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Fiber Optic Communications
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I Fibers of glass
1 Usually 120 micrometers in diameter

I Used to carry signals in the form of light
over distances up to 50 km.

I No repeaters needed.
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I Core — thin glass center of the fiber
where light travels.

I Cladding — outer optical material
surrounding the core

I Buffer Coating — plastic
coating that protects
the fiber.

Core

Buffer
Coating




I Bandwidth-distance product
I Throughput
I Bit error rate

Glass Core typically ~8.5um

Glass Cladding ~125um

__— Primary Coating

Quter Jacket

-l I
245pm
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Advantages

S
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I Thinner

I Less Expensive

I Higher Carrying Capacity
I Less Signal Degradation
I Light Signals

I Non-Flammable

I Light Weight
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N\7922 Evolution of Fiber
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I 1880 — Alexander Graham Bell

1 1930 — Patents on tubing

I 1950 — Patent for two-layer glass wave-guide
1 1960 — Laser first used as light source

1 1965 — High loss of light discovered

1 1970s — Refining of manufacturing process

I 1980s — becomes backbone of long distance
telephone networks in North America.

With Knowledge We Serve




Areas of Application

I Telecommunications
I Local Area Networks
1 Cable TV

1 CCTV

1 Optical Fiber Sensors
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I Single-mode fibers — used to transmit one
signal per fiber (used in telephone and cable
TV). They have small cores(9 microns in
diameter) and transmit infra-red light from laser.

I Multi-mode fibers — used to transmit many
signals per fiber (used in computer networks).
They have larger cores(62.5 microns In
diameter) and transmit infra-red light from LED.
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Working Principle

1 Total Internal Reflection.

1 Fibre Optics Relay Systems has
-Transmitter

-Optical Fibre

-Optical Regenerator
-Optical Recelver
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medium 1

evanescent field
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ﬁ{lgﬂ@ Attenuation and dispersion

1 Attenuation: reduction
of light amplitude

1 Dispersion:
deterioration of
waveform
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How are Optical

I Three Steps are Involved
-Making a Preform Glass Cylinder
-Drawing the Fibre’s from the preform
-Testing the Fibre

With Knowledge We Serve



U|PIM

UNIVERSITI PUTRA MALAYS1A

l h u

{(zas Deposition System

— Preform Feed
POCL, GeCl, BEr, —— Furnace
Preform sicCl 4 s W
B —Laser Micrometer
T- Coating Cup 1

— ¥ Curing Oven 1

Coating Cup 2

— UV Curing Oven 2

—Tractor
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o Generic Optical Comm.
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Input — Optical Transmitter Comm. Channel +—| Optical Receiver |—— Output

« Format « Modulation * Loss * Bandwidth
e Bandwidth Characteristics * Dispersion ) Resp_o.n_swny
« Protocol * Power  4-Wave Mixing ~ * Sensitivity
« Wavelength * Noise * Noise
 Crosstalks « Wavelength
» Distortion

Amplification
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a telecommunications architecture In
which a communications path Is provided
over optical fiber cables from the
operator's switching equipment to the
boundary of the home living space
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Optical networks, optimized for voice, video and data 19 Mbps - 1 Gbps +
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1310 nm (voice)

1550 nm (video)
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37 wa Fiber-to-the-Home
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Satellite 0.400 0.028 — 0.056 -
Cable Modem (HFC) 1-10 01-1 1-6
ADSL (voice, data) 15-6.1 0.176 — 0.640 12 -18
VDSL (voice, data, video) 13 -52 0.64-3 1-6
Wi-Fi 11 1 >1
FTTH — PON 622 >155 60
FTTH - PtP 1000 1000 15-30
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Q Video (SDTV, HDTV, Video-on-Demand)

Triple Play
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Features of Home Automation
*Video Surveillance
Lighting (including scene lighting)
*Heating and Air Conditioning
*Home Audio
*Home Video
*Pool Equipment and Water Features

Control your home from anywhere:
*Graphical touch screens
*Any Phone
*Any Computer
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V7 uam Fiber-to-the-Home

Economies with the Highest Penetration of Fiber-to-the-Home / Building+LAN

35%

30% — Economies with greater
than 1% household penetration

25% —

20%

15% ==1

10% —

HOUSEHOLD PENETRATION

5%

0% —

Economies where majority architecture

Mid-Year 2008 Ranking Is Fiber-to-the-Home

Source: Fiber-to-the-Home Council Economies where majority architecture
Jul 08 is Fiber-to-the-Building+LAN
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www.Wikipedia.org
WWW.youtube.com

“Light connects us”
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Optical sourcesand amplifiers
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1%‘ EM Laser diodes
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§ Laser diodes are very similar to the structure of light emitting
diodes.

§ The main difference is the requirement of optical feedback to be
able to establish laser oscillation.

§ This is done by cleaving and polishing the end faces of the
junction diodes to act as mirrors.
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E"’ 2 Laser diodes

§ Qualitatively, the functionality of the laser diode can be described
as follows :

§ Forward current injects holes and electrons into the junction.

§ Photons in the junction stimulate electron-hole recombination,
with emission of added photons.

§ This process yields gain. If the gain exceeds the losses,
oscillation occurs.

Therefore the gain must exceed a threshold value.

To obtain this threshold, the current must be greater than a
certain value called the threshold current.
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Laser diodes

|

8 What are the sources of losses ?

§ The losses happens because of absorption and in the case of the laser diode
the spontaneous emission also contribute to losses indirectly

V7=

§ WHY not like LED case ?

