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Fiber Optic Links for RF and Microwave
Systems

4 Introduction / Objective

d Light as a Carrier of Information - Modulating Light

1 Key Elements in Fiber Optic Links

1 Characteristics of Key Elements in a Fiber Optic Links
1 Analysis of a Fiber Optic Link

d Summary

U RF and Microwave Applications using Fiber Optic Links
4 Data of a 1GHz to 18GHz Fiber Optic Link

1 Conclusion
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» Characterize elements of a fiber optic
link as a microwave component

» Characterize the whole fiber optic link
In terms of Gain, NF, &
Intermodulation Interference

> Insert the link In a microwave chain

» Analyze it as any other microwave
component

» Add Fiber Optic Links to the Microwave Engineer’s tool bag -
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Nature of Light (Wave, Particle, or Both?)

Beam of light:
Particles (photons) which exhibit wavelike properties.

Wave-Particle Duality
Particle Behavior: (Photon)
Energy proportional to frequency (Wavé\/\[\/\/W JJ\/\/\/\»
Length) J\/\[\/\[\»
Explains
Photodetectors
Laser diodes

Wave Behavior: An electromagnetic wave
Oscillating electric and magnetic \/\

wave Fields at right angles

Explains
Optical fiber transmission \/\/\/

Modal properties




. Fiber Out
Cha|n Optic
Link
Analysis
Device
Characteristics ‘ Spec 45 10 40 _30‘
dB Total 25.5 455 95 413 -4.177 -31.6
NOISE IN-3rd Carrier Total Total OIP3 [IP3  Intermod
GAIN FIGURE dBm Power GAIN NF 3rd 3rd 2 Carriers
DESCRIPTION dB dB ouT dBm dB dB dBm dBm dBc
INPUT 100 0.0 0.00 100.0 100.0 -240.0
LEVEL -20.0
Amplifier 15 6.5 40 50 150 650 40.0 25.0 -90.0
Mixer 9 9 23 -14.0 6.0 6.71 224 164 -72.7
Filter -0.5 0.5 100 -145 55 6.74 219 164 -72.7
Amplifier 20 12 29 55 255 949 220 -3.5 -32.9
Output 45,5 9.50 41.3 -4.2 -31.6
Amplifier 20 5 50 25.5

» Characterize the fiber optic link as a microwave component
» Define Gain, Noise figure, Linearity of a fiber optic link *
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Digital Modulation of Light

» Most optical links are digital
» Light is ON or OFF (Pulse Amplitude Modulation, PAM)
» OFF: No light (or minimum light)
» Level is in the noise
» ON: Fixed level above the noise
» Generally in a saturated mode / Maximum light §
» ON/OFF Level; Called the extinction ratio
» Best case Signal to Noise Ratio (S/N)

1 0 0 1 0

Modulated
Light _
Light % Light

OFF ON *
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Analog (RF/Microwave) Modulation of Light

» RF/Microwave signal Amplitude Modulates (AM) an Electromagnet wave in
the Optical region of the spectrum, a Light Carrier

. RF/Microwave Signal Modulated Light
Ac (1+m(t)) o Am
\_//\\ 5oL ,]H'Tﬁfl s T’.T’_“T}:\r:‘:/
il
» Analog and microwave J_J__ ld_,/_/u:____}’_j\_ l"-"--—-il-- Ac
signals have a unique set of A LU0 1\
problems m(t) = Am Sin (W, t)
» Dynamic range is limited by modulation index = m =Am/Ac
» Linearity Peak Voltage = Ac + Am
(Intermodulation _ _ _ _
Distortion) Power in modulation signal with

respect to the Carrier power

» Additive noise (NF) P, /P, = 20Log(m) -
Am Ac



Basic Optic Link

» Light Source
» Capable of being Amplitude Modulated

» Fiber optic cable

» Optical receiver RF /
Microwave
. RF/ Signal Out *
Microwave

Signal In c T T T 7 N rFTTTTS
B \/ | | | |
Pin | | Direct _m:_ Optical - | POut

| | Laser | Single Mode | |
| I Fiber Cable I I

N / \ /

s am am s “au m e s -
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Creating Light
Photon Emissions
Ev = Valance Band Energy
Ec = Conduction Band Energy
Ec — Ev = Eg, Energy Gap

Current raises electrons to the
conduction band (Ec)

Electron drops from a higher
(Ec) state to a lower state (Ev)

» Photon is emitted with
energy Eg

Photon emission is Random /
Spontaneous

Photons are uncorrelated and
independent -

O
O

Qo
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Electron

EC’ET N Orbits/’
[ (e [ o
(@ ) =

Excited J Unexcited
electron electron

Nucleus

Emitted
photon

Ec =Conduction Band energy

Ev=Valance Band Energy
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Ultra-

o \Photon Frequency as Function of Energy Gap (EQ)
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Light Emitting Diode (LED)

» LEDis a junction diode that is operated with forward bias

» Photons are generated & focused out of the junction
» Passes through an opening or lens
» Color (frequency) is a function of Eg

O LEDs produce
incoherent light

Light Light

'. Emission

O Spontaneous
emissions of photons™

AN

\

Focusing Fiber

Plates

Plastic
Dome

pn junction

electrodes

Cathode Contact

N\

LR YAY

— - - —— -
h'u"-'iu'-"\_"-" F I i Fopd B L L T ™ i

. g, &
L '_-'.1_-':-'; % o
AR :
AR e LN

'.-n.l-"""' _--..1

Pl ;fx" 2k P-N Junction .’:__':jf.".;,l'}.".',{_:'.-:’_ R ',f_f:_‘.f;:'.- ———
SR B el e M- A R O 0 .

