'S EQUATIONS

Maxwell's equations, or Maxwell-Heaviside
equations, are a set of coupled partial differential
equations that, together with the Lorentz force law,
form the foundation of classical electromagnetism,
classical optics, and electric circuits. The equations
provide a mathematical model for electric, optical, and
radio technologies, such as power generation, electric
motors, wireless communication, lenses, radar etc.

(=)



MAXWELL'S EQUATIONS

= The link between electricity and magnetism was completed by the work of James
Clerk Maxwell.

= He took the four equations made by Gauss (also Coulomb), Faraday, and Ampeére
and by making some corrections he developed mathematically the connection
between those equations.

= In 1861, Maxwell presented a set of coupled equations (around 20 equations) that
describe electromagnetic phenomena varying in time which are called Maxwell’s
equations.

= The four equations known today were obtained by Oliver Heaviside, using vector
notation to simplify 12 of the 20 equations into the 4 known Maxwell’s equations.

©



MAXWELL'S EQUATIONS

= These equations can be used as a mathematical model for phenomena in nature
and for electrical and optical problems.

= In a paper published in 1865, Maxwell has derived a wave equation from his
equations thus discovering electromagnetic waves.

= He suggested that light is an electromagnetic wave and showed this hypothesis to
be consistent with experimental results. Therefore, he concluded that light is an
electromagnetic wave.

= In 1886-1889, German physicist Heinrich Rudolf Hertz performed a series of
experiments that proved that light is an electromagnetic wave as was analytically
calculated by Maxwell.

©



7[(20:\\(“ /| MEXWELLS EQUATIONS

h90
Assumptions:
(X l\m X + 1. The parameters of the medium in a linear
V\"O system don’t dependent on the electric field E

and the magnetic field H: ¢ =¢,6¢ U = Up.

2. The medium parameters y and ¢ are constant
and time independent.

\/\ 3. The medium is isotropic = u and ¢ are direction
independent.

4. The medium is dielectric = ] = 0 and peyt = 0

()



MAXWELL'S EQUATIONS

Assuming linear, homogeneous and isotropic medium, Maxwell’s equations are
defined as

- 0B
Faraday’s law VXE =-— T (1)
. aD .
Ampére-Maxwell law VXH= T +/ (2)
Gauss law VD = pext (3)
Gauss's law for magnetism V-B=0 (4)

where E is the electric field vector, D is the electric displacement field vector, H is
the magnetic field vector and B is the magnetic flux density vector, p.«: and J are the
charge and current densities, respectively. @



MAXWELL'S EQUATIONS

= The current density is defined as | = oF, where o is the electric conductivity, and
only exists in ohmic material, such as metals and semiconductors.

= In dielectric medium, /] = 0 and peyt = 0

= D and B are related to the field vectors and are defined as

D=¢E+P (5)
B =puo(H+ M) (6)

where ¢, and p, are the electric permittivity and magnetic permeability of vacuum,
respectively, P is the polarization and M is the magnetization.

©



POLARIZATION AND MAGNETIZATION

In the case of isotropic material, the polarization and the magnetization are given by
P=¢gyE M=yH

and

B=eoﬁ+ﬁ=eoerﬁ=£§
B = uo(H + M) = pouH = uH
where u is the permeability, ¢ is the permittivity, c is the speed of light in vacuum, y is

the electric susceptibility and ¢, is called the relative permittivity and u, the relative
permeability, which in case of non-magnetic material is y, = 1.

©



MAXWELL'S EQUATIONS

= Maxwell’s equations for dielectric waveguide are given as

., 0B
VXE:_E (7)

_ D
V><H=a— (8)
V-D =0 (9)
V.-B=0 (10)

where
B = uH D =¢E

s



BOUNDARY CONDITIONS

= The boundary conditions define the behavior of
the electric and the magnetic fields on the
boundary.

= Assume two different media with permittivity of &
and &,, as shown in the figure.

= The electric field - E and the magnetic field H can
be decomposed to the tangential (t) and vertical

(n) components.
E:ETL-I_Et H:Hn‘l‘Ht




BOUNDARY CONDITIONS FOR THE TANGENTIAL
COMPONENT OF THE ELECTRIC FIELD - E,

= Assume electric field in medium 1 (& ). From
Faraday’s law:

Etl
0B
fE-dl:-ﬂ-d/mo ‘;
ot E E,

n 81
a
= Faraday’s law for closed loop a = b = ¢ = d is:
b c d a
frea=[ s [r [t [Cmo
a b c d
= Assuming a — d and b — ¢ equal O then:
b d
froaz( s ['.
a c




BOUNDARY CONDITIONS FOR THE TANGENTIAL
COMPONENT OF THE ELECTRIC FIELD - E,

- f: ~ E,1Al and fcd... ~ —E;;,Al  therefore E; Al
— E» Al = 0 and:

Etl

Ey = Ep ‘ :
E1 81

= The tangential components of the electric field are En
continuous on the boundary.

a

= In addition, D; = ¢;;E; therefore:
D¢y _ D¢,

€1 S

The tangential components of the electric
displacement field are not continuous on the
boundary.