§ In the case of the LED the spontaneous emission is the only source of light
and it happens as the forward bias increases with a very low threshold

voltage.

§ In this case there resonance due to cleaving of the LD walls which would
attenuate most of the spontaneous emission since it is random and cannot
be fixed at a certain wavelength and so the only outcome is the reduction of
population inversion and lowering the efficiency resonance and stimulated

emission
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Homojunction vs.

o

\

Vkes= heterojunctions

§ The LED and the LD mentioned before were both described as
homojunctions.

§ A homojunction is a PN junction formed with a single
semiconductor material.

§ Homojunctions do not confine the light emitted very well as
the junction is usually relatively large which causes light
emission to be over a large angle and surface area which
coupled to fiber very inefficiently.

§ A heterojunction is a junction formed by dissimilar
semiconductors.
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o Homojunction vs.
\7ed heterojunctions

§ Most LD are made of heterojunctions as they are much more efficient in
light emission and in confinement of emission suitable for efficient

coupling.

§ This different materials will have different band gaps which can be
designed to limit the distance over which the minority carrier may diffuse
and also reduce the amount of absorption of generated photon.

§ The figure below illustrate the band diagram of a double hetero-junction
before connection

With Knowledge We Serve




Functionality of

W}P UIPIM heterojunctions

\

§ When the structure is connected the Fermi level must remain constant
for thermal equilibrium and because of the middle p-layer is smaller in
band gap than the other two layers when the structure is forward
biased electrons would flow to the middle p region but would be
confined in that region since there is a potential barrier due to the

difference in band gap limiting them from diffusing further in the
adjacent p region.
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Functionality of

o

\

17 =5 heterojunctions

§ By keeping the middle layer extremely small (—0.1mm) the
emitted photon can be confined to a very small area.

§ Another advantage is that photons generated in other layers
which move to the middle layer cannot be absorbed since it
will have a different energy value than the band gap of the

middle layer.
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Laser diode operating
%' characteristics

S I+ = threshold current
P(optical) Example: I;, = 75 mA
LAy ™ Ideal :
(mW) Actual Diode Voltages @L1.2 - 2 Volts
- = > | (MA)
0 Iy 100

§ Below the threshold current there is a
small increase in optic power with the drive

current.
§ This is non-coherent sponteneous emission

in¥8 [Je recombination layer. (Why so small?)
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h U@mﬁm Digital modulation

Digital Modulation

Optical Power

2 1 0 1
o —————
al I
= I
© I
= lrh I
O 1
lyc _ t
1 's
0
1

| + Input Current or Signal
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h ‘@@mmm Analogue modulation

Analog Modulation Optical Power

O |

= E | t

o :

al V4 : :

T ‘o B

) I : I

I : : § For the analogue case, the dc bias must
: I be beyond the threshold point to ensure
—— ! that operation will be along the linear

portion of the power-current characteristic
curve.

o - -

élnput Current (Signal)
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WN72490  Temperature dependence
ol
P (mW) 30°C 80°C
0 70 100 i (MA)
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§ As the temperature increases the diode gain decreases and so more
current is required to overcome the losses and for oscillation to begin.

§ The consequence is that the threshold current increases with the increase
of temperature as shown in the previous figure.

§ The reason for this happening can be explained as follows: increasing the
temperature increase the energy of more electrons and holes to be free
outside the active layer (in the n and p layers).

§ More recombination happens outside the active layer with free carriers that
would have reached the active layer but recombine instead.

§ This reduces the number of charges reaching the active layer and
consequently reducing stimulated emission and diode gain.

§ In optical communication this might have drastic consequences as at
constant current, if the temperature of the diode rises this will reduces the
output power.

§ Large reduction in power might increase detection error at the receiver and
so reducing the overall performance of the communication system.
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Laser wavelength dependence on
UlP|M temperature
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§ The wavelength is dependent on the temperature as consequence of
the dependence of the refractive index of the material on temperature.

§ Recall the cavity resonant frequency is given by : f = mcC

2Ln
T,=27°C I Cavity Resonance
/\ Output
T,=30°C | Cavity Reso;lance
OQutput |

» .
»
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@%‘ mEm Laser spectral widths

§ Laser diode typically posses line width between 1-5nm which is much
smaller than that of an LED.

§ Unlike the HeNe gas laser, in this case the emitting transition is
happening in a semiconductor which occurs between energy bands not
distinct lines as the case in gases.

§ Therefore the line width is larger than that of a HeNe laser (which is
typically of the order of 103 nm).
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\7ZE0 Laser spectral widths

e The cavity also affects the output spectrum. The cavity dimension can
cause many longitudinal modes to co-exist.

e Recall : the cavity resonant wavelength spacing is given by :

/ 2
D/ =" ° Df,
Where : ch=C
2Ln
Thus

/° | ?

D= £B "8 £

c 2Ln 2Ln
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Laser spectral widths
U@ ulP[M example

AsSsume:
| ,=0.82mMm,L=300mm,n =3.6

DI =2 nm (laser linewidth)
Then

2
P/ = (082" 311710 /;m =0.3110m
2(300)3.6
The number of longitudinal modes is approximately
N, @ linewidth j = D/
resonance spacing 1/,
2nm
= =6.4
" 0.311nm @
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U@mﬁm Plot of the laser modes

For the laser diode Gain
we have:
— | ~— )
' ~ | (nm)
819 820 821
0.311 nm Cavity Resonances

o

' > | (nm)

Output
Spectrum

> | (hm)
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Distributed feedback laser
diode

V7=

§ Distributed feedback (DFB) lasers is a type of laser which produces very narrow
linewidth (single longitudinal mode laser).

