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Considerations with Optical
Sources

Physical dimensions to suit the fiber
Narrow radiation pattern (beam width)

Linearity (output light power proportional
to driving current)

Ability to be directly modulated by
varying driving current

Fast response time (wide band)
Adequate output power into the fiber



Considerations...

Narrow spectral width (or line width)
Stability and efficiency
Driving circuit issues

Reliability and cost



Semiconductor Light
Sources

« A PN junction

acts as the active or
recombination region.

« When the PN junction is forward biased,
electrons and holes recombine either radiatively
(emitting photons) or non-radiatively (emitting
heat). This is simple LED operation.

* In a LASER, the photon is further processed in a
resonance cavity to achieve a coherent, highly
directional optical beam with narrow linewidth.



LED vs. laser spectral width

Single-frequency laser Laser output 1s many times
(<0.04 nm) higher than LED output; they

would not show on same scale

-— Standard laser
(1-3 nm wide)

E—

LED (30-50.nm wide)
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Review of Semiconductor Physics
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a) Energy level diagrams showing the excitation of an electron from the valence
band to the conduction band. The resultant free electron can freely move under the

application of electric field.
b) Equal electron & hole concentrations in an intrinsic semiconductor created by
the thermal excitation of electrons across the band gap

Optical Fiber communications, 3 ed.,G.Keiser,McGrawHill, 2000



n-Type Semiconductor
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b) The ionization of donor impurities creates an increased electron

concentration distribution.
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p-Type Semiconductor
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a) Acceptor level in an p-type semiconductor.

b) The ionization of acceptor impurities creates an increased hole
concentration distribution

Optical Fiber communications, 3 ed.,G.Keiser,McGrawHill, 2000



Intrinsic & Extrinsic Materials

Intrinsic material: A perfect material with no impurities.

n=p=n, <exp(——-= [4-1]
p p( 2kBT)

n & p & n, are the electron, hole & intrinsic concentrat ions respective ly.

E, 1s the gap energy,T 1s Temperature.

Extrinsic material: donor or acceptor type
semiconductors.

2
pn=n. [4-2]
Majority carriers: electrons in n-type or holes in p-type.
Minority carriers: holes in n-type or electrons in p-type.

The operation of semiconductor devices is essentially
based on the injection and extraction of minority
carriers.



Electron diffusion across a
pn junction creates a barrier
potential (electric field)

in the depletion region.

The pn Junction
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Reverse-biased pn Junction

Minority carrier flow
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A reverse bias widens the depletion region, but allows minority carriers to move
freely with the applied field.

Optical Fiber communications, 3 ed.,G.Keiser,McGrawHill, 2000



Forward-biased pn Junction

Narrowed depletion region
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Lowering the barrier potential with a forward bias allows majority carriers to
diffuse across the junction.

Optical Fiber communications, 3 ed.,G.Keiser,McGrawHill, 2000



Direct Band Gap Semiconductors

The E-k Diagram The Energy Band
Diagram

Conduction
Band (CB) Empty v, e
T c Ec e
Ef _A/VVV\,.._> hv -JV\‘V\/V"—>h v
Valence o E, [T el
Band (VB) Occupied y, h
VB

—S/a s/a

The E-k diagram of a direct bandgap semiconductor such as GaAs. The E-k
curve consists of many discrete points with each point corresponding to a
possible state, wavefunction y(x), that is allowed to exist in the crystal.

The points are so close that we normally draw the E-k relationship as a
continuous curve. In the energy range E,, to E,. there are no points ((x)

solutions).

© 1999 S.0O. Kasap, Optoelectronics (Prentice Hall)



Indirect Band Gap Semiconductors

Indirect Bandgap, E g

__A

> [ -k - —k -

(a) GaAs (b) Si (c) Si with a recombination center

(a) In GaAs the minimum of the CB is directly above the maximum of the VB. GaAs is
therefore a direct bandgap semiconductor. (b) In Si, the minimum of the CB is displaced from
the maximum of the VB and Si is an indirect bandgap semiconductor. (¢) Recombination of
an electron and a hole in Si involves a recombination center .