——t+— Substrate

N-Type AlGaAs
P-Type GaAs

Insulating Layer

Anode Contact
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LASER
“Light Amplification by Stimulated Emission of Radiation”

» LASER is an Optical Oscillator
» Operates in the Light Spectrum

» Oscillation requires:

» 1- An amplifier with gain
» 2- Afeedback system

»  3- Aresonant circuit

» 4- An output coupler

800 to 1600 nanometer

Most used Range
I Infrared range -

Light

Spectrum i

Typically .

specified by Ultraviolet Infrared

its 100-400 nm 770-1,000,000 nm
wavelength

2 3 4 5 67889 2 3 4 5 6789

Wavelength 2, —1.000 __(nanometers) 10,000
 3,000,000GHz | 300,000GHz | 30,000GH: |
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Creating Coherent Light
“Light Amplification by Stimulated Emission of Radiation”

in the higher energy band

> Photon strikes an electron / — -
\ E2- 7~ Pl I Emitted
\ / \ photon

El

/
» Electron drops to the lower I MWW,
p MMM-*‘_ o ' | O )
energy band Incident \ / \ ) S Incident
) photon N Lo N~ |
» Emits another photon, S -\ photon
“XCIteC it
stimulated emission electron Unexcited
electron
Spontaneous Stimulated 1 Photon in
Emission Emission 2 photons out
Ec —O Ec 7“ W
| Photon (hv) — = 77 1 Photon (hV)
I =-—=> Photon (hv) ! Photon (hy
v \|/ oto ( )

Ev—Q Ev o0——=2

Photon momentum = h v

h= Plank’s constant / v = wave frequency -
11/7/2013 Howard Hausman 13



Characteristics of Stimulated Emissions

> One Photon creates two EIectronjs in the
photons R o L Conduction band
E b =] . 3

» Both photons will have

» |dentical energy
» ldentical wavelength

» Narrow line width

» ldentical direction _
| (®) "~ Holes in the
» Spatial coherence + | I_

Valance band

» Narrow beam width

» ldentical phase Stimulation
» Temporal coherence occurs in a. %f\f\*
> |dentical polarization ll‘\c;;’l\;v:cr:ilolar:ased P- %
[ WV VNV V.V.V.V.ve
@ AN

i Coherent Photons* I
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E—Ee i
MKT gy 0 Laser Fundamentals — Gain

3/2e KT . .
Inverted population of carriers
(E,Ep) » Semiconductor is doped with impurities to
_9 m, KT \3/2 — produce a large amount of excess carriers
P = ( 27Zh2 ) € » n & p are the number of electron & hole
carriers
Energy

» Ep, & Eg, are Fermi-Dirac distribution
levels

» Fermi levels are the mean energy level

ry [ Eloctrons of Electron (E;,, ) & Holes (EFp )

in CB > Electron concentrations are above the
conduction band

» Hole concentrations are below the
Holes in VB valance band

= Empty states > Average energy released
(Ern — Epp)=€V>Eg
» More photons are released than are lost

. > The process has Gain -
11/7/2013 DEHSII’}- Df states Howard Haul:s)man 15



PN Junction Structure

» P-Njunction is forward biased
» Electrons randomly go from the conduction band to the valance band
» Photon is released

» Excess photons are channeled in a thin layer between the N & P regions (100 to
200 nm)

Confinement Region
« Active layer is surrounded by lower index of refraction material AlIGaAs
 Behaves like a dielectric waveguide
* Ensures that photons are confined to the active or optical gain region
* Increases rate of stimulated emission

| (pump current)
Cavity i
Height: {
0.1to 0.2 um S

==

Active Cavity
Length—L -




Creating an Optical Oscillator

» Pair of mirrors reflects the light (photons) Photon Feedback
» Builds up intensity (Feedback) . Gain, Seattering Rz
» Sustained chain reaction occurs from Stimulated ﬁi . — _k /j
Emissions e .
> Photons are in phase & Gain >1 =0
» Barkhausen Criteria for an oscillation Photon
» Emitted photons are | (pump current)| Leakage *
coherent
» Light Amplification occurs ‘I ?/
> Wave length is a function P+ RROIRN
of cavity length “L” N+ Region
» One end of the cavity j€ *‘ 4 3} partially
» Semitransparent reflector Réﬂecting Reflecting
» Allows the light out Mirror -REEEBC y Mirror
(output coupler) >
Mirror Semitrgnsparent
mirror

11/7/2013 Howard Hausman 17



P-Type GaAs
Resonant Cavity

Fabry-Perot Laser

Only multiples of the half wavelength can exist in the cavity, resonant
circuit

2LLn Fabry-Perot output
Ln is the cavity length, m is the mode A= m spectrum
_ , _ Spectral width =
Reflected Photons provide gain when they strike a charge  4nm _
. s A |f|
Photons in 5 = |
Resonant SE ]|
. o = || FWHM=4nm
Cavity _ I =5 =]
stationary oscillations o |2 ﬂ H ‘ N
c . = |0
A"{KIP Partla”y NIror 8- - p | | ‘| |‘ |ﬁ|
P-Type AlGaAs . Reflective allll ‘ | LN,
| | . Wavelength (nm)
Totally Reflecting Mirror
Mirror Partially Reflecting