§ The figure below shows the structure of a DFB laser from inside.
Metallization

L
: Grating
Different e |

Materials — ~_ d
P
b
n [ Active
Cleaved L — Layer
Face

|
The grating (etched just above the active layer) acts as a wavelength

selective filter, permitting only one of the cavity’s modes to propagate.
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/\ Laser Gain
4l
I > |
I
|
I Grating Resonances
|
|
o I >
I
|
I
I
I

Cavity Resonances

Laser Output

I
" I
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h U@ MEM Distributed feedback laser diode

§ The grating resonances, according to Bragg’s law, are those wavelengths for
which the grating period L (illustrated on a preceding slide) is an integral
number of half-wavelengths. That is:

Lom/
2

§ | is the wavelength in the diode, m is an integer

8 |0 is the free-space wavelength
§ The grating period then satisfies :

- /0

" maéo ¢
%2 m




Example: Consider an InGaAsP DFB LD
| ,=1.55mm, n =3.5,let m =1 (first order)

Determine the grating period.

L =M/ o - L55 g o

2n  2(3.5)

Let m = 2 (second order)

=M/ _2(155) _ .,

A4 /MM
2n  2(3.5)
With Knowledge We Serve




@mﬁm Tunable laser diodes
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§ There is a need in fiber systems for sources which can be tuned
to precise wavelengths. The most common examples are the
WDM systems, where a number of closely spaced wavelengths
are needed to provide multiple carriers on the same fiber.

§ One possibility is to tune a DFB LD by changing its temperature
or its drive current (which changes its temperature). Tuning is
on the order of 102 nm/mA.
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W2 mEm  Tunable laser diodes
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§ This can be useful but if we want to use it as a WDM source this

will not be practical as typical WDM systems will need tunability
In the range of 10nm or more.

§ For this reason another variation of the DFB LD can be used
which called distributed bragg reflector laser diode.
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ﬁ%‘mmm DBR laser diode

§ In a DBR LD there are three regions : the gain, the Bragg and the
phase.

§ Each region is supplied with a separate currents as shown in the
diagram.

§ The gain current (I;) determines the amplification in the active
region and so the level of the output power.
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mﬁ?mﬁm DBR laser diode
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§ The phase current (I;) act as a control of the feedback from the bragg
reflection by changing the phase of the wave reflected from the Bragg region
through heating the phase layer which changes its refractive index.

§ The current (I;) control the Bragg wavelength by changing the temperature in
the Bragg region which again changes the refractive index.

CLEAVED
FACET

GAIN PHASE BRAGG
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§ The operating wavelength, can be given by : /0 — 2neff L

@mmm DBR laser diode

§ assuming the first order resonance (m=1), and |, is the free-space emitted

wavelength, and n_ is the effective refractive index.

§ The tuning range (Dl ) is proportional to the effective refractive index variation
(Dneff)-

D/ _ Dng

/ ne1‘f
§ If the center wavelength is 1500 nm, the tuning range would be 15 nm.
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N79ED  Optical amplifiers

§ Fiber optic systems are mainly limited by either bandwidth or
attenuation.

§ If we are transferring a digital signal via a fiber optic link a
regenerator can be inserted in the middle if the link is too long
and the signal is severely attenuated.

§ The regenerator detects the optical signal , converting it to
the electrical form, detects the ones and zeros and removes
the pulse spreading and distortions then reconverts the signal
to an optical form to be resent via the optical link.
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N79E0  Optical amplifiers

§ In an analogue signal the situation is more difficult but still
possible.

§ Both these methods have been actually successfully
implemented in the past for cross-Atlantic transmission for
example.

§ However, these methods are expensive in all its stages
(construction , installation, require large power etc ...)

§ This was the motivation behind trying to find an all optical
amplifier which saves the double conversion OEO along
transmission every time we need to amplify the signal.
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U[P|M Optical amplifiers
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§ From the discussion of laser principles it was clear that the laser
operation include some kind of amplification of light.

§ Essentially this means operating laser without mirrors or with
mirrors but below the bias threshold (as the input light needs to be
the cause of stimulation instead of inducing photons through
Increasing the driving current which would distort the signal.)
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Optical amplifiers

i v / AR coating

P
n
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h U@mﬁm Optical amplifiers

In practice, several problems came up when these structures were used
which limited the efficient use of semiconductor amplifiers

§ Problems:
1. Low gain
2. High noise
3. Polarization dependent gain
4. Low coupling efficiency to the fiber

§ The solution to the problems of the semiconductor amplifier is the
erbium-doped-fiber amplifier (EDFA) which is explained next
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Erbium doped fiber optical
U[P[M amplifier
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h \7

8 Erbium doped fiber amplifier is an effective optical amplifier because
of its :

§ High gain (15 dB or more).

§ Wavelength of amplification is the 1550nm which cause very low loss
during transmission.

Low noise.

Low drive power consumption (400 mA, 2 volts, 0.8 watts)
Wide bandwidth (20 to 30 nm).

Amplifier works for digital and analog systems.

Multiple channels (WDM) can be amplified simultaneously.

w W W W W
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Erbium doped fiber optical
@ [ [
@@mﬁ@ amplifier

§ Operation of EDFA : (two light beams pump light and
signal light )

§ Pump photons (1.48 mm or 0.98 mm) are absorbed raising the
Erbium atoms to the high energy level.
The atoms decay, non - radiatively, to the upper laser level.