© 1999 S.0. Kasap, Optoelectronics (Prentice Hall)



Periodic table

1A g3A
I-ll nanmetals metalloids metals I-Ije
Loog| 24 noble gases lanthanides 34 44 54 BA O TA | 4003
3 4 P 3 i 7 g a 10
Li || Be actinides Bllc|n|ol|F]|He
6.941(] 9.012 10.21 (| 12.01|| 14.01|| 15.00(| 19.00(] 20.12
11 12 13 14 15 16 17 12
Ha || Mg al Si P 5 cl || ar
mefl2431) 3B 4B 5B BB FB 8B 2B BB 1B 2B | 2699 2z.09() s097||3206| 3545 39.95
12 20 21 12 13 24 23 26 a7 13 29 30 31 32 33 34 33 36
K Ca || Sc Ti v Cr || Mn | Fe || Co Hi CuffZn || Ga || Ge || As || S& ||| Br Kr
30.10|| 4007 || 44 06|| 47.85(| s0.94|| s2.00)| 5404 (| 55.85]) 58.93|| 5560 || 63.55|) 65.3%|| eo.72|| F2.50() 7402\ Fe0a|| Feal| 2350
37 33 39 40 41 42 43 44 45 45 47 43 49 50 51 52 53 54
Rh || Sr hi I |[Hh ||Mo | Tc || Ru (| Rh || Pd || &g || Cd || In Sn (| Sh (| Te l Xe
gs.47 | a7 2| seol|| er.22(| eze1|| eso4]| com || 200.1]) 102.9]| 1064 || 1wre (] 102.4] 104.8|| 118.7(] 121.8]| 127.6|| 126 2| 1313
33 3 37 72 73 74 T3 6 77 T3 79 &0 g1 g2 83 g4 g3 8t
Cs (|Ba | La | Hf || Ta | W || Re || Os || Ir Pt |Au(|Hg | T (| Ph| Bi || Po |l At || Bn
1220 137.3|| 133.9|| 178.5() 120.9|| 183.9)| 126.2(| 190.2(] 192.2]| 195.1 || 197.0|| 200.6)| 204 4 || 2072 (] 200.0(| c2oey|| c21m|| 22
g7 83 &9 w04 | 105 || w6 || 107 || 108 || 109 || 110 |[ 111 || 112 Ref: John Emsley, The Elements.
Fr | Ra || Ac || Rf || Db || Sg || Bh |[ Hs || Mt || Uun || Uuu |Uub | 2nd edition, Oxford University
(223 || 226 | 227 || 261)|| c262) || 2631 ] c2E2h(] 186.2 () (2681 () 2620 ¥ ) @FTI | Press, 250 pp, 1995
58 59 &0 i1 62 63 G4 &3 i 67 63 &9 71 71
PeriodicTable 2.0 Ce || Pr || Nd |[Pm | Sm | Eu || Gd (| Th || Dv (| Ho || Er || Tm || ¥ || Lu
) - 14001 (| 14009 |( 184 2 || c145() 150.4 || 152.0|| 157.3 (| 155.9(| 162.5]( 1649 (| 167.3|| 168.2|| 173.0f| 175.0
VisualEntities
one R a0 a1 a2 03 04 05 a6 a7 03 00 o || 101 || w2 || 108
Th || Pa u Mp || Pu (| Am || Cm || BK || Cf ||| ES || Fm || Md || Ho || Lr
2320|| c2Ely|| 2ze a0l cen|] ceda )| 4z || c2am || czam|| s | @sz|| czsm || s || case|| czem




Light-Emitting Diodes (LEDSs)

« For photonic communications requiring data rate 100-200 Mb/s
with multimode fiber with tens of microwatts, LEDs are usually
the best choice.

« LED configurations being used in photonic communications:
1- Surface Emitters (Front Emitters)
2- Edge Emitters
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Optical Fiber communications, 39 ed.,G.Keiser,McGrawHill, 2000




Surface-Emitting LED

Fiber D/_-W

Circular

etched well Bonding material

/ Metalization
\ Substrate\
N SN\
l(ajglr;gnement < V7 :l— heterojunction
4 layers

Si0O, isolation Si0O, isolation

Metalization \

Heat sink / \

Active region / \Circular metal contact

Schematic of high-radiance surface-emitting LED. The active region is limitted
to a circular cross section that has an area compatible with the fiber-core end face.

