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Why Phase modulation

* High Sensitivity (1.e. 0.1nm resolution)
» Relatively simple optical setup

* Independent of baseline intensity
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Interference

When two or more optical waves are present simultaneously
in the same region of space, the total wave function 1s the
sum of the individual wave functions
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Interferometer

Criteria for waveguide or fiber optic based

interferometer:

Single mode excitation

polarization dependent
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Interference of two waves

When two monochromatic waves of complex amplitudes Ul(r) and
U2(r) are superposed, the result is a monochromatic wave of the
Same frequency and complex amplitude,

U(r) =U,(r) + U, (1)

Let Intensity I,= |U,|? and I,=| |U,|* then the intensity of total
waves 1s

I:|U|2 - |U1"'U2|2 — |U1|2 +|U2|2 + Ul* U, +U,U, )
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Interference of two waves

Let U, =1, % erandU, =1, 93 e 1% Then
=1, +1, +2(I, ,)*>COS¢

Where ¢ = ¢, — ¢,
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Interferometers

*Mach-Zehnder
*Michelson
*Sagnac Interferometer

*Fabry-Perot Interferometer

Interferometers is an optical instrument that splits a wave into
two waves using a beam splitter and delays them by unequal
distances, redirect them using mirrors, recombine them using
another beam splitter and detect the intensity of
their superposition
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Intensity sensitive to phase change

¢ = 2nd/A

Where n = index of refraction of medium wave travels
A = operating wavelength
d = optical path length

Intensity change with n, d and A

The phase change is converted into an intensity change
using interferometric schemes (Mach-Zehnder,
Michelson, Fabry-Perot or Sagnac forms).
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Mach-Zehnder Interferometer

-t Ny

/ \ Ui /' N\
transmission

Beam splitters
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Fiber-optic hydrophone

(Mach-Zehnder Interferometer)

Mach-Zehnder Fiber Optic Hydrophone
120 - 140 dB Dynamic Range

Sensor Leg

Signal In

Signal Qut

Reference Leg Couplers

Two arms Interferometer- Sensor and reference arms
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Mach-Zehnder interferometer

Sensmg fiber coil

Coupler k, AL=L,-L,

laset T O/M\Lé/ detector
w] ! —
L

Y

detector

Coupler k,
Reference fiber coil

(X'I'
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Mach-Zehnder interferometer

Let output fields of the signal and reference arms to be,

E =F \lakk,cos(wt+¢)

Es = Eo \/as (1 o kl)(l o k2) COS(a)Ot + ¢s)
The output intensity of the interferometer:
[=<E’>+<E'>+2<EE >

— ]o[arklkZ +as (l_kl)(l_kZ)

+2.\Ja,a,kk,(1-k)(1—k,) cos(@, — 4,)]

Where <> denote a time average over a period > 21/®
a,, o, are optical loss associate with reference and signal paths
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Mach-Zehnder interferometer

Fringe visibility is given by,

L inax — L i
L ax L i
_ 2\/asark1k2 (1 B kl )(1 B kz)
) arklk2 T, (1 o kl )(1 o kz)

-

Polarization and coherence effects are 1ignored.

Assumes Lorentzian line shape, self-coherence function

v(t) =exp[—|t|/t.] where t 1s delay between tow arms, T, is source
coherence time, make t < t_-> (1) ~1
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Mach-Zehnder interferometer

Complementary output of the interferometer,

I'=1[ak(1-k)+a,(-k)k,
T 2\/asark1k2 (1-k)(1-k,)cos(g, —9.)]