That level has a long lifetime, so the atoms remain in that state
until incoming photons ( in the 1.55 mm range) stimulate
transitions to the ground state.

§ The stimulated transitions produce photons with the same
wavelength and phase of the stimulating photons and so causing
amplification.
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Erbium doped fiber optical

amplifier
High energy level
1.48 mm or Upper laser level
0.98 mm Fast transitions
4I13/2
1 1.55 mm
Ground state A
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Erbium doped fiber optical
K amplifier

EDFA Configuration (Practical)

Input Er-doped Output
1.55 mTm fiber 1.55 mm
1.55 1.55 — —
—} WM ——— e \/\| \| —}
1.48 1.48
Isolator Isolator
LD LD
1.48 mm 1.48 mm

Pumping in both directions increases the total gain.

sIsolators keep the amplifier from going into oscillation.
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N Julplm Noise figure
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§ Any amplifier not only increases the signal, it also increases the
noise.

§ In an ideal amplifier, both are increased by the same factor. In this
case, the signal-to-noise ratio at the amplifier output is the same as

at its input.

§ Real amplifiers add noise, so that the SNR is less at the output than
at the input.
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Noise figure

§ The signal is degraded by the amplifier. The noise figure F is a
measure of this degradation.

§ The noise figure is given by:

in dB &

Fo =l I OF=6 N -4S R, W,
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h U@mﬁm Fiber lasers

§ Laser diodes and LEDs couple inefficiently into glass fibers.
§ If we can build a laser in the form of a fiber, coupling would be much better.

§ We know that fiber amplifiers are possible, thus a fiber oscillator (i.e., a laser)
should be possible.

§ Two fiber lasers will be shown in the next slides

§ Fabry-Perot Fiber Laser
§ Erbium Doped Fiber Laser
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Fabry-Perot Fiber Laser

@
II|||I
Mirrors
1.55 m”m
—
Pump Laser Diode Erbium-Doped Transmission Fiber
0.98 mm Silica Fiber

(or 1.48 nm)

§ The first mirror is designed such that it is highly reflective for
wavelength 1.55mm

and highly Transmissive for wavelength 0.98mm

§ The second mirror is partially transmissive at | =1.55mm
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Erbium doped fiber laser
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ERBIUM-DOPED
FIBER LOOP

GRATING GRATING
OUTPUT
WDM

> SIGNAL

r 1550 nm

980 nm PUMP
LASER

GRATING: Fiber Bragg grating
WDM: Wavelength division multiplexer

§ The fiber Bragg gratings act as reflectors.

§ The wavelength division multiplexer (WDM) couples
the pump light into the erbium-doped fiber loop.
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External Modulators
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Em Optical Modulation
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§ Direct modulation on semiconductor lasers:

§ Output frequency shifts with drive signal
§ carrier induced (chirp)
§ temperature variation due to carrier modulation
§ Limited extinction ratio & because we don’t want to turn off laser at O-
bits
§ Impact on distance*bit-rate product

§ External modulation

§ Electro-optical modulation

§ Electroabsorption (EA) modulation
§ Chirp can still exist
§ Facilitates integration

§ Always incur 6-7 dB insertion loss
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oL L il Table 1.10. Physico-chemical constants of LINbO; crystals (according to Kuz’'mi-
i nov 1973).
§ Dé’S/I’ab/E P/’Opé’ftl@S Characteristic _ I_ - | _ | Experimental data
8 ngh electrooptic Density of single crystals (gem=7) R 4,612
ffici Mohs’ hardness I 5
coetticients Melting point (°C) 1260
. . Curie pomnt (°C) 1210
§ ngh Optlcal Parameters of a unit cell:
transparency near Rhombehedral
. a (A) 5.4920
telecom transmission | Angle 55°53
) Hexagonal
§ High T. a (A) 5.14829 + 0.00002
: ¢ (A) 13.86310 £ 0.00004
§ MeChanlCa”y and Number of formula units in cells
chemically stable Rhombohedral ;
Hexagonal 6
§ Manufactu ring Thermal expansion coefficient
“p e a axis 16.7 + 10-6
compatibility ¢ axis 2.0 + 10
Dielectric constant e, =44 ;=8
£ =29 £y =30
E}il = 43 Etu =78
o 833 = 49 853 =32
Refractive indices (A = 0.623 um) ny = 2286 ne= 2.2
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switching curve modulation response
v M Vour
! A
| NN~~~ | MOD M—-f
DET
.
M(dBE) = 20 logy, [::: ((: )) ] \
v FREQUENgY
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Electrooptic effect

Typical Electrooptic
Modulator

Optical phase shift = DF = Dbg L = kolhg, L

| —rpES + roEf —rpES rsiEq |
= | —ryEa rnE? + raES  ra B9 Local changein index of
aey = BTy T TEEe Ty refraction = [nh = -(n3r/2)E2
rsi g r51E§ fssEg_
Effective change of index = [N, =
-(N3/2) G(VIG)
A - nsr v I ELECTRODES
n= —
2 G /
eq,
n~ 22
Ar~1S um &
G~ 15 um -
r~ 30 pm/V WAVEGURE
I' ~ 0.3 ™\ SUBSTRATE
An ~ 2 x 107° Ve x L i
n~2x xL =
" n"eor T

Ty F S =] O] e WE‘ SEI"JE
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Device design

Most common electrode configurations (MZ1)

Grownd
Electrodes

Graund
Electroue

Lithiurr Mickate

Waveguida

Groungd

Ground
Elecirode

=

‘ L

Electrode

i
— | —.
Lithiurm Niobate ] *

Waveguides.