Optical Fiber communications, 39 ed.,G.Keiser,McGrawHill, 2000



Edge-Emitting LED

Stripe contact
(defines active area)

' o Active area
Light-guiding layers Metalization (for

electric contact)

Substrate — |

// Si0, isolation layer

Metalization (for

electric contact)

2 Double_heterojunction
layers

Heat sink

Incoherent optical
output beam

Schematic of an edge-emitting double heterojunction LED. The output beam is
Lambertian in the plane of junction (6, = 120°) and highly directional perpendicular to
pn junction (6, = 30°) . They have high quantum efficiency & fast response.

Optical Fiber communications, 39 ed.,G.Keiser,McGrawHill, 2000



Light Source Material

* Most of the light sources contain Ill-V ternary & quaternary
compounds.

« Ga,_ Al As by varying x it is possible to control the band-gap
energy and thereby the emission wavelength over the range of
800 nm to 900 nm. The spectral width is around 20 to 40 nm.

« In_ Ga As P, By changing 0<x<0.47;y is approximately 2.2x,
the emission wavelength can be controlled over the range of
920 nm to 1600 nm. The spectral width varies from 70 nm to
180 nm when the wavelength changes from 1300 nm to 1600
nm. These materials are lattice matched.
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Optical Fiber communications, 3 ed.,G.Keiser,McGrawHill, 2000



Spectral width of LED types

Ed itting
LED

1.18 1.22 1.26 1.30 1.34 1.38 1.42 1.46
Wavelength (gm)

Optical Fiber communications, 39 ed.,G.Keiser,McGrawHill, 2000



Rate equations, Quantum Efficiency & Power of
LEDs

« When there is no external carrier injection, the excess density
decays exponentially due to electron-hole recombination.

—t/
n(t)y=nye "'’ [4-4]
* nisthe excess carrier density,

n, :1nitial injected excess electron density

7 : carrier lifetime.
 Bulk recombination rate R:

R= _dn_n [4-5)
dt t
« Bulk recombination rate (R)=Radiative recombination rate +
nonradiative recombination rate



bulk recombination rate (R =1/7) =

radiative recombination rate (R, =1/z,) + nonradiative recombination rate(R  =1/z, )

With an external supplied current density of J the rate equation for the electron-hole
recombination is:

dn(t) _ J n

— [4-6]

dt qd 1

g :charge of the electron;d : thickness of recombination region

In equilibrium condition: dn/dt=0

Jr

n=——
qd

[4-7]



Internal Quantum Efficiency & Optical Power

R T T

n. = r _ nr — [4-8]
int

R+R_ 1t +7, 7

r

1. :1internal quantum efficiency in the active region

Optical power generated internally in the active region in the LED is:

I/ hcel
})int — nint o h V= 77 int 2 [4-9]
q q
P, :Internal optical power,

[ : Injected current to active region



External Quantum Eficiency

# of photons emitted from LED

77 ext — [4-10]

# of LED internally generated photons

In order to calculate the external quantum efficiency, we need to
consider the reflection effects at the surface of the LED. If we
consider the LED structure as a simple 2D slab waveguide, only
light falling within a cone defined by critical angle will be emitted
from an LED.



Confinement layer
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[4-11]

[4-12]

[4-13]

[4-14]



Modulation of LED

The frequency response of an LED depends on:

1- Doping level in the active region

2- Injected carrier lifetime in the recombination region, T,
3- Parasitic capacitance of the LED

If the drive current of an LED is modulated at a frequency of @
the output optical power of the device will vary as:

})O [4-15]
\/ 1+ (wr, )?

Electrical current is directly proportional to the optical power,
thus we can define electrical bandwidth and optical bandwidth,

tel
separately. {P(a))} 20 log{@} [4-16]

P(w) =

Electrical BW =10log
P(0) 1(0)

P : electrical power, [ :electrical current



Optical BW =10 log{ l;((g))) } 10 log{ II((?)))) } [4-17]

P : optical power, I : detected electric current, [ oc P

t"'._.H
f 1.0 Electrical 3-dB point
0.707 Opticel 3-dB point
E 0.500
'-
- ol - e Frequency

Optical bandwidth

Optical Fiber communications, 39 ed.,G.Keiser,McGrawHill, 2000



Drawbacks & Advantages of LED

» Large line width (30-40 nm)