Mirror

Light Output

for Light m=1
Junction v m =2
N-Type AlGaAs / |

Cat Illmlv

11/7/2013 Howard Hausman m=38 18



Distributed Feedback (DFB) Laser

= Higher “Q” tuned cavity limits output to single frequency =» wavelength

= A Bragg cell grating is incorporated in the vicinity of an active region

= Bragg grating works like a mirror, selectively reflecting only one wavelength

= Grating is distributed over entire active region & replaces end face mirrors

= Spectral width = 0.1nm (Q= 15,000) vs 4nm ((Q= 400) for a Fabry-Perot Laser
= Minimizing the effects of chromatic dispersion

= DBF Laser can be directly modulated to frequencies as high as 20 GHz
= Fo=300,000 GHz = BW = 20 GHz (very rough numbers)

L For optical wavelength A = 1550 nm _ A Spectrum
: : - width
O Grating spacing Lambda A = 235 nm 2Nn 01
[ nis the refractive index of the medium * Optical power /
A A
Corrugated grating _:L{ — "(_
) ) _M\\ i i \ —— n-InP
Guiding layer — - [ T o 0.1 nm

Active laver—E

.. ___../p-,mp b _— } <

sy p-InGaAsP

-—— InGaAsP (Active layer)

A =200nm(1.3um) Jﬂ I e
A = 235nm(155um) _"Jl 4 A =200 nm (For 1.3 ym)

i A = 235 nm (For 1.55 pym)



Vertical Cavity Surface Emitting Laser (VCSEL)

Structure like an LED.
Advantages of the

Ligﬁ?(:)utput

Si/SiO, DBR

VCSEL:
Active
o _ n-InP
Single -frequency Region / (Substrate)
operation due to the
n-InP

hort cavi
short cavity .. ) (Cladding)
— the removal of the X * p-GalnAsP

fragile cleavage L (Active)
«<}— p-InP
process th.at creates v (Cladding)
the end mirrors in a Si0,
standard laser. Active Region SiSi0. D
i/SiO, DBR
The success of the Contact ?
VCSEL depends on Typical
Incorporating high cavity
reflectivity mirrors in dimension:
the structures * 5um x5 um wi

20 11/7/2013



Advantages of VCSEL vs. Edge Emitting Diode Lasers

 Cheaper to manufacture in quantity
— Edge-emitters cannot be tested on wafer
* More efficient
— Requires less threshold current for stimulation

« The VCSEL emits a narrow, more nearly circular beam than traditional
edge emitters (used in optical fiber)

e High-power - vertical-cavity surface-emitting lasers can

— Fabricated by increasing the emitting aperture size of a single
device

— Combining several elements into large two-dimensional (2D) arrays.

Vertical

Edge-Emitting \
Lasers:

Fabrv.pP Cavity
*ra ryL- erot Surface
g:FPé asers , Emitting
* Lasers
(distributed VCSEL
feedback) ( )
Lasers

5 um x 5 um Typical
Howard Hausman 21

2 um x 500 um Typical
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Optical Cable

» Core; made of glass or plastic

» Plastic
» Short distance
» Low frequency signals
» Glass is Low loss
» Cladding: Core is wrapped in a
plastic cladding
» Lower index of refraction
» Rays of light leaving the core
are refracted back into the
core
» Buffer protects the fiber from
damage and moisture

» Jacket: Outer jacket holds one
or more fibers in a cable *

Jacket
400 um

Buffer

250 um

Cladding

125 pm

Core
8 um

Typical Single Mode Optical Fiber



Objective: Total Internal Reflection

Les Less |
Critical Angle Na dense dense !
o
More 4 More A
""" ) dense /! dense /|
o ' :
§ L
| < critical angle, [ = critical angle, [ > critical angle,
refraction refraction reflection

/ Reflected Light: angle greater than the
critical angle (6¢)

» Confined to the core
» Light traveling less than the critical angle
» Lost in the cladding

QO
—* Coupling Light into Fiber

™ «€—— Light has to be focus into
Light source  Focus the narrow opening of
lens the Fiber Optic cable -

11/7/2013 Howard Hausman



Modal Dispersion
\ o /NS Light can propagate in a number of modes

» Large diameter fiber excites more modes

— — — i
» Multimode propagation will cause dispersion
» Signal arrives at different times

» Signal spreads & interferes Output of

Modes \\ | N each mode
P — g 1 — “_° /

: = it . Total Output
Input | -, stretched
S R IS Pt L | = /L

a) b) c) . d)

» Longer cable stretch signals more [ 1 r% Next Bit is

> “1”s stretch into “0”s signal is lost lost
Larger diameter cable Original signal Regenerated signal
Less expensive 1 0 1 1 1 1

Less bandwidth
Shorter distances * R

Howard Hausman 24

\ 4




Single Mode Optical Fiber

Small diameter fiber cable allows only Fibertype ~ Cross Section  Index  Ray Propagation

one mode r
Multimode - ._ T}_ _____ = — e
o o Step Ind
Characteristics =P neex

> More expensive .
ingle mode -
to prOd uce Step Index @ m = ] —— T T |

> More difficult to

couple to light Multimode Fiber Single Mode Fiber
sources. :E% SX
= or —=K = 4
> MUCh IeSS Light Short
Emitting Wavelength
m O d a I Diode Laser
dispersion Core
P Core 50 or 62.5 /\ __ 9m|cron e
> Larger | ~ micron dia
bandwidth ' / . Cladding
Cla_ddlng . K , '125 micron diameter
> Lon er 125 micron diameter
g Outer coating ‘ ?Lﬂuter coating
distances 250 micron diameter — 250 micron diameter