Charge gma Layers
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1}%‘ UPIM Fabrication

i § Waveguides

\

8 Ti diffusion
Vieta § ~1000 oC.
_— Flectrade § Li out-diffusion must
- ;“*;1::;‘5"‘-‘” be minimized.
Bufle § Annealed proton
' _ L LiNRO, exchange (APE)
- Substrate § Acid bath
Cross section of x-cut coplanar-waveguide § ~125-250 oC.
+“'Aj: Elegtrodes 8 FElectrodes
- - § Electroplated.
ql I,pli’f\ § Typically Au.
s e § Deposited directly on
B LT LINbO or on optically
= transparent buffer layer.

Cross section of z-cut ridge-waveguide

§ ~3-15 mm thick.
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N7 Fabrication

§ Dicing & Polishing
§ LINbO; crystals do not cleave like GaAs or InP
§ Diamond saw cutting
§ Crystal ends cut at an angle to waveguide to reduce reflections.
§ Both ends are polished to an optical finish.
§ Must be free from debris and polishing compounds.
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EMm Fabrication
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8 Pigtalling & Packaging
§ subassemblies
§ Integrated-optic chip
§ The “waveguide”

§ Optical-fiber assemblies

§ Input (polarization maintained)
and output (single-mode) fibers

§ Electrical or RF interconnects

Capillary

8i0; Bufier
Layer

Electro-Plated
Au Electrode

B P | 3. t 'M r Y
and housing Eolasization Maintaining
- Fig. 9.11 i PR
§ Package to modulator housing. 1 AL Schematic of a dual-drive Ti: LiNbO; Y-branch Mach-Zehnder modu-
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\

ectional Coupler:
Use reversed b-coupler

Requires small waveguide
separation for coupling

Difficult to design for high
frequency a low speed
modulators

w W

wn

- _r LJ_L I_ [_ 1% py

Modulator Design

§ Mach-Zehnder Interferometer

§

it

BW as high as 75 GHz (Noguchi,
1994)

Use electro-optic effect to vary
index

leverage interference effect

_OL T HOg
[ VAN

. u# agL E

Vv

With Knowledge We Serve




Device design

.ﬂ JU[P(M
m“”r, o o wvon
Most popular designs
Mach-Zehnder Interferometer Directional Coupler
sLight is split into two isolated Light is split into two or more
(non-interacting) waveguides. coupl ed_ (interacting) modes of a
-Applied electric field from waidlide strucls
electrode modifies relative *Applied electric field from
velocities via the electrooptic effect electrode modifies relative
iy bleinterf velocities and coupling between
ence, avariable interference waveguide modes.

when light combined at output
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o Device design
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\

Advantages

Mach-Zehnder I nterferometer Directional Coupler

«Accommaodates large electrode *Small size and compact
design needed for hi bandwidth
applications.

*Higher modulation speed for a
given voltage.

*Higher extinction ratio at higher
Speed.
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h Eﬁ@mﬁm Modulator Design

_ _ § It is necessary to match RF
§ Traveling wave electro-optic propagation with optical
modulator propagation

§ Combine with MZI design
§ 2-4 cm long and <6V drive

Limegaly Polariscd ngps —
Ligha /J/_ ; K
o . =
. I

— - =
(— ” e e TS

P - T —— e = "
Maidaimn o = e :ﬂ:’:;:u
P 2 A

- - T —— T

__‘-—n___ ...i'
k* Singhe Mode Fiber

Fig. 4.3 Schematic dingram of a raneling-wave elect oopiic modulator

With Knowledge We Serve



mgm  System Requirements

UNIVERSITI PUTRA MALAYS1A

h@@

§ typical NRZ transmitter

¥R Widehard Lichium !
>
Laser Niobate Madhtlator
| -
Elacmical s Contral
MEZ Dara Electrones
Iipruk
Fig. . Data masthelator ioposdoey for MY ransmission, patar graas w RO

Fig. 7.
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mgm oystem Requirements
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DWDM demands various data encoding formats
and modulation techniques

TaBLE 11
MOTULATION FORMATS

Muodulation Techmigue | Cipticel specira | Data format Cnmmenis

AM - NRZ Double sideband, with MEL (fypical) Bandwidths typacally twice the

{ Amplitude Modulated - carricr informanion bandwidth {or mare),

Mon-Return -bo-feno) significant carrier power

AM- RZ Douhle sidehand, with RZ Randwidths typically 4 times the

{Amplitade Modulated - carrier information bandwidih (or more),

Remrn-tn-Zeral significant carrier power

550 | Single sideband NEL | Bandwadths '2 AM bandwidths

( Ringle Sidehand) | l Increased dispersion tolerance

DSsC | Demble sideband { Duo-Binary Requires special modulanon

(Double-Sideband Suppressed | suppressed carrier . technigmes, external modulator

Carrier) | ! pypacally used

M i Phasc modulation gt | Lsed fon linewidth broadening and
|

{ Phiase Modulated)
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VEM Performance
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§ typical RZ transmitter

LFE Twar Slage B2
Lasgr = Lathiom Miuabate B oadelator

N ghml
v | [ g || LM
[

Clleezke Trpran . ‘ JRICN IR
Trepuat H | ’ |
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Em Reliability
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§ Quite reliable!