« Large beam width (Low coupling to the
fiber)

* Low output power
» Low E/O conversion efficiency

 Robust
e Linear



LASER

(Light Amplification by the Stimulated Emission of Radiation)

Laser is an optical oscillator. It comprises a resonant optical
amplifier whose output is fed back into its input with matching
phase. Any oscillator contains:

1- An amplifier with a gain-saturated mechanism
2- A feedback system

3- A frequency selection mechanism

4- An output coupling scheme

In laser, the amplifier is the pumped active medium, such as
biased semiconductor region, feedback can be obtained by
placing active medium in an optical resonator, such as Fabry-
Perot structure, two mirrors separated by a prescribed distance.
Frequency selection is achieved by resonant amplifier and by
the resonators, which admits certain modes. Output coupling is
accomplished by making one of the resonator mirrors partially
transmitting.



Lasing in a pumped active medium

In thermal equilibrium the stimulated emission is essentially
negligible, since the density of electrons in the excited state is
very small, and optical emission is mainly because of the
spontaneous emission. Stimulated emission will exceed
absorption only if the population of the excited states is greater
than that of the ground state. This condition is known as
Population Inversion. Population inversion is achieved by
various pumping techniques.

In a semiconductor laser, population inversion is accomplished
by injecting electrons into the material to fill the lower energy
states of the conduction band.



Pumped active medium

« Three main process for laser action:
1- Photon absorption
2- Spontaneous emission
3- Stimulated emission
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(b) Spontaneous emission

.

(¢) Stimulated emission

Random Coherent
release of release of
energy energy

Optical Fiber communications, 39 ed.,G.Keiser,McGrawHill, 2000



Howling Dog Analogy

1. absorption: a dog in the ground state might hear the howl from another
dog and become excited, thus making a transition to the excited state.

2. spontaneous emission: a dog in the excited state might randomly let out a howl, which, through
release of tension, enables him to relax to the ground state.

3. stimulated emission: a dog in the excited state might be stimulated to let out a howl when he
hears the howl from another dog. The single howl becomes two howls voiced simultaneously,

thus sounding like one howl with twice the intensity!
‘o
“Howl!” “Howl! ”% Howl”

) )

absorption spontaneous emission stimulated emission




In Stimulated Emission incident
and stimulated photons will
have

* |dentical energy - ldentical
wavelength - Narrow linewidth

e |dentical direction = Narrow beam
width

* |dentical phase = Coherence and
* |dentical polarization
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Fabry-Perot Resonator

Relative intensity

=
] X

(a) (b) (c)
Resonant modes:kL=mz m=1,2,3,..

Schematic illustration of the Fabry-Perot optical cavity and its properties. (a) Reflected
waves interfere. (b) Only standing EM waves, modes, of certain wavelengths are allowed

in the cavity. (¢) Intensity vs. frequency for various modes. R is mirror reflectance and
lower R means higher loss from the cavity.

© 1999 S.0. Kasap, Optoelectronics (Prentice Hall)
I, (1-R)’
" (1= R)* +4Rsin® (kL)

R: reflectance of the optical intensity, k: optical wavenumber

[4-18]




Mirror Reflections
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How a Laser Works
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Laser Diode

« Laser diode is an improved LED, in the sense that uses stimulated
emission in semiconductor from optical transitions between distribution
energy states of the valence and conduction bands with optical
resonator structure such as Fabry-Perot resonator with both optical

and carrier confinements.

avity sides are rough cut .
Cavity si g Cavity ends are

\ cleaved on (110)
Dielectric ,///crystal planes
reflecting N ~.

layer(s)

Optical and carrier

confinement layers Lasing spot
I Transverse size,
= ~.~.-.'-:-.-:~,-.,._.._.,.:":__. a 0.1-0.2 Mm

Longitudinal size,

250-500 um
\ Lateral size,

5-15 um

Optical output
to be coupled
into a fiber

Far-field
pattern

30-50°(6 ,)

Optical Fiber communications, 39 ed.,G.Keiser,McGrawHill, 2000



Laser Diode Characteristics

Nanosecond & even picosecond response time (GHz BW)
Spectral width of the order of nm or less

High output power (tens of mW)

Narrow beam (good coupling to single mode fibers)

Laser diodes have three distinct radiation modes namely,
longitudinal, lateral and transverse modes.