Human hair is
~*1 70 micron dia *
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Chromatic Dispersion

Dielectric constant is a function of

frequency [g(f)] V =
Velocity of light (v) is a function of &, (f )
relative dielectric constant [g]

Light arrives at it destination at

different times 5 IR |"||
Light spectrum g % L
= Fabry-Perot Lasers, AN =4nm) O = __|" || FWHM=4nm
= DFB Lasers, AN < 0.1nm) Sz | ‘ \
. . .. . = O
Beam spreading is similar to light SE "| 1"
having multiple modes in a fiber Al ‘ ‘ ‘ A
cable Wavelength (nm)
Spreading of light limits the
maximum operational bandwidth _ DFB Laser
) Spectrum width
=] : S 0.lnm *
L Pulse Spreading o
=l E 0.1 nm
Q -— -
_L—r_-l_z —a B
_.l:—-_l_c — o O ,.-" |

11/7/2013 Howard Hausman =« 26



Regions of Fiber Link Operation
Ultra-Violet Inf}a-red
_ | visible region, | | Fiber usable wavelengths |
4 . ] :
Fibre ~ i NS
dB/km) 1 - ? ,vi = : ,,A‘;,,, ,,j,—\‘\-.;\- S ‘
i / ' '3Regions T~ _
o3 .~ _ . Of Operation 1310nm
o / Human Eye L B | : - : T
- | | |
Response | | 1550nm

400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600
Source Wavelength (nm)

Regions of Operation (Wavelength)
850 nm (Typically uses Multimode Fiber) — Short distance

1310 nm (Lowest chromatic dispersion) — Highest data rate
1550 nm (Lowest Attenuation) — Longest distance *

11/7/2013 Howard Hausman 27




Optical

Signal Optical Optical Signal
ca bl e LOSS Source Transmitter Receiver Destination
!—) fiian ]
? > i o -‘ 1
+ Copper J Fiber-Optic Cable L) Copper .
Cable Cable

Loss in Fiber optic cable Pin=12R

(ITOSSOpt) does.not tr‘anslate Popt = | Kiaser

directly to loss in a microwave Popt ~(PINR)"? Kizer

system

Optical power is proportional to 10 = Kree Popt LOSSqpt

current Po = (lo)’) R

Photo Receiver emits a current ,

proportional to optical power PO = (Krec  PoptLOSSopt )* R

Po = (Krec [(P!n/R)1/2 Kiaser | I—OSSOPt )
Po = (KBeC [(PIH/R)”Z Kiaser | LOSSOPt )
Po = (Pin) (Krec  Kiaser LOSSpt Y

1 dBin optical loss (LOSSqy ) is

2R
: 2R
a 2 dB loss to the microwave

signal |
Po/Pin = (K K LoSS~. . )2

Po/Pin loss = 20Log,, (Krec  Kiaser ) ( opt )

(LosSop) - Po/Pin loss = 20Log, (LOSSop)
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Optical Receiver

» Typically PIN Diode Light

phOtO detector nght fetallization
Anode
» P-N type P-Type — 28

semiconductor | [T v vy
regions

N-Type T —

» Intrinsic () layer

between Metallization Cathode
» Operated reverse-biased
» Converts light to current PIN Photodiodes Substrates
> Incident photons cause » Silicon substrates for shorter optical
electron-hole recombination wavelengths (eg 850nm)
> Results: External » InGaAs substrates for longer optical
photocurrent wavelengths (eg 1310/1550nm) *

» PIN low junction capacitance
allows for very high speed

11/7/2013 Howard Hausman 29



YV VY

Output Current

Diode is reverse biased

Absorption of photons
excite electrons into the
conduction band

> Holes in the valance
band

Absorption requires the
photon energy (hc/A) > Eg
(material band gap.)

Reverse bias current
increases with increasing
incident optical power.

Dark current is the diode
reverse bias drift current

» No incident optical
power

Typical PIN diode characteristic

output current

Dark
_ Current
Increasing Vv >
|nC|_dent % / bias voltage
Optical 5
Power !
Reverse Bias Current
- he 1.24 1c
7 (Lem) he ~ E
E. E_(eV) VA

Optical Diode Transfer Characteristic:

Responsivity

» Amount of current produced per unit of
iInput optical power in mMA/mW

» (Electrical current out) / (Optical power in) -



~ Characteristics of Key Elements in a Fiber Optic Links ‘

Typical Fiber Optic Link used in a Microwave/RF System

Key Elements

Goals
> Interface & Matching > Analyze the link as a microwave component
> Laser » Primary parameters of interest
» Fiber Optic Cable > Gain
» Photo Detector » Noise figure
> Interface & Matching Network > 3" order intermodulation Intercept point
[ - - -
: Laser Fiber Cable |
ALY _ i —-> . >
In ~| Matching ? S Jy 1 [Matching| “Out
| Photo | |
T Receiver — | Fiber Link