§ Failure rate assumptions
§ random
§ exponentially distributed
§ failures in time per 109 device hours (FIT)

[ABLE NI
FIELD FANLURE EATES FOE LiNbO5 MODULATORS

2.5 Ghis, XeOut, | 2.5 Gibis, X-Cul,

FIELIF DDATA
Ti Wavegude APE Waveguad:

In-service devies howrs = L IR0 = M0 G
FIT raie at 60% conlidence J 10
FIT rane ar 99%; confidendce u 21
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N7

§ Bias voltage drift | ..
& not a failure Tk _ |
mechanism e —

] 2,50 5,000 7,500 0.0
Hours
Ll
25
0 — ‘
3
=
T 1a : — :
T o
.
a 1.0 1
=
5
- A -— { e —
fi] |
1] .50 4 il 7500 180685
Hours
(kh
Fig, 11, Hias voltpge dreift for 2.5 Oebvs, x=cut, 1 modalabors ab Gy 85 and (k)
IO [ 199,
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Eﬁu Reliability

§ Insertion loss

LA
11 = om0
8 minimal losses for F o
10,000 hours of 5 sl
operation ool T
& good fiber to modulator o e w0 som  tew  sem
interface Haurs
erobust optical circuit Fig. 15, Change in insertion loss with tme, ¥5 70, 25 Ghfs, x-con, T

micdulators [ 1],
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Optical Fiber

I Propagation of light in atmosphere
Impractical: water vapor, oxygen, particles.

I Optical fiber is used, glass or plastic, to
contain and guide light waves

I Capacity

§ Microwaveat 10 GHz with 10% utilization ratio:
1 GHz BW

§ Light at 100 TeraHz (10*) with 10% utilization
ratio: 100 THz (10,000GH2)
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History

(
L
’ |||||||||||||||||||

'1"880 Alexander G. Bell, Photo phone,
transmit sound waves over beam of light

I 1930: TV image through uncoated fiber
cables.

I Few years later image through a single
glass fiber

I 1951: Flexible fiberscope: Medical
applications

I 1956:The term “fiber optics” used for the
first time

I 1958: Paper on Laser & Maser
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History
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“{960: Laser invented

1967: New Communications medium:
cladded fiber

I 1960s: Extremely lossy fiber: more than
1000 dB /km

I 1970: Corning Glass Work NY, Fiber with
loss of less than 2 dB/km

I 70s & 80s : High quality sources and
detectors

I Late80s:Loss aslow as 0.16 dB/km
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N7 G Optical Fiber: Advaniages
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I Capacity: much wider bandwidth (10
GH2)

Crosstalk immunity

Immunity to static interference
Safety: Fiber iIs nonmetalic
Longer lasting (unproven)
Security: tapping is difficult
Economics: Fewer repeaters
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Disadvantages

higher initial cost in installation
Interfacing cost

Strength: Lower tensile strength
Remote electric power

more expensive to repair/maintain
§ Tools: Specialized and sophisticated
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Optical Fiber Link

Transmitter
| nput Coderor | | Light| |Source-to-Fiber
Signal | Converter] |Sourcel | Interface

Fiber-optic Cable

Fiber-to-light| | Light | | Amplifier/Shaper| Output
Interface Detector Decoder
Receiver
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Fiber Types

Glass core with plastic cladding PCS
(Plastic-Clad Silicon)

I Glass core and glass cladding SCS:
Silica-clad silica

! Under research: non silicate: Zinc-
chloride:

§ 1000 time asefficient asglass
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Plastic Fiber

i used for short run

I Higher attenuation, but easy to install
I Better withstand stress

I Less expensive

I 60% less weight

With Knowledge We Serve



R n, core
n, cladding
n ar

n, core

Multimode graded-index Fiber

|ndex porfile
With Knowledge We Serve



Single-mode step-index Fiber
aﬁw mm (Standard Single Mode Fibey)

Advantages:

I Minimum dispersion: all rays take same path,
same time to travel down the cable. A pulse can
be reproduced at the receiver very accurately.

I Less attenuation, can run over longer distance
without repeaters.

I Larger bandwidth and higher information rate

Disadvantages:

I Difficult to couple light in and out of the tiny core
I Highly directive light source (laser) is required.
I Interfacing modules are more expensive
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Multi Mode

I Multimode step-index Fibers:
§ Inexpensive; easy to couplelight into Fiber

§ result in higher signal distortion; lower TX
rate

I Multimode graded-index Fiber:

§ Intermediate between the other two types of
Fibers
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Acceptance Cone & Numerical

Aperiure
Acceptance n, cladding
Cone | ._O‘_‘.;;;,,{.:_Z:Tj . n, core
T ', cladding

Acceptance angle, ., Is the maximum angle in which
external light rays may strike the air/Fiber interface
and still propagate down the Fiber with <10 dB loss.

Numerical aperture:

‘. 2 2
qc =S | Jr‘\/nl -y INA=sdin d. = /(% - NyY)
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Losses In Optical Fiber Cables
juiPlm
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2o

»ﬂ
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I The predommant losses In optic Fibers are:
§

absor ption losses due to impuritiesin the Fiber
material

§ material or Rayleigh scattering losses dueto
microscopic irregularitiesin the Fiber

§ chromatic or wavelength dispersion because of the use
of a non-monochromatic source

§ radiation losses caused by bends and kinksin the Fiber

§ modal dispersion or pulse spreading dueto raystaking
different paths down the Fiber

§8 coupling losses caused by misalignment & imperfect
surface finishes
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Absorption Losses In Optic Fiber
W7 MEM P d

o

Rayleigh scattering

|

070809 1011 1213141516 1.7
Wavelength (mm)

. & ultraviolet
_\§ 4 absorption |
S o
?ﬂ’ 3 Iz)ealé)sl_clzaused . Infrared
S 2 i  absorption
1
0

With Knowledge We Serve



Fiber Alignment Impairments ‘

N
Axial displacement Gap displacement

S B R .