In laser diodes, end mirrors provide strong optical feedback in
longitudinal direction, so by roughening the edges and cleaving
the facets, the radiation can be achieved in longitudinal direction
rather than lateral direction.



DFB(Distributed FeedBack) Lasers

« In DFB lasers, the optical resonator structure is due to the incorporation
of Bragg grating or periodic variations of the refractive index into
multilayer structure along the length of the diode.

Corrugated
feedback grating

Active layer

Confinement
layers

Substrate output

The optical feedback is provided by fiber Bragg Gratings
- Only one wavelength get positive feedback

Optical Fiber communications, 39 ed.,G.Keiser,McGrawHill, 2000



Laser Operation & Lasing Condition

« To determine the lasing condition and resonant frequencies, we
should focus on the optical wave propagation along the
longitudinal direction, z-axis. The optical field intensity, /, can be
written as:

I(Z,t) = I(Z)ej(wt_’&) [4-19]

« Lasing is the condition at which light amplification becomes
possible by virtue of population inversion. Then, stimulated
emission rate into a given EM mode is proportional to the
intensity of the optical radiation in that mode. In this case, the
loss and gain of the optical field in the optical path determine the
lasing condition. The radiation intensity of a photon at energy hv
varies exponentially with a distance z amplified by factor g, and
attenuated by factor ¢ according to the following relationship:



1(z) = 1(0)exp|(Cg(hv)—a (hv))z]

R, @ n, ? R,

7Z=0 1,

/=L
I(2L) = I(0)R R, exp|(Cg(hv)—a (hv))2L)]

" : Optical confinement factor, g : gain coefficient

2
— : : .. n,—n
a : effective absorption coefficient, R =| ——=
n, +n,

Lasing Conditions:

[(2L) =1(0)
exp(—j2pL) =1

[4-22]




Threshold gain & current density

1
I'g,=a+—In : [4-23]
2L \ RR,

Laser starts to "lase" ift : g > g,

For laser structure with strong carrier confinement, the threshold current
Density for stimulated emission can be well approximated by:

8 = LI th [4-24]

[ : constant depends on specific device construction



Optical output vs. drive current
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Laser diode drive current

Optical Fiber communications, 39 ed.,G.Keiser,McGrawHill, 2000



Semiconductor laser rate equations

Rate equations relate the optical output power, or # of photons per unit
volume, (D , to the diode drive current or # of injected electrons per
unit volume, n. For active (carrier confinement) region of depth d, the
rate equations are:

dd )
—=Cn®+R, ——
dt T
Photon rate =stimulated emission +spontaneou s emission +photon loss [4-25]
dn J n
= — —Cno
dt  qd 7

electron rate = injection + spontaneou s recombinat ion + stimulated emission

C . Coefficient expressing the intensity of the optical emission & absorption process
R . rate of spontaneous emission into the lasing mode

Sp

T oh . photon life time

J: Injection current density



Threshold current Density & excess electron density

» At the threshold of lasing: @ ~ (), d® / dt > 0, Rsp ~ ()

fromeq.[4-25]= Cn®-®/7,, 20=n2 !

= 4-26
2 C n, [4-26]
T oh

« The threshold current needed to maintain a steady state threshold
concentration of the excess electron, is found from electron rate

equation under steady state condition dn/dt=0 when the laser is just
about to lase:

0 — Jp 1y

Sp Sp




Laser operation beyond the threshold

J>J,

The solution of the rate equations [4-25] gives the steady state

photon density, resulting from stimulated emission and

spontaneous emission as follows:

O =

-
%dh (J=J,)+7,,R,

q

[4-28]



External quantum efficiency

Number of photons emitted per radiative electron-hole pair
recombination above threshold, gives us the external quantum

efficiency.

(g, —@
next = nl(gth )
gth
= 997 _ 806541 gm] 2L W) 429
E, d dI(mA)

Note that: 5 ~60%—70%; 1, ~15%—40%



Laser Resonant Frequencies
Lasing condition, namely eq. [4-22]:

exp(—j20L)=1= 2L =2mmxr, m=1273,...