The fringe visibility of the output:

V! = 2\/asark1k2 (1 B kl )(1 B kz)
arkl (1 o kz) T (1 - kl)kz

w. wang



Mach-Zehnder interferometer

Output intensities in simplified forms,
[ =1 a(A+ BcosAg)

I"'=1 a(C—BcosAg)
where o, =a, =
A=kk, +(1-k)(1-k,)
B=2/kk,(1-k)(1-k,)
C=k(1-k)+ 1=k )k,
Ap=¢, -9,
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Mach-Zehnder interferometer

Let us assume differential phase shift in interferometer is separated into
A¢ of amplitude ¢, and frequency o and a slowly varying phase shift ¢,

l o

I = + @, sinwt))

+ @ sinwt))

Different current of these two output intensities is

i =¢&l acos(¢, +@, sinwt)
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Mach-Zehnder interferometer

Quadrature point

¢, =CLm+1)r/2

Where signal is maximized due to the fact the operating
Point 1s along the slope of the fringe
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Various configurations

+ Sepsing fiber coil

(Push) laser — Coupler >©/ Getector
£, Couplerk, detector
Reference fiber coil

+ Sepsing fiber coil

(Push-pull) laser >Cou le\r\ >®< detector

£, Couplerk, detector

- Sensing fiber coil

+ Sepsing fiber coil

laser ————Coupler >©_/ .
(Push-push) = Sl

£, Couplerk, detector

+ Sensing fiber coil
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Assignment

What would be the output intensities and fringe visibility
From both outputs?

I=(,/2)x(l+cosAg)
V=1
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Michelson Interferometer

o~
/) U,
Mirror
U
reflection



Michelson Interferometer

Sensing fiber coil

/

laser Coupler m

\<>/ L fiber

detector \g AL=2(L,-L,)
/ )

mirror

TN ki

mirror

Reference fiber coil
al‘
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Michelson Interferometer

Differences between Michelson and Mach-Zehnder:

1. Single fiber coupler.
2. Pass through reference and signal fibers twice, phase shift

per unit length doubled.
3. Interrogated with only single fiber between source/detector

and sensor.
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Fiber-optic hydrophone

Laser Modulated
Inpat Output
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Fiber-optic hydrophone

(Michelson Interferometer)

Michelson Interferometer wersion
(Fiber ends must be mirrors for this

VErSi0n)
—
A
Top coil

HelMe Laser Various ﬁphcs I {Evi Ty
R w4
S ] X # f“ﬁl?m“ﬂ

IMach-Zenhder Interferometer version

0 BEeamn splitter
VR (Interferring point)

#
$' ]
Bottom Coil f:“ SE ??ﬁ
H
Z
s

Processing
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Sagnac Interferometer

/nirror
Uy U\ .
Beam splitters

Two direction reflection
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Sagnac Interferometric Fiber-Optic
Gyroscope

3 nterferometiit fiber-optic gyroscope (IFOG)
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The Sagnac Effect

]
,}

,f
j/
~
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Suppose that a beam of light

1s split by a half-silvered mirror
imto two beams, and those
beams are directed around a
loop of mirrors 1n opposite
directions (as shown)



Detector

The Sagnac Effect (2 of 3)

e

Source —EE
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If the apparatus 1s stationary,

the two beams of light wnll

travel equal distances around

the loop, and arrive at the detector
simultaneously and in phase.



The Sagnac Eftect (3 of 3)

However, when the device 1s
Letestor rotating, the beam traveling
around the loop mn the
direction of rotation will have

farther to travel than the beam
traveling counter to the
direction of rotation.
Clockwise
Rotation

sina+ sinf = 2 sin(0.5(a+p))cos(0.5(a-B))
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Two counter propagating beams, (one clockwise, CW, and another
counterclockwise, CCW) arising from the same source, propagate
inside an interferometer along the same closed path. At the output
of the interferometer the CW and CCW beams interfere to produce
a fringe pattern which shifts 1f a rotation rate 1s applied along an
axis perpendicular to the plane of the path of the beam. Thus, the
CW and CCW beams experience a relative phase difference which
1s proportional to the rotation rate. Consider a hypothetical
interferometer, with a circular path of radius R as shown in fig.
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When the interferometer is stationary, the CW and CCW propagating
beams recombine after a time period given by,

2 A

i
where R 1s the radius of the closed path and c 1s the velocity of light.

But, if the interferometer 1s set into rotation with an angular velocity,
(2 rad/sec about an axis passing through the centre and normal to the
plane of the interferometer, the beams re-encounter the beam splitter at
different times.