Angular displacement |mperfect surface finish
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Light Sources

I Light-Emitting Diodes (LED)
§ made from material such asAlGaAsor GaAsP
§ light isemitted when electrons and holes recombine
§ either surface emitting or edge emitting

I Injection Laser Diodes (ILD)

§ similar in construction as LED except ends are highly
polished to reflect photons back & forth
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LD versus LED

0 Advantages:
8 mor e focussed radiation pattern; smaller Fiber
§8 much higher radiant power; longer span
§ faster ON, OFF time; higher bit rates possible
8 monochromatic light; reduces dispersion

I Disadvantages:
§ much more expensive
§8 higher temperature; shorter lifespan
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Light Detectors

! PIN Diodes

§ photonsareabsorbed in theintrinsic layer

§ sufficient energy isadded to generatecarriersin the
depletion layer for current to flow through the device

I Avalanche Photodiodes (APD)

§ photogenerated electrons are accelerated by relatively
lar ge rever se voltage and collide with other atomsto
produce mor e free electrons

§ avalanche multiplication effect makes APD more
sensitive but also more noisy than PIN diodes
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Photodiodes
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optical signal back into electrical form and recover
the data transmitted through the light wave
system

§ Its main component Is a photodetector that
converts light into electricity through the
photoelectric effect
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e
@@ Principles of Photo detection

 External Photoelectric Effect

— Electrons are freed from the surface of a metal by
the energy absorbed from an incident stream of

photons. e.g. vacuum photodiode and
photomultiplier are based on this effect

* Internal Photoelectric Effect

— In semiconductor junction devices, free charge
carriers are generated by absorption of incoming
electrons e.g. pn junction photodiode, PIN
photodiode and the avalanche photodiode are
based on this

With Knowledge We Serve
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Sl vvacuum Photodiode

®

* When the cathode is irradiated with light, incoming photons

are absorbed, giving up their energies ta electrons in the
metal.

* Some of these electrons gain enough energy to escape from
the cathode. These free electrons move toward the anode,

attracted by its positive charge.

* During this movement, positive charge is drawn through the
external circuit causing a current to flow.
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Detector Properties

* Responsivity
p=1/P

The responsivity is the ratio of the output current of
the detector to its optic input power.

* Spectral Response

It refers to the curve of detector responsivity as a

function of wavelength. The responsivity at the
specific wavelength emitted by the source must be

used when designing the receiver.
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Detector Properties

* Quantum Efficiency

— Not every photon whose energy is greater than the
work fn will liberate an electron. This characteristic
Is described by quantum efficiency

n = No. of emitted electrons

No. of incident photons
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e Detector Properties
v

\

* Since, each electron carries charge of
magnitude e, the charge per second emerging

from cathode is
1 = neP/hf = neAP/hc
* The responsivity is now

p=1/P =ne/hf=neA/hc (a/w)

Optic poweris the energy per second being delivered to the detector

ff is the energy per photon
P/hF is the No. of photons/sec

n is the Quantum efficiency
Number of emitted electrons /sec is then nP/hf
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— Compute the responsivity of a detector having a
quantum efficiency of 1% at 0.8um

Solution:
As p = nel/hc
=0.01(1.6x10-1%)(0.8x10-%)
(6.63x10%4)(3x108)
=0.0064 A/W
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Detector Properties

* Rise Time:

Rise Time t, is the time for the detector output current to
change from 10 to 90% of its final value when the optic input
power variation is a step.

With Knowledge We Serve



UNIVERSITI PUTRA MALAYS1A

@ .
N7 e Semiconductor PD

* Photodetectors made up of S.C materials

* Photons incident on S.C absorbed by electrons in
valence band

* These electrons acquire higher energy and are excited
into the conduction band, leaving behind a hole in the
valence band.

* When an external voltage is applied to the
semiconductor, these electron-hole pairs give rise to an
electrical current, termed as photocurrent.

* Principle of quantum mechanics is that each electron
can absorb only one photon to transit between energy
levels
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PD principles

Iy
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Fig: 3.62

The basic principle of photodetection using a semiconductor. Incident photons
are absorbed by electrans in the valence band, creating a free ar mobile
electron-hole pair.

Electron-hole pair gives rise to a photocurrent when an external voltage is
applied.
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Eﬂ% UPM PD Materials

Material Wavelength range (nm)
Silicon 190-1100
Germanium 800-1700

[ndium gallium arsenide 800-2600

lead sulfide <1000-3500
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PD principles

* Energy of the incident photon must be at least equal to the
band gap energy in order for a photocurrent to be
generated.

* This gives us the following constraint on the frequency f_ or
the wavelength A at which a semiconductor material with
band gap E, can be used as a photodetector

hf.=hc/A > eE,

* The Largest value of A for which this equation is satisfied is
called the cutoff wavelength and is denoted by A_ . «
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PD principles

* The power absorbed by a semiconductor slab of
thickness L pm can be written as

Pahs = (1' E-&L) Pin

* Where P, isthe incident optical signal power, and a is the
absorption coefficient of the material.