27m

- Assuming f=——  the resonant frequency of the mth
mode is:
nc
vV, = m = 1,2,3,... [4-30]
2Ln
2
C A
AVIVm—Vm_lz—C)Aﬁ:— [4-31]
2Ln 2Ln




Spectrum from a Laser Diode

822

g(4)=g(0) exp[—

824 826 828
Wavelength (nm)
(ﬁv o /10)

2

} o : spectral width

[4-32]



Laser Diode Structure & Radiation Pattern

« Efficient operation of a laser diode requires reducing the # of
lateral modes, stabilizing the gain for lateral modes as well as
lowering the threshold current. These are met by structures that
confine the optical wave, carrier concentration and current flow
in the lateral direction. The important types of laser diodes are:
gain-induced, positive index guided, and negative index
guided.
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Laser Diode with buried heterostructure (BH)
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Single Mode Laser

« Single mode laser is mostly based on the index-
guided structure that supports only the fundamental
transverse mode and the fundamental longitudinal
mode. In order to make single mode laser we have
four options:

1- Reducing the length of the cavity to the point
where the frequency separation given in eq[4-31] of
the adjacent modes is larger than the laser transition
line width. This is hard to handle for fabrication and
results in low output power.

2- Vertical-Cavity Surface Emitting laser (VCSEL)
3- Structures with built-in frequency selective grating
4- tunable laser diodes



VCSEL
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Frequency-Selective Laser Diodes:
Distributed Feedback (DFB) Laser

Active (pumped) region ——*

_..| l— A - Confining layer ( p-GaAlAs)

ANMAD DD ﬁ AN
/

0 / /// / // /

‘é-}‘:i L s R Active layer ( p-GaAs)

Guiding layer {n-GaAlAs)

Confining layer (n-GaAlAs)

— Passive waveguide ( p-GaAlAs)

!\\.\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\V
Substrate

2n,\

Bragg wavelength ﬂ“B = [4-33]

m

Ay : effective refractive index; m : order of the grating



Relative amplitude

o

A%

] 2n,L,

>30dB

|
|
|
|
|
|
|
|
|
I
|
|
|
|

A
AN J _ \_ J \.. — ﬂ _A__
m= m=1 m=40 Ag m=20 m=1 m=2
Wavelength o
I
I
i
1
I
r x ’1 Superstrate
z=0 Waveguide (gain region)
L, L
Substrate

Output spectrum symmetrically
distributed around Bragg

wavelength
in an i1dealized DFB laser diode

L, : effective grating length;
m (=0,1,2) : mode order
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A. Yariv, P. Yeh, Photonics: Optical Electronics in Modern Communications, Oxford, 2007



Frequency-Selective laser Diodes:
Distributed Feedback Reflector (DBR) laser

Passive Pumped Passive
‘- region l region “_ region

Bragg reflectors

g Confining layer

Active layer

R Y

Substrate

Guiding layer
Confining layer




Frequency-Selective Laser Diodes:
Distributed Reflector (DR) Laser

Passive region Active region
-
Passive wavegmde

/
R Active layet

Guiding layer
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Modulation of Laser Diodes

Internal Modulation: Simple but suffers from non-linear
effects.

External Modulation: for rates greater than 2 Gb/s, more
complex, higher performance.

Most fundamental limit for the modulation rate is set by
the photon life time in the laser cavity:

I cf_ 1 1 C
—=—| O+ In =— & [4-36]

T, N 2L RR,) n

p
Another fundamental limit on modulation frequency is the
relaxation oscillation frequency given by:

1/2
f I . 1] [4-37]

2 \/Tsp T o ( I,




Relative intensity

Relaxation oscillation peak

Relaxation-oscillation peak

3 GHz

Modulation frequency



Pulse Modulated laser

* In a pulse modulated laser, if the laser is completely turned off
after each pulse, after onset of the current pulse, a time delay,

given by:
[ p
t, =7ln
1, (I ,—1,)
7 :carrier life time I, :Current pulse amplitude

[, : Bias current

[4-38]



Linearity of Laser

Information carrying
electrical signal s(7)

LED or Laser diode

\ 4

modulator

\ 4

Optical putput power:
P(t)=P[1+ms(?)]
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x(1)

Nonlinearity

» Nonlinear function y=f(x)

()

x(t) = Acosat

y(#)=A, +A cosaxr+ A, cos2amr +...