T:

The CW propagating beam traverses a path length slightly greater (by
A s) than 2t R to complete one round trip. The CCW propagating
beam traverses a path length slightly lesser than 27 R 1n one round trip.
If the time taken for CW and CCW trips are designated as 7+ and 7-,

then, 4R
H — (T+ - T-/i = 7 2
o - (R
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The difference yields

4 xR0

4
&

AT =
With the consideration that, ¢ > > (R % £2),

The round trip optical path difference 1s given by

4 xR0
i
and the phase difference is given by

ﬁﬂ:

84 %

& —_—
? oA
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If the closed path consists of many turns of fiber, A ¢ is given
by,

4 Z HE2 8 57 pf A
Ag = _ o IR
oA oA

where A = area of the enclosed loop, NV = number of turns of
fiber, each of radius R, and L = total length of the fiber.

As a general case, the Sagnac frequency shift 1s given by,

4482

YT

w. wang



Sagnac Interferometer

Directional

Polarizer Phase
(o —Coupler modulator
Source Cy % | |
Fiber optic
t+ coil (loop)
Directional
DEtE':t‘Er EDUFlEr

if the loop rotates clockwise, by the time the beams traverse the loop the
starting point will have moved and the clockwise beam will take a slightly
longer time than the counterclockwise beam to come back to the starting
point. This difference of time or phase will result in a change of intensity
at the output light beam propagating toward C..
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If the entire loop arrangement rotates with an angular velocity Q, the phase difference
between the two beams is given by

where N is the number of fiber turns in the loop

A is the area enclosed by one turn (which
need not be circular)

A, 1s the free space wavelength of light
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Minimum configuration of fiber-
optic gyroscope
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Test Platform

o 5 Experimenter's Consale
Reconfigurable

LCD Dasplay Panel

Dynamic
» Heading
y =

. ° s Sensor

{..._:h.li:'l'-j i ! i : A I., e L_. L ] I II |:|' i.llt.; :l
‘I.,-"I dl:‘_[‘l 4 |

Cameras

; » D-GPS
Speed/Distance Voice I'O Dy Acquisition
Sensors Muodule and Control

Special Thanks
to Toyoia USA
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KVH autoGYRO fiberoptic
gyroscope case study video
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Case Studv Results

Driving Scenario

Baseline (Straightaway)
Adjust Climate Control
Tune Radio

Dral Cell Phone

Interactive Text Display

Steering
Instability

Factor
1.0

1.5
2.0
3.0
6.0



Fabry-Perot Interferometer

Interference of an infinite number of waves progressively
smaller amplitude and equal phase difference.

_ _ Pathlength difference for adiacent
Partially silvered surfaces Fays = 226 - CD = 2d cos o,
rhararterized b reflactinn

= =L R e - LS =L R L

coetfctent r —— o ] e
""" é ?.3.33'.'/-"" R AT

e RIS
s
=L
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Fabry-Perot Interferometer

(R, +R, —2x./R xR, cos(¢))
1+ R xR, —2x\/R xR,xcos(@)

2X2XTTXYXN

1,(9)=

b =

where cos(0) =1  normal incident;

cos(d)

y = distance separation of mirror and fiber end;

n = index of refraction of the air gap;

A= wavelength of the incoming He-Ne laser = 632.8 nm;
R, = intensity reflection coefficient of fiber;

R, = intensity reflection coefficient of mirror;
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Transmission Intensity

1,(¢) = i
t 1+ R xR, —2x,/R xR, x cos(®)
2X2XTTXYXN

b =

where cos(0) =1  normal incident;

cos(d)

y = distance separation of mirror and fiber end;

n = index of refraction of the air gap;

A= wavelength of the incoming He-Ne laser = 632.8 nm;
T, = intensity transmission coefficient of fiber;

T, = intensity transmission coefficient of mirror;
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Finesse &

r= X /R, xR,
_(1 JR xR,)

Jf = g Where 6= half power bandwidth

This parameter 1s defined as the ratio of the half power bandwidth
over the peak to peak full bandwidth. It’s a way to measure the
sharpness of the curve.
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Transmission Spectrum

The frequency of each line 1s given by
f=p C/(2nycosO) where p=+1,+2,+3,...
The lines are separated in frequencies by

A f=C_/(2nycos0)
The spacing between etalon modes 1s

AL = AfN/C,
The mode number of the etalon is

w.wang P =4



Film thickness Measurement

T phase chMir, n=1.00

no phase change T

This phase change 1s important in the interference which
occurs in thin films, the design of anti-reflection coatings,
interference filters, and thin film mirrors.
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Interference Filters

Semireflective
coatings

w. wang

Spacet at half wavelength

for the desired wavelength,
at a multiple of that.