Components *

11/7/2013 Howard Hausman 31
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YV VYV

Laser Operating Characteristics
Laser Biasing & Modulation

DFB Lasers transfer characteristic are similar to a forward biased diode

Spontaneous photons are emitted under small DC currents (incoherent)

» Acts as a Light Emitting Diode (LED))

Increasing diode current increases
generated photons

At current => Ith (Laser Threshold)

» Photon multiplication overcomes
losses from the cavity

» Stimulated photons sustain laser
oscillation (open loop gain >1)

Coherent light is emitted

Laser thresholds (Ith) occur around 40
to 70mA DC

Further increases in current increases
Laser output power

*E:s'L LASER ‘
= Stimulation |
O Emissions |
S |
RS
== DAt e———— —
o - Popt |
© |
o |
)
< I
B |
LED — |
Spontaneous A1|
EMIsSSioNs s LA I
Diode Current |th Ib

» Optical power (Popt) is typically
inthe 5 mW to 10 mW range -



Laser Interface

Bias .
RF & Microwave signals are AC Bias  |Tee "| Laser
coupled through a Bias Tee Current ~ T Rrn
Micrgwave signals ride on top of a Trans-Impedance Matching
DC bias current Network (Power to Current)

RF information Amplitude
Modulates (AM) the optical signal

Typical small signal transfer | Modulated
characteristic : Optical
| Signal

» Nominally 0.14 Watts / Amp

» (Optical power in Watts) /
(Microwave current drive in
Amps)

If the input RF signal crosses — se—  |th b

threshold (Ith) distortion will occur * DC \\?i;de Current
Current qj

HED ~ RFIn

Laser Optical Output

bt




Temperature Variation of Laser Thresholds

» Typical Lasers
threshold variations
as a function of
temperature

> Distortion due to
temperature
variations

» Carrier
concentration
change with
temperature

» Temperature
stabilization
techniques are

often used -
11/7/2013

Laser Optical Output (mW)

|7

(=]

o

3s°c|  6s°C
2w°c | s0°c |

_-'-'"--._

) s

N

Modulated
Optical
Signal

\

L=

2

2 40 60 80 100
Diode Current (mA b

2(mekT
2

(Ef_Ec)

I I
>
|

RF In

Howard Hausman
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LIGHT QUTPUT ( mW/FACET)

Thermal Properties of DFB Lasers

High Temperature
» Light output decreases

» Slope efficiency decrease

> Laser Is more non-linear
» Quality lasers are cooled

-

T=20 50 60

10 |- 30
40

I

100
108°C
X l/‘-—_—\

0 50 00 150 200
CURRENT (mA)

Agrawal & Dutta 1986

250

~— 100

L

—~ 80

80

!
[

.4
(

T0

60

B[S - 50

40

~ 30

20
L J | i
1560 [.565 [.570 1.375

WAVELENGTH (m)

Wavelength shifts with temperature *



Fiber Optic Cables

» Loss in the fiber optic cable (1550nm) is nominally 0.15dB / kilometer
» Interface connector loss is approximately 0.1 dB/connection
» All optical losses converted to microwave losses

» 2dB (microwave) / dB (optical)

» 1.5db optical loss = 3.0dB link loss (Microwave to Microwave) -
10

Attenuation
— [dB/km]
- /
- 15t 2rd 3™ !
\ AR wmduw window f‘f
i \
5 \\ "
= N
scattering \
= \\ l ! IR-absorption
__ /Hz\ 7 OH 'l
abs. abs.
“ 0.8 1.0 1.2 2.0
I Wavelength [lrm]
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Photo Detector

» Photo detector demodulates the AM optical carrier
» Converts optical power to microwave current

1.0 | .-
» Average optical power g
converts to a DC current g InGaAs

» DCis Filtered out officiencies ™~ 7

> Responsivity: Transfer g 0.6
characteristic, % P
» Amps / Watt E. 0.4 /;/H,J \

» Optical power in s % e
watts to- microwave o2l Region1-—"1" Region 2 Region 3
current in amps —~ 850 nm 1310 nm__ 1550 nm -

» Responsivity factor is ﬂ—*T‘i—‘f—’F | I | [ |
0.7 0.9

typically 0.8 A/W.

I.1 1.3

. . 1.5 1.7
Wavelength {(zem)

At 1550 nm InGaAs photo detectors have

responsivity close to unity *



| Analysis of a Fiber Optic Link J

o = — _
: Laser Fiber Cable |
RFi Input AN () " Output sRF
In Matching-') T D X+ | | Matching Out
I NV
| Photo | 1
I - Receiver — | Fiber Link
____________ - Components

» Typical Fiber Optic Link with input & output matching networks
» Laser Input impedance is very low
» PN Junction has a high bias current

» A low loss Input matching circuit over a wide band is very
difficult

» RF Signal loss in dB is 2x Fiber Cable loss
» Optical Receiver output impedance is usually above 50 ohms

» Output matching network is less difficult than the input matching
network *



Notes on Noise & Distortion in an Optical Link

» Calculate the dominant noise from each component
» Laser — Relative Intensity Noise (RIN)
» Neglect the noise in the Fiber Optic Cable
» Photo Diode — Shot Noise
» Noise is accumulated at the output and reflected to the input
» Noise figure is the degradation in the signal to noise ratio (S/N)