Nt order harmonic distortion:

An
Al

20log




Intermodulation Distortion

x(t)=A, coswt+ A, cosw,f =
y(t) = Zan cos(mmw, + nw, )t m,n =0,£1,£2,...

Harmonics:

nw,,mao,

Intermodulated Terms:

o, tw,2m tw,,0 +20,,...



| aser Noise

Modal (speckle) Noise: Fluctuations in the distribution of
energy among various modes.

Mode partition Noise: Intensity fluctuations in the longitudinal
modes of a laser diode, main source of noise in single mode
fiber systems.

Reflection Noise: Light output gets reflected back from the fiber
joints into the laser, couples with lasing modes, changing their
phase, and generate noise peaks. Isolators & index matching
fluids can eliminate these reflections.

Light

Fiber core
speckles

poundary

A speckle pattern




Intensity Fluctuation

N Time A
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Modulation of Optical Sources

 Optical sources can be modulated either
directly or externally.

» Direct modulation is done by modulating
the driving current according to the
message signal (digital or analog)

* |n external modulation, the laser emits
continuous wave (CW) light and the
modulation is done in the fiber



Why Modulation

A communication link is established by
transmission of information reliably

Optical modulation is embedding the information
on the optical carrier for this purpose

The information can be digital (1,0) or analog (a
continuous waveform)

The bit error rate (BER) is the performance
measure in digital systems

The signal to noise ratio (SNR) is the
performance measure in analog systems




Parameters to characterize
performance of optical
modulation

* modulation depth
* bandwidth

e insertion loss

» degree of 1solation
* power handling

* induced chirp



Important parameters used to
characterize and compare different
modulators

Modulation efficiency: Defined differently depending
on if we modulate intensity, phase or frequency. For
intensity it is defined as (I ., — |hin)/Inax-

Modulation depth: For intensity modulation it is
defined in decibel by 10 log (I..,..x/Imin)-

Modulation bandwidth: Defined as the high
frequency at which the efficiency has fallen by 3dB.

Power consumption: Simply the power consumption
per unit bandwidth needed for (intensity)
modulation.



Types of Optical Modulation

» Direct modulation is done by
superimposing the modulating (message)
signal on the driving current

» External modulation is done after the light
IS generated; the laser is driven by a dc
current and the modulation is done after
that separately

» Both these schemes can be done with
either digital or analog modulating signals




 Direct modulation of semiconductor lasers
--- frequency response
--- relaxation oscillation
--- chirp
e external modulators:
--- Electro-absorption modulators
--- Mach-Zehnder interferometer
* New mechanisms for laser-diode modulation
* Short-pulse techniques



Direct Modulation

Bias Tee @
Laser Photo

Bias Current Diode Fbre Detector RF

t
RF Link ol

« The message signal (ac) is superimposed on
the bias current (dc) which modulates the
aser

« Robust and simple, hence widely used

 |ssues: laser resonance frequency, chirp,
turn on delay, clipping and laser nonlinearity




Optical Output vs. Drive Current of a
Laser

Relative optical output power

Lasing
(stimulated)
emission

y
— Spontaneous
(LED-type)
Y emission

Laser diode drive current



LED optical output

Direct Analog Modulation
LED

Modulation index (depth)

Laser optical output
N




Analog LED Modulation

A

_____ Note:
| No threshold
current
—>No clipping
o —->No turn on
Bias point
I delay
\i\ Modulated current
|

~—AT—

Output response

Optical output power

Iy — Al Iy Iy + Al

Input drive current



Laser Digital Modulation

Optical ‘
Power
(P) P(t)
> T T "t
\Current (1)
I, —1
t, =7 In| =——
P I, —1
2 th |




Turn on Delay (lasers)

* When the driving current suddenly jumps
from low (/, < 1) to high (I, > 1) , (step
input), there is a finite time before the laser
will turn on

* This delay limits bit rate in digital systems

» Can you think of any solution?
I, -1,
_12 _Ith_

t, =7, In




* Input current
— Assume step input

* Electron density ~ ! B
— steadily increases until ~
threshold value is "
reached - — =
< >
: Turn
« Qutput optical power ® Resonance Freq.
— Starts to increase only ~ Delay [\ /(1
after the electrons g, (1) A
reach the threshold b J

A o

£~



Relative intensity

Frequency Response of a Laser

Relaxation-oscillation peak

A
<

Useful Region

Resonance
Frequency

(f.) limits the
highest possible
modulation
frequency

3 GHz

Modulation frequency



Laser
Analog
Modulation .