* o depends onthe wavelength and is zero for wavelengths A >
A

cutoff
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PD principles

* Area of the photodetector is usually chosen to
be sufficently large so that all the incident
optical power can be captured by it

* Photodectectors have very wide operating
bandwidth since a photodetector at some

wavelength can also serve as a photodetector
at all smaller wavelengths

* Thus a photodetector designed for the
1.55um band can also be used in the 1.3um
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Material E, (eV) Meytofs (LIM)
S1 1.17 1.06
Ge 0.775 1.6
GaAs 1.424 0.87
[nP 1.35 0.92
In,sGa, 45AS 0.75 .65
In g45,Gag4s5,AS Py, |0.75-1.35 [1.65-0.92
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E}ﬁu ME PIN Photodiode

* A p-i-n photodiode, also called PIN photodiode, is a
photodiode with an intrinsic (i) (i.e., undoped) region
In between the n- and p-doped regions

anode

N _1--3

| region

cathode _ . :
Schemabic drawing of 8 p-i-n photodiode
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PIN Photodiode

* As the intrinsic layer is so wide, there is a high
probability that incoming photons will be
absorbed in it rather than in the thin p orn
regions.

* This improves the efficiency and the speed
relative to the pn photodiode
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PIN Photodiode

* Compared with an ordinary p-n photodiode, a
p-i-n photodiode has a thicker depletion
region, which allows a more efficient
collection of the carriers and thus a larger
quantum efficiency

* This leads to a lower capacitance and thus to
higher detection bandwidth

With Knowledge We Serve



PIN Photodiode

* Most common PIN photodiodes are based on
silicon

* Sensitive throughout the visible region and
near infrared region up to roughly 1 um

* Absorption efficiency drops at longer
wavelengths

* [InGaAs pin photodiodes are available for
longer wavelengths i.e., 1.7 um, but they are
expensive

With Knowledge We Serve



PIN Photodiode

* Germanium pin diodes can be an alternative

- Fiber Cladding
Fitser Core

Anti-reflection
r"-!d-li..-'..h

lllﬂlllﬂd:mil-ni!!

F-thglnn
Intringic Region
«— Hole

—ai *—Eloctron - Hole

N Reygion
Metal Contact (+)
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— Compute the cut-off wavelength for Silicon and
Germanium PIN diodes. Their bandgap energies
are 1.1 eV and 0.67 eV respectively.

* Solution:
Using A=1.24/ W,
Cutoft wavelength for Silicon = 1.1um

Cutoff wavelength for Germanium = 1.85 um
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%mﬁm Avalanche Photodiode

]

[

The APD is a semiconductor junction detector that has
internal gain, which increases its responsivity

* |t operates on a relatively high reverse voltage

* (Carriers (electrons & holes) excited by absorbed photons are
strongly accelerated in the strong internal electric field

* This effect creates secondary carries, as it occurs in photo-
multipliers
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UPIM Avalanche Photodiode
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* This process increases the photocurrent by a
significant factor

* However, avalanche process itself is subject to

amplification noise that can reduce said
advantage

* Noise performance is better than pin
photodiodes
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Avalanche Photodiode

* APDs internally multiply the primary signal
photocurrent before it enters the input circuitry
of the following amplifier

* Increases receiver sensitivity

* In order for carrier multiplication to take place,
the photo-generated carriers must traverse a
region where a very high electric field is present
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Avalanche Photodiode

* Silicon-based avalanche photodiodes are

sensitive in the wavelength region of =450-
1000 nm

* Maximum responsivity occurs around 600-
800 nm

* For longer wavelengths, APDs based on Ge or
InGaAs are used
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UPIM Avalanche Photodiode
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ELECTRON-HOLE

MULTIPLICATION
CREATION LS

REGION

] . : =
V. | T ! v
| —— < DEPLETION j=

T REGION

-0

* Under reverse bias, a high electric field exists in the p-type layer
sandwiched between the i-type and n type layers, this layer is
referred to as the multiplication layer
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Avalanche Photodiode

* |n this high-field region, a photo-generated
electron or hole can gain enough energy so that
it ionizes bound electrons in the valence band

upon colliding with them

* This mechanism is called Impact lonization
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* Avalanche Current Multiplication:

— A photon is absorbed in the depletion region, creating a free
electron and a free hole.

— The large electrical forces cause these charges to accelerate,
gaining kinetic energy

— When fast charges collide with neutral atoms, they create
additional electron-hole pairs by using part of their kinetic
energy to raise electrons across the energy bandgap

— One accelerating charge can generate several secondary
charges

— The secondary charges can themselves accelerate and create
even more electron-hole pairs, this is the process of
avalanche multiplication
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%lmﬁm Avalanche Photodiode

UNIVERSITI PUTRA MALAYS1A

]

[

* The accelerating forces must be strong to impart high

kinetic energies, this is achieved with large reverse
biases

* The gain increases with reverse bias v, according to
the approximation

M=1/(1-v,/Vg)"
where V; is the diode’s reverse breakdown voltage and n

is an empirically determined parameter which is more than
unity. Breakdown voltages of 20 to 500V accur.

The current generated by an APD with gain M is
| = MneP/hf = MneAP/hc
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UPIM Avalanche Photodiode
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Rise Time Wavelength Responsivity Dark Current
Material Structure (ns) {nm) (ASWY) (nA) Gain
Silicon i PIN 0.5 300-1100 0.5 | |
Lermanium PIN 0.1 00— 1800 0.7 200 |
lGads PIN (.3 GO0 - 1700 (1.6 16 |
Siticon AFPD 0.5 300 = 1006 75 15 150
Oermanium AFL) | OO0 - 1600 35 TOO 50
lnlaAs APD 0.25 | (R0 — 1 700 12 100 20
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Thank You
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