» Thermal Noise = 10Log,,(kTB)
> -174dBm/Hz @ 298°K
» k: Boltsman Constant
> T. Temperature (°K) & B: Bandwidth (Hz)
» Component Input Noise = kKTBF
» F=Noise Factor (added noise)
> Noise Figure (NF) = 10Log,,(F)

Note: Intermodulation distortion is assume small and is not addressed
on the optical side of the link  *



Laser Input Matching

DC Bias Current
Creates a low RF

Impedance | |—M/N F
RF Input H ‘1' "

In Matching jE\
1 mwW Laser diode is biased

Assume — ~~
0 dBm Matching circuit with typically 80mA DC

Loss = 1.1dB

RF output Impedance is Typically 50Q & Laser input is close to 5Q
Example: Inputis 1 milliwatt into 50Q into the matching network
Matching network loss 1.1dB =» 0.776 milliwatts into Laser (Pin .,

If we assume the laser RF input impedance is 5 Q (R) and 0.776 mW
RF current (RMS) into the laser is Iz = SQRT[(Pin, o.[)/R] = 12.46 mA *

V.V V YV V



Laser — Gain & Signal Level

Current into Laser (RMS) 12.46 mA CW power is RF Modulated
_ 4mW Optical Power
Current into Laser (Peak) 17.62 mA 1.25mW *

> lb—Ith=Al>=17.621 mA for linear
transmission

> Bias should be > 20mA above threshold

|

Modulated
Optical
-4~ Signal

Laser Converts input current to optical power
» Optical Power (W) / Input current (A)

» Transmisivity (v): small signal laser
transfer function (mW/mA)

» MDC: CW (Large signal) transfer

Laser Optical Output

Ith Ib

Diode Current
T

function (W/A) | 'RF -

» V (Nu) and MDC are assumed the same = 0.1 Watts Optical/Amp (RF or DC)

» For I (DC Bias Current) = 80mA and |, (Laser Threshold Current) = 40mA

» Average Optical output power = (Idc — Ith)*MDC = (80 — 40) * 0.1 =4 mW

» RF (RMS) current: 12.46 mA = Laser RF output power = 1.25 mW =» 0.96 dBm
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Laser Noise- Relative Intensity Noise (RIN)

» Multiple noise sources in the laser, D . 2
__ PoptNoise
» Dominant noise is the Relative Intensity Noise (RIN) RIN:=

» Square of optical noise (PoptNoise) with respect to
the square of optical power (PLaser) ina 1 Hz
,bandwidth given in dB/Hz.

2
Pl aser

»PoptNoise: Optical noise at
the output of the Laser

Relaxation Frequency - Oscillation Peak

RIN increases =» Noise Increases - Pileesrs AEREE Ofsidesl

output power of the Laser

O Optical Noise is

RIN (dBc/Hz) proportional to optical power
‘ O Increase in Modulation

Frequency

Useful Region Q RIN increases

O Optical power is

constant

Modulation Frequency Qincreases noise

<
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Calculating Laser Noise (RIN)

RIN -155 dBc/Hz 3.162E-16 .
RF Opfical Power at LaserOutput ~~~ =~~~ 1246w~~~ ~~ 096~~~ dBm_ "
PoutOptDC 4 mw 0.004  Watts |
Modulation Index ~ ~~ ~ _ """ TTTTTTTTee% T TTTTTTTTTTT
RIN Optical Noise Out of the Laser ___ 7.11E-08mw ______ 7.113E-LWatts _ |
RIN Input Noise Current 7.11E-10A
Input Resistor (Small Signal) Rlin S50hms

~ RIN_Noise Power at Laser Input_ _ _ _ _ _ 2.53E-18Watts_ _ 2.530E-15mW

| RIN Noise Power at Laser Input, _ _ _ _ 145.9691dBm/Hz | 2.53E-15mW

I Effective Noise Figure of Laser 28.01dB JI .

> Assume RIN = -155 dBc/Hz RIN:= —optNoise
PoptNoise? = RIN-PLaser? Sl

>
» Optical Noise (RIN) is a function of average power (4 mW)

» Output Noise = 7.11E-08 mW = -71.48 dBm/Hz

» Calculate input noise and effective laser noise figure

» Input Noise (before Matching circuit ) = -145.97 dBm/Hz

» Noise Figure = 28.01 dB

» Modulation Index (m)=56% =» Lower m =» lower signal; Constant Noise *

Howar ausman



Notes on Laser Dynamic Range

Noise Figure is a degradation of S/N
» Laser RIN Noise is a function of Average Power
» Signal relates to RF Signal not Average Optical Signal

- P
Modulationlndex = [—RE—
Optical

» Lower the Optical Modulation Index =2 Lower Signal
» Ex; m = 56% =t

s L UL I AL s -
o e
» Lower S/N J l jUUUﬂU l l
> Higher NF : \U],‘L} TR
Laser is assumed linear as long as modulation current is not near

Threshold current *
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Fiber Optic Cable

Cable loss is —
nominally 0.15 »Average - Internal

71 Resistance

dB/kM Optical output = ®D)
Connection loss ijs  POWer out of the Cabr'f\ [ |
assumed at 0.1 dg Laser=4mw T t— -
per connection »Laser RF .
. output power = 1 3