BOUNDARY CONDITIONS FOR THE VERTICAL
COMPONENT OF THE ELECTRIC FIELD - E,

= From Gauss’s law:

fD-dA = Mpdv= Qenclosed

= The figure shows that the surrounded charge is a
surface.

= We write Gauss’s law as:

§p-a1= [[ o

where p, (units of [C/m?] is the charge on the
boundary.




BOUNDARY CONDITIONS FOR THE VERTICAL
COMPONENT OF THE ELECTRIC FIELD - E,

= We write the equation as:
_DnlAAl + DnzAAz — pSAA

= Vertical vectors are defined far from the boundary
and the electric field is in medium 1.

= Since AA; = AA, = AA therefore:
—Dnq + Dy = ps




BOUNDARY CONDITIONS FOR THE VERTICAL
COMPONENT OF THE ELECTRIC FIELD - E,

= In addition:
—&180En1 + —&260E 2 = ps

= Without charge on the boundary, we get:
Dyp1 = Dy

and

&1Eq = &E

The vertical components of the electric
displacement field are continuous between the two
media but the vertical components of the electric
field are not.




BOUNDARY CONDITIONS FOR THE TANGENTIAL
COMPONENT OF THE MAGNETIC FIELD - H,

= Assume boundary between two media with

different permeability of y; and u,. H,, 1
= Assume Ampere’s law without currents on the ‘ f

boundary:
undary i, I,

fH dl—ﬂ +6D dA =0 a b
= ] o =
For closed loop is:
b C d a d -
ff...=j...+f...+f...+f...=0 — Al
a b C d H,

an
2
= Assuming a —d and b — £ equa%lO then: ‘ f
%H'dl=J...+j...=O H,
a c



BOUNDARY CONDITIONS FOR THE TANGENTIAL
COMPONENT OF THE MAGNETIC FIELD - H,

m ff ~ H;1Al and fcd... ~ —H;,Al therefore H; Al

— H»; Al = 0 and so:
HtlAl — thAl

The tangential components of the magnetic field are
continuous on the boundary between the two media.

= From B = uH we get:

B, . B,
Uq |2%)

The tangential component of the magnetic flux
the boundary

density are not continuous on
between the two media.

H,, Hy
a b
d | lc

o



BOUNDARY CONDITIONS FOR THE VERTICAL
COMPONENT OF THE MAGNETIC FIELD - H,,

= From magnetic Gauss’s law:

Hnl 1
%B-dAzO
]

= From the figure: N

fumf rf rf  mo
top side bottom

= We shrink the cylinder - ¢, ... — 0 therefore: ! ‘
HnZ AAZ
f ..~ B,;AA and jg .. ® B ,AA 2
top bottom
= We get: =
Brni = Bpp Uy Hyy =ty




BOUNDARY CONDITIONS FOR THE VERTICAL
COMPONENT OF THE MAGNETIC FIELD - H,,

The vertical components of the magnetic flux

density are continuous on the boundary, but the n 1
vertical components of the magnetic field are not. AA/1]\




FRESNEL'S
EQUATIONS

= As light hits the boundary of two
materials, the power is split and a
fraction of the power is refracted while
the rest is reflected.

= In 1825, Fresnel derived a set of
equations that defines the relation
between the reflectance or the
transmittance to the incident angle and
the indices of the material.



SNELL'S LAW OF REFRACTION

= When light hits the boundary between two materials, the light is reflected and
refracted. In the transition from one medium to another medium, the propagation
angle changes.

= In 1621, Snell discovered empirically the relationship between the indices of the
materials and the propagation angles of the light.

= The refraction angle can be calculated by Snell’s law of refraction which is defined

as
sin 91 V1 n,

(11)

sin 02 B %) B nq
where 1 is the incident medium, 2 is the transmitted medium, v is the velocity, 0 is
the angle of the light in the medium and n is the refractive index.

o



FRESNEL REFLECTION COEFFICIENT

The amplitude and phase of an optical field reflected back to the same side of the
interface:

We will consider parallel field components: E'), Et, and E7 .

They can be decomposed into components parallel with and perpendicular to the
interface; the parallel components are E!jcos6;, E'jcosf, and —E" cos6; ,
respectively, which can be derived from Fig. 13.