P(t)=P[l+ms(1)] : | [—
Here s(t) is the modulating signal, | | I

P(t): output optical power
P.: mean value



The modulated spectrum

Optical Carrier

Modulation /
Depth ~ 0.2 Transfer function of the fiber
_______ o ¥ RF Subcarrier # _\_4__ ="
oo~ e
A_=1310 nm ‘ ] 7\‘
RF Bandwidth
Twice the RF frequency
(3.6 GHz)

Two sidebands each separated by modulating frequency



Limitations of Direct Modulation

Turn on delay and resonance frequency are the
two major factors that limit the speed of digital
laser modulation

Saturation and clipping introduces nonlinear
distortion with analog modulation (especially in
multi carrier systems)

Nonlinear distortions introduce second and third
order intermodulation products

Chirp: Laser output wavelength drift with
modulating current is also another issue,
resulting in line broadening.




Chirp

In laser diode, the refractive index varies with carrier density.

Modulation — vary current — vary carrier density
— vary refractive index — index varies with time

— phase delay varies with time — induces new frequency
frequency varies with time : chirp

e chirp results 1in broadening of a laser linewidth

e chirp magnitude 1s ~ 100MHz - GHz/mA,
~0.001% of center frequency



A pulse can have a frequency that varies in time.

This pulse increases its frequency linearly in time (from red to blue).

In analogy to bird sounds, this pulse is called a "chirped" pulse.



Optical power (mW)
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current
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External Optical Modulation

Laser EOM @ Photo -

Diode Detector
Fibre RFout

RF: L ink

Modulation and light generation are separated
Offers much wider bandwidth - up to 60 GHz
More expensive and complex

Used in high end systems



External Modulated Spectrum

%

RF signal

fE=m

=5

;
= ) =

L.

MODULATOR /\[\/\ =
T - -

Bias voltage A

» Typical spectrum is double side band

» However, single side band is possible
which is useful at extreme RF frequencies



Mach-Zehnder Interferometers

Phase
modulators

Input
—-—;-——\_/4:’./_%\_/—— —» Output 1

ﬂ— — Qutput 2

Directional Directional
coupler 1 coupler 2
(a)

Phase
modulators

Input Output

ﬁ/}‘

coupler 1 coupler 2

(b)



Mach- Zehnder modulator

Material with Constant Index of Refraction

V = Applied Switching Signal

Input Optical Signal
Qutput Optical Signal

Material with Variable Index of Refraction



Mach- Zehnder modulator

Path 1 L electrodes
E——
_/

> ./ >
o -
Light in — Light out

Path 2

* Applying voltages to electrodes to change the refractive indices
of light paths 1 & 2.

* The optical paths of 1 & 2 vary with the applied voltage.

* In phase — strong output light; out of phase — weak output.

* Qutput light 1s then modulated by voltage signal.
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~ Insertion loss

AC modulation



Characteristics of Mach-
Zehnder modulator

 material: LiINbO,

» modulation depth: better than 20 dB
 bandwidth : could be 60 GHz

* insertion loss : > 4 dB

e power handling : 200 mW

* induced chirp : negligible

« V_: a few volts, depending on bandwidth




Electro- absorption (EA)
modulator

gii * When the P-N structure in
+ Depletion region [ED 1s reverse-biased, 1t
becomes light absorption.

» At zero-bias, absorption is
weak. Under strong reverse-
biased, absorption 1s strong.

 Light intensity 1s then

modulated by the voltage
Reverse-biased signal.




Integration of EA modulator with
LD

4— Laser diode (LD) —>

J
QW gain region QW EA modulator

Quantum well (QW) Laser: laser diode whose active region is so narrow that quantum
confinement occurs



Characteristics of EA modulator

» material: semiconductor QWs

» modulation depth: better than 10 dB
* bandwidth : could be 40 GHz

* insertion loss : almost zero

» power handling : 1 mW

* induced chirp : negligible

* operation voltage: 2 V

* integrable with LD