Two connections 125 mW/ > — —\ =
and 1 kM of cable = 0.96 dBm PASER Photo
a 0.35 dB loss ' s Detector
Average output 1.14952 mW
power of Cable = 0.61 dBm
3.68 MW = (5.65
dBm) Fiber Loss 0.15 dB/kM
Optical small signal coMMLtoss 0.1 dB/Conn
power out of the Np. of Connections 2
cable is 1.14952 LlEtEee 1 kM
mW (0.61 dBm) * Fiber Loss 0.35 dB 0.92

' PoutFiber 1.14952 mwW 0.61dBm
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Fiber Optic Cable Signals

Fiber Cable Input Signals

RF Optical Power at Laser Output 1.246 mWatts
PoutOptDC 4 mW
RIN Optical Noise Out of the Laser 7.11E-08 mW

Fiber Cable Output Signals

Fiber Loss 0.35dB
Fiber Out RF Signal Optical Power 1.149516 mW
Fiber Out Average Optical Power 3.690286 mW
Fiber Out Optical Noise Power 6.56E-08 mW/Hz
Fiber Out Cable Noise 0 mW/Hz

Fiber Out Total Optical Noise 6.56E-08 mMW/Hz *



Photo Receiver

Laser - -
~N (a1 | Output RE Photo detector uses an
W ~N | ‘é/ %EZ I~ | Matching | Out InGaAs diode for
Fiber | I maximum signal
— Cable I —1 Photo transfer in the 1550nM
' — —1 | Receiver band
» Responsivity nominally

0.8 A(RF) /W (Optical)

Small & large signal Responsivity approximately the same

Average output power of Optical Cable = 3.68 mW =» (5.65 dBm)
l,c (Average current) = 2.95 mA

Small signal optical power is 1.15 mW

Ire (RF Current) = 0.92 mA of RMS

Fiber Out Total Optical Noise 6.562E-08 m\W/Hz

Noise Current (Laser + Fiber Cable) = 5.24989E-08 mA *
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Optical Receiver Noise

n0|se2 =2 CI Id BW
lg=1,+ I + 1

> Sources of noise

» Dark current (1) (charge
recombination in space charge
region), Diode is reverse biased

l, >> 1 + |y
2= Ishot?=2-q- I, - BW

YV V V V

> Shot noise (l,) is function of hnoie

the average (CW) input optical = 0 Is the electron charge

power 1.60 E-19 Coulombs
» Random photons in the = BWis pandwidth usually
photo diode producing a normalized to 1 Hz
noise current = Noise power (Ishot? - Rd) is
> Thermal Noise (I;) (Random proportional to noise
motion of electrons) bandwidth

> All adds to Id (diode noise current) ™ Shot noise increases as average

_ _ optical power increases *
» Photo Diode Noise Power

= 12 * Rd

noise
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Photo Diode Signal & Noise

Foutpdt RF Current (RMS) — — — 0.919613mA~  Signal |

| Average (DC) Diode Current 2.952229mA Average |

| Noise Gurrent (Laser+ Fiber Cable)  5.25E-08mA, _ _InputNoise _ _
Rd Diode Open Circuit Resistance 1000hms

Fpout RF Power into Matched Load . 0.021142mwW_  —  -16.75dBm |

I Pout Noise (Laser + Fiber Cable)  6.89E-17mW _ -161.62dBm/Hz |

| Photo Diode Shot Noise 4.73E-17mW/Hz -163.25dBm/Hz |

» Diode DC Current =2.95 mA

» logise” = Ishot?=2-q -1, - BW

> Shot Noise power at the photo detector output is: -163.25 dBm/Hz
» RF power into the matching circuit = [(I5¢)/2]?(RD)

» Output signal level =-16.75 dBm

» Gain to Photo Diode output =-16.75 dB

» All of the noise sources are added non-coherently

» Total noise out of Photo Diode = -159.353 dBm/Hz *



Output Matching Network & Link Output

| RLRF Load Impedance 500hms |
| RF Out 0.019028mWwW -17.21dBm I
Noise Out 1.046E-16mW/Hz -159.81dBm/Hz
Gain to Input -17.21dB 0.0190
| Noise Input -142.60dBm/Hz l
| Link Noise Figure 31.38dB ||__| Output !
Il I I IS IS IS IS BEE B BEE BEE BEE BEE EEm § || Matching -
» Matching Loss: 0.46 dB EQ § /\;
> Output signal level = -17.21 dBm -/ /=
: : RF signal Pout into
> L|nk Ga|n - '1721 dB InputZ=RD Matched load
> Noise Output = -159.81 dBm/Hz OutputZ=RL | | -17.21 dBm
» Noise input =-159.81 dBm/Hz —(-17.21dB) = -142.6 dBm/Hz
» Link Noise Figure =-142.6 dBm/Hz — 174 dBm/Hz =31.38dB *



Optical Link with Input & Output Amplifiers

e
Components dB Total :: 2.8 228 12.1 23.20.3589 '
NOISE OIP3 IICarrier CUM CUM OIP3 I1IP3
GAIN FIGUREdBmM "Power GAIN NF 3rd 3rd
DESCRIPTION dB dB ouT T dBm dB dB dBm dBm
INPUT LEVEL 100 I -20.0 0.0 0.00 100.0 100.0
0) 0) 400 T -20.0 0.0 0.00 100.0 100.0
Input Amp 20 3 25 , 00 200 300 250 5.0
Fiber Link -172  31.38 30 1 -17.2 2.8 11.97 7.8 5.0
Post Amplifier 20 3 25 11 28 228 1211 232 04
> Optical Link can be characterized as » Optical Link with Input &
Microwave Component and inserted Out Amplifiers
into any analysis of a microwave » Gain: 22.8 dB
system > Noise Figure: 12.1 dB
> Gain: -17.2dB > OIP3: 23.2dBm *

» Noise Figure: 31.38dB
» OIP3: +30 dBm Fiber Optic
Link
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| Summary ‘

Limitations using Fiber Optic Links

» Frequency limitation:

» Direct modulation of a DFB Laser is frequency limit is
approximately 20 GHz.