Because of the field continuity across the interface, we have:
(EY, — E™,) cos 6, = E*, cos 6, (12)

The magnetic field components associated with E', Et; and E" are perpendicular to
the incident plane.

o



FRESNEL REFLECTION COEFFICIENT

The magnetic field components associated with E!;, E';, and E";, have to be
perpendicular to the incident plane. They are:

. E . &E &
H' = M—lEln H') = M—ZEtn H"| = H—lEru
1 2 1

With electrical permittivities & , and magnetic permittivities u,, of the optical
materials at two sides of the interface.

Since H!|, H", and H!, are all parallel to the interface (although perpendicular to
the incident plane), magnetic field continuity requires H', + H", = Ht, . Assume that
Uy = Up,+/€1 = nq and /e, = n, and then:

mEY + nET) = nyEY, (13)




FRESNEL'S FIELD REFLECTIVITY

The reflectivity for optical field components parallel to the incident plane as:
E"y nycosB; —n,cosB, (14)

Pi= EY,  nycos®, +n,cos,

In order to eliminate 6,, we can use Snell’s Law:

" 2
ng [1-— (—1 sin 01) —n, cos 0,

i 15)
P = (

n 2
ny [1— (n—; sin 91) + n, cos 0,

Similar analysis can also find the reflectivity for optical field components
perpendicular to the incident plane as:

@



FIELD

REFLECTIVITY

Similar analysis can also find the reflectivity for optical field components
perpendicular to the incident plane as:

PL =

PL =

E", nycosb; —n;cos6,

E', n;cosB;+n,cosO,

n
n,cosf; —n, 1—(n

1
2

2
sin 61)

nq cos 04 +n, 1—(2

e §
2

2
sin 61)

(16)

(17)

©



FIELD REFLECTIVITY

Power reflectivities for parallel and perpendicular field components are therefore:

2
2 |ETy
Ry = oy = | (18)
and
ET |
R =lpul® = |5 (19)
1

(=)



FRESNEL'S POWER TRANSMISSION
COEFTICIENTS

According to energy conservation, the power transmission coefficients can be found
as:

Et” 2
Ty=1=| =1—|p (20)
w = 1= e
and
Et,|?
I, = Fl =1—|p,|? (21)
1

In practice, for an arbitrary incidence polarization state, the input field can always be
decomposed into E; and E, components. Each can be treated independently.

©



TOTAL IN

[TERNAL REFLECTION IN FIBERS

Total internal reflection

Buffer 250 pm

Cladding 125 pm

N

f

Core 8 ym

\

Jacket 900 pm

N

Figure 15: Left: total internal reflection, which happens because the material of the
cladding (shown on the right) has a lower index of refraction compared to the core.

1)



CONCEPT OF TOTAL INTERNAL REFLECTION

Figure 16: A laser beam through acrylic shows the concept of total internal reflection
(the light doesn't continue straight through the edge of the glass but bounces back
and forth until exiting at the end).

L1



CRITICAL ANGLE - 6.

= However, when light hits the boundary between high to low refractive index
material, above a specific angle, called the critical angle, the light will be fully
reflected.

= This phenomenon is called total internal reflection (TIR). According to Fresnel

Equations (15) and (17), total reflection (|p;| = |p.| = 1) occurs when Z—;sin(é?l) =1
and the critical angle is defined as:
n
6, =0, =sin™! (—2) (22)
n

©



CRITICAL ANGLE

Obviously, the necessary condition to have a critical angle depends on the interface
condition.

» if n; < n,: there is no real solution for ., = sin™?! (%)
1

It means that when a light beam goes from a low index material to a high index
material, total reflection is not possible.

» if n; > n,: there is a real solution for 6, = sin~?! (%)
1

Therefore, total reflection can only happen when a light beam launches from a high
index material to a low index material.

)



CRITICAL ANGLE

2
= It is important to note that at a larger incidence angle 6, > 0., 1 — (% sin 91) <0
2

np

2
and \/ 1-— (ﬂ sin 61) becomes imaginary.

np

2
= Equations (2) and (4) show that if \/ 1-— (ﬂ sin 01) is imaginary, both | P |2 and [p, |?

are equal to 1. The important conclusion is that for all incidence angles satisfying
6, = 0. total internal reflection will happen with R = 1.

(=)



CRITICAL ANGLE

(a) (b)

Figure 17: Reflection at a planar interface between unbounded regions of refractive
indices n., and n. showing (a) total internal reflection and (b) partial reflection and
refraction.

)



EVANESCENT FIELD

An evanescent field is a side effect of TIR and appears beyond the boundary surface.
Specifically, even though the entire incident wave is reflected back into the
originating medium (TIR), a fraction of the field penetrates into the medium with a
lower n at the boundary. The evanescent wave is leading to the Goos-Hanchen shift.

n, n2>n3>n1

R T

Figure 18: Total internal reflection and Goos-Hanchen shift. R is the behavior of the

partially reflected beam, T is the behavior of the total internal reflection beam and d
is the Goos-Hanchen shift.