Thickness calculated from
the interference condition:
| g
2ncosp

The passed wavelength is
given by

A = Ao,/ 1 - SinZa
n<



Anti-Retlection Coatings

Anti-reflection coatings work by producing two reflections
which interfere destructively with each other,

Reflections out of phase En phase change
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Multi-Layer Anti-Reflection
Coatings

W [
b [
S b [
W [
ta |
W [

Typical NN, —CeFz
Material n=1.65

MoFo MgFa

o = T 2 ur
n=138 n=1.35 A=z
QOptirmum coating n=1 76

2 - .

Azoating= ~Mglass 119 _

Mg Optimum coating
Nz
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Temperature Strain and Pressure Sensing

2X2XTTX VXN

@ =

Strain response due to
« Physical change corresponding to optical path y change
* index n change due to photoelastic effect

&fj — & - %ﬁﬁ'u t pRts T Ppsf

Thermal response arise from
* Internal thermal expansion
« temperature dependent index change

cos(d)
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The change in phase due to a unit perturbation such as pressure
change 1s given by,
J >
A= &+ IAS= &N + Mhm+£mj
where n = refractive index, and a = radius of the fiber. The
change 1n 3 , due to radius variations is very small and can be
neglected. The change in refractive index can be obtained from

the the index variation due to photoelastic effect as,

!
h L

Fl
where p;, 1s the photoelasuc ensor ana € ) 1s we strain. In the

case of an optical fiber made of isotropic glass there are only
two 1independent photoelastic constants p,, and p,.
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_ Al _ _ Ar
Let aﬁ_Tﬂﬂdaﬁ_d}_T_d’
Combining the above,
Ag n
? = & - B Hpy t P)es + ppslf

The above analysis can be generalized and extended to obtain the
induced phase changes in an optical fiber due to pressure,
temperature or strain variations. The normalized phase changes
are as given below.

A - . I - w= 25
—;#= Elﬁaﬂ o ﬂgt/j'-’?'u ‘PJEJ][ “ F]M

L A A o Iy
7 X 27 Az ar

where, L= length of the fiber, A P = change in hydrostatic pressure; p,,, , p,, =
photoelastic constants, v = Poisson's ratio;, E = Young's modulus; a = linear
expansion coefficient; S = strain; A = wavelength of light in free space; n =
refractive index, a = core radius of the fiber; %’q = rate of change of

propagation constant with core radius, AT = change in temperature.
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In an optical interferometer the reference and phase
modulated light are combined and detected using a
photodetector. One obtains an interference equation
which has a sinusoidal dependence. A fixed phase
bias of © /2 1s introduced in the reference arm with the
help of a piezoelectric modulator so that the output
variation 1s linear. The current output from the
detector 1s given by,

L e [ Lge) (4
5 a_& e - ‘&P
L T Ly AP [flﬁ"][ﬂfF()
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The photon noise current associated with this detection 1s

2 = 7e [f"gg] B
s

Signal to noise ratio, ,

SNR = L&
I
The minmimum detectable pressure 1s found by setting SNR = 1.
Hence Pmin is obtained as
2 ¥,
e
aF

[2;1 ;5] Y
Fum = |/
I.q

where /& = Plank's constant, n = optical frequency, B = detection
bandwidth and ¢ = quantum efficiency.
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Fabry-Perot Fiber-Optic Temperature Sensor

Sapphire Optical Fibar Platinum-Alloy Beflector
Fiber-Optic Platinum-Alloy Housing
c:ﬂrll‘lE‘ﬂtDr i i P S Al Sl .l > r il