» Noise increases as the bandwidth increases.
» Dynamic range is affected

» Additive noise

» Increased non-linearity

» Effects must calculated and added to the systems chain
analysis to see the effect on system performance

» Cost:
» Fiber optic links are more costly than coaxial cables
» Use a simple cable when possible *



Chain

Analysis

Device

Characteristics ‘ Spec 45 10 40
dB Total 255 455 95 41.3
NOISE IN-3rd Carrier CUM CUM OIP3

GAIN FIGURE dBm Power GAIN NF 3rd

DESCRIPTION dB dB ouT dBm dB dB dBm

INPUT 100 0.0 0.00 100.0

LEVEL -20.0

Amplifier 15 6.5 40 50 150 6.50 40.0

Mixer 9 9 23 -14.0 6.0 6.71 224

Filter -0.5 0.5 100 -14.5 5.5 6.74 21.9

Amplifier 20 12 29 55 255 949 220

Output 455 950 41.3

Amplifier 20 5 50 25.5

Replace Pre-Amplifier with a Fiber Optic Link *
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. Fibe_r Out
Chain opti ->>—>
Analysis
Device

Characteristics

Spec 45 10 40
R dB  Total 28.3 483 95 424

Noise  IN-3rd Carier CUM CUM  OIP3

GAIN FIGURE dBM Power GAIN NF 3rd

DESCRIPTION dB dB ouT dBm dB dB dBm
INPUT LEVEL 100 500 00 000 100.0
0 0 100 200 00 000 970
Amplifier 15 6.5 40 5.0 15.0 6.50 40.0
Mixer -9 9 23 -14.0 6.0 6.71 22.4
Filter 05 05 100 14.5 55 6.74 21.9
Fiber Link with Amp 22 8 121 23.2 8.3 28.3 9.55 23.2
Output Amplifier 20 5 50 og3  48.3 9.55 42.4

» Define Gain, Noise figure, Linearity of a fiber optic link
» Characterize the fiber optic link as a microwave component
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RF and Microwave Applications using Fiber Optic Links ]

YV V V

YV VvV

Coaxial Cable Issues
High loss
Loss variations with frequency

Reflections (VSWR amplitude
and phase uncertainties)

Coaxial cables have
significant loss
increasing as
frequency increases

Single Mode Fiber used
with a DFB laser

Signal interference

Bulk weight 100
50
20
10

5
ATTENUATION »

(db/Km)

A

Multi-mode Fiber
optic Cable

significantly improves
these issues *

Single Mode
1550 nm

100Khz 1 MHz 10MHz 100 MHz 1 GHz 10 GHz100 GHz

FREQUENCY



Low Noise Amplifiers (LNA’s) with a Fiber
Optic Link

 Low Noise amplifiers are traditionally mounted as close to the antenna as
possible

e Qutput could be a long distance from the rest of the system
* Transporting signal over wave guide is bulky and costly

e Coaxial cable is usually acceptable over short distances

e Alternate solution is to use a fiber optic link -

IPin Direct
RF Matching Optical - RE
P Amp Network [*] Vodulated Receive Amp
Laser Single

|
I Mode Pout
I ] Fiber Cable
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LNA with Optical Link Output

Fiber Optic S
Link

40 dB Gain LNA
LNA & Fiber Link
Fiber GAIN NF
Length dB dB
LNA kM 40 1
LNA & Fiber Link 1 62.79 1.005253
LNA & Fiber Link 20 57.09 1.007527

» 40 dB Gain LNA with 1 dB NF
> Noise Degradation
> at 1.0 kM; = 0.0052 dB (0.44°K)
> at 20 kM; = 0.0075 dB (0.63 °K)
» Output IP3
» OIP3 degrades = 2.9 dB from 1.0 kM to 20kM *
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Instrument Measurements over Long Distances

» Difficulty measuring systems
with input and outputs spatially
separated over long distances

» Using a fiber optic links can
extend the reach of the
instrument

» Connect a link to the input &
output ports

» Calibrate the system with the
fiber link

» Standard test equipment can
make the instrumentation
usable over very long distances.

Transmission/Reflection Test Set

Source

O

Port 1

RF comes out port 1
Port 2 is always
receiver

RECEIVER

» Gain and phase transfer characteristics have been successfully measured

over hundreds of meters



Application of Fiber Optic Links in Satellite Communications Earth

» Frequency
converters with L-
Band IF mounted on
the antenna

» Modems located
away from the
Antenna

» Coaxial cable
» High Loss

» Slope over
Frequency

Stations

Typical Satellite Application

v

Fiber Optic Links

Satelli
Receiyer

L-Band Downlink (950Mhz — 2250Mhz)
LNB-Low Noise Block Converter

Satelli
> Receiyer

. Vertical
! e O hBOE
1 * ' —p
Horizontal
| N
Lol O hBoE [