Alina Karabchevsky, Integrated Photonics
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EVANESCENT FIELD

= The first to observe the phenomenon was Isaac Newton in 1726. In the experiment,
he used two identical prisms with a distance between them of a few tens of
nanometers. While illuminating a prism with an angle bigger than the critical angle
he saw that the light passes the gap and moves to the second prism. This
phenomenon is described as optical tunneling which can be used for beam
splitters and filters.




EVANESCENT FIELD

= Although according to the ray optic model, the light is totally reflected inside the
guiding layer in the case of guided mode, according to Maxwell’s theory, a fraction
of the field is penetrating outside the guiding layer to a less dense medium before
the total internal reflection occurs. This phenomenon contradicts the total internal
reflection.

= In 1947, Goos and Hanchen observed a small lateral phase shift when the light is
under total internal reflection. It appears that the wave is reflected from a virtual
plane from the medium with the lower refractive index as shown in Figure below.

n2>n3>n1

=)



EVANESCENT FIELD

The reflected wave phase shift is called Goos-Hanchen shift and is defined as:

® = —2 tan-1 <\/Tl22 sin? b — n12>

N, COS @ (23)
where n, is the incident medium (higher refractive index), n; is the transmitted
medium (lower refractive index), and ¢ is the incident angle. Goos-Hanchen shift can
be utilized for characterizing materials in optical microscopy and lithography.

o



EVANESCENT FIELD

Due to the penetration beyond the guiding layer, the evanescent field interacts with
its surroundings and can be utilized for plasmons, sensing and near-field
microscopy. The penetration depth of the evanescent field to a medium outside the
guiding layer is defined as:

A
dy = 24
P 214/ n,2 sin? ¢ — n,y 2 (24)

where ¢ is the incident angle inside the guiding layer. The equation shows that the
smaller the incident angle, the larger the penetration depth of the evanescent field
into the medium.

o



EVANESCENT FIELD

= The transmitted wavevector is: k, = k,sin0, x + k, cos 0, 2

= Ifny > n,,thensinf; > 1.

= Since sin 6, = %sin 0; (Snell’s law), %sin 0; > 1 for 6; > 6. therefore cos 8; becomes
2 2

complex:

cos 0, = \/1 — sin? 6, =j\/sin2 0, —1

©



EVANESCENT FIELD

The electric field of the transmitted plane wave is given by E, = E,e/ (ke 7-®0)

E, = Eoej(kt-f—wt) — Eoej[kt sin(0¢)x+k¢ cos(0)z—wt]

E, = E, ¢/l sin®@)+zjke/sin?@)~1-ot]

By substituting k; = % we obtain:
Et — Eoe—lczej(kx—oot)

wn w .
where k = 71 and k = :\/nlz sinZ 0; — n,?2

(25)

o



EVANESCENT FIELD

The evanescent field has few unique properties:

= First, the evanescent field doesn’t propagate in the medium but is a localized oscillating
electric and/or magnetic field. The Poynting vector normal to the surface is equal to
zero since it is the average Poynting vector over an oscillation cycle and, therefore,
equal to zero.

= However, the evanescent field can still interact with the surroundings. The evanescent
field can be also converted back into radiation/guiding mode.

= By placing two waveguides close to each other the power of mode from one waveguide
can be transferred to the second waveguide by evanescent field coupling. This is a
near-field optics effect which is called optical tunneling or tunneling effect. The effect
can be utilized for couplers such as ring resonators of a chip.

= In addition, by manipulating the evanescent field we can control and affect the guided
mode, with nanomaterial or metasurface overlayer.




EVANESCENT FIELD -

Et — Eoe—Kﬁei(k&f\—wt)

1)
2)
3)

1)

5)

6)

)

Appears in the optically less dense medium.
Characterized by its propagation in the x direction.

Characterized by its exponential attenuation in the
z direction.

No energy flows across the boundary.

The component of Poynting vector in the direction
normal to the boundary is finite, but its time
average vanishes (what is Poynting vector? what is
time average Poynting vector?).

The Goos-Hanchen effect only occurs for linearly
polarized light.

If the light is circularly or elliptically polarized, it
will undergo the analogous Imbert-Fedorov effect.

Alina Karabchevsky, Integrated Photonics @



H.W.: DERIVATION

Goos-Hanchen shift

[1] Derive Goos-Hanchen shift
[2] Schematically illustrate the concept underpinned by your derivations
[3] Summaries the historical evidence of formulation of the Snell's law.

[3] Overview the history of Imbert-Fedorov effect and explain it.

Deadline: Next class
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