==t | =S\

LAY

B o A i A Al T Sl ol Bl ol o

Compression Fitting Nickal-Alloy Sheath d

DETAIL OF SENSOR HEAD

Su_urc-e_ of
o Whita Light 1‘\.. Fibar-Optic Fibar-Oplic
Liquid-Crystal Coupler Cannactor
Cisplay - iy
| -y
Sensor Haad
Crplical Fibar
Parsonal -  Spectrometar
Compuler and CCD
Keyboard I LA

FROTOTYPFE SENSOR SYSTEM

1.06

1.00

Irtensity, Arbitrary Units

] ] | | ] ]
054
50 10 aro 830 a0 750 710 B70 G530 580 550

Wavelength, nm

EXAMPLE OF SPECTRUM AT A TEMPERATURE NEAR UPPER END OF RANGE
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Extrinsic Fabry-Perot Interferometer

124l

Strain Sensor

SLDYELED

M. Schmidt, et al., OSA, 2001, vol.8 No. 8, p475-480
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Extrinsic Fabry-Perot Interferometer

Two EFPI’s epoxied to the top
Electrodes of a 1mm thick PZT-

Sheet actuator.

- 50 pm displacement resolution
- 2nm/m strain
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Extrinsic Fabry-Perot Interferometer

Phase demodulated signal

i
Cemaodulation Mok

= [E

3\ output signals

Tima [sac

3\ outpu signals with 1800V PZT excitation at 10Hz
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Microring Resonator

27N o5 Ry N,y Effective index
P R, Effective ring radius, defined as the radial
m distance to the centroid of the radial function.

Nfﬁ(lm) _ Nlnf;ﬁ"(lm -1:II ]
m m+ 1

Resonant wavelength:

Arep = Qanﬁ[

}l";rﬂ " ::Iugﬂ'- .

i-lﬂﬂ.
B

Fig. 1. A schematse of the wavesmde-coupled microcasnty resonator, show-
ing a mucronng resonator coupled to straght wavegudes.
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Lorentzian Filter Response

TNT —
LY an
EE nn : - E |
f =

T s i - a4

E o2 : ' { A o
.
; )

185 LB 1'm L 1= 1=

Wawclongth  (rone]
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Half bandwidth of the detected signal power:

2

A 2KT1
(211) Réi,ﬁr

Ky = k(z)e M

k(z): Couplingcoetficien between tle twowaveguids

k; : Fractionof powercoupledoutof theringover the

interactio distance

Q: Time-averaged stored energy per optical cycle, divided
by power coupled out.

2
2?1: jofiwqﬁ‘

3
lmKT



Principles of Fabry-Perot Etalon

2nd

Resonant condition: ) q

n: Index of refraction of the cavity media

| R 1 R
| 1..I'R,REI 4,/RR, sin!nmd
¢
2 ¢
VR R aRRsin? " 7

Power transmission coefficient: =

Power reflection coefficient: R= - {ﬁnd
l ..J' RR, 4R R, sin®
) C
| Free spectral range |
"~ il
d S —— -
Wavelength [l i i T R 1‘ N -
- e Reflection \
§
' — 0 ETmu FWHM |
S .‘I !
t t | Transmission |
Reflectivity Reflectivity : r —

= R1 = RE {Q"I }I gm o
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Principles of Fabry-Perot Etalon

Free-spectra range: FSR ¢ > nd Finesse:

Vs
¢ 1 RR Y  p__FSR RR,

- i i . - - ] 4
Full-width at half maximum: e RR 7 FWHM | RR, /

s

Free spectral range

Tma: =TT T"‘"‘—-n._“
P ™,

Y i Reflection Y

0.5T, .

Transmission
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Tunable Filter with Curved Mirror Cavity

Silicon processing:
— Half-symmetric curved mirror cavity
— 3dB linewidth: <2 GHz
— Finesse: >"2,000

Curved micro-mirrors:

Matching cavity mode to fiber mode
Low-cost lens-free packaging
Fiber insertion loss: 3-7dB

Tuning speed: "0Onm /msec

Via-hole |4
silicon |

| Top curved mirror
/ Bottom mirror

Filter Tuning plot

o b b A -
=

Transmission (dB)

21 18 168y 12V 8V

&
= =

J

Wavelength (nm)

i MW
"§20 " 540 '6E0

Developed by CoreTek, Inc.

YV e VYV bl«lls

Lih ¥. Lin




High-power Tunable " 550-nm VCSEL

] M_EM»based half-symmetric curved VCSEL tuning curve
mirror: PR
— Single spatial mode o _ 1580 | R
— Designed mode matches to fiber e £ 1570 T~
. | ,
mode s 0 N,
= 1550 |
] 5 10 15 20
1 Integration with pump laser: Voltage (V)

Tunable MEM-VCSEL at ".55 m

=] =1 m
¥
kY
*

Quput Power (mW)

o
*
;\

Pump Power (mW)

Developed by CoreTek, Inc. Lih Y. Lin
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Tunable DBR " .55- m Filter

Using wide-band AlO,/GaAs
DBRs (distributed Bragg
reflectors)

Wide tuning range and
efficiency: 50 nm/V

Transmission (a.u.)

1530 1540 1550 1560 1570 1580
Wavelength (nm)

Chang-Hasnain, UC Berkeley
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“MARS” Micromechanical Modulator

(Mechanical Anti-Reflection Switch)

input

reflect
M4 SiN,

PSG
Silicon

0 < Ve <30V transmit
3i/4 < gap < if2
Data transmitter Variable attenuator
85 ns response

1.1 usec response

Ford, Walker, Greywall & Goossen, [EEE J. Lightwave Tech. 16, 1998
el

Reflectivity

0.7
0.6

1300 1400 1500 1600
Wavelength (nm)

Equalizer mirror stripe
10 usec response

s

P T
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| I "lll
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Fabry-Perot Etalon

Reflectivity

n -u g :
. F sin(rd/d 0.9 ° iop:
Reflectivity = - _(; o 0.8 gw
1+ F sin (I‘[di’dc} . o 220 nm
Incident F =4RJ/(1-R)? 0.7 \ :
R, = top interface reflectivity = 30.6% E 0.6 A 1
d = gap between plates S o5 |
d, = gap @ minimum reflectivity (1./2) 2"
204 1
Reflected Transmitted 0.3 |
€ 4 A ]
1.00 0.2 1
0." 1
air gap 0.0 ©
b 37,12 -0.2-0." 0 0." 0.2 0.3 0.4 0.5 0.6
_,-l"'-_- - un 63 nim Ga d I
> - p reduction (microns)
/ w© 750 nm
0.50 A é"
\ 900 nm
750 nm
0.00 4 . ! 820 nm

1.2 1.3 1.4 15 1.6 1.7 Wavelength (microns
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Principles of Dielectric Mirror

Z
¥ 3
B | ™ e My Fg
— Ag A_; 1‘42 ............................... f‘IH AS
By B B, By By
} Xo Xy X2 N g
+ M- M === »
d} 'f'!r_j- f.'rhl
E = E(x)e" " P Electric field of a general plane-wave
- ikp(x- xp) ik (x- xg)
Ae + B.e . X <X,
— -tk (X-x0) 4 fhepe (X- X1 )
E(x)=) 4e Be . X < X< X
- ik - 1% -
ASE thye (X- Xy ) +BS€; o (X -r}u';'j Xy < X
®
k,, =n,—cos0, x component of the wave vectors (6,: ray angle)
C

Ref: P. Yeh, Optical Waves in Layered Media, Wiley.
W. wallg



Principles of Dielectric Mirror

2x2 matrix formulation for multi-layer system

1 1
), = for TE wave
nmcosB, - mcosB,

cosO, cosO,
D, = for TM wave

n -

i,
e 0
F; _{f} E""i' ’ d]f = krrd,r

Transmission and reflection coefficients can be determined from:

AG :EM 11 M 12 {‘4%
B, M, M,| B Dependent on wavelength and
thickness of the dielectric layers
M, M 19 y
5

v
2 =p"\TTDPD
M Mr] G{D 11

21 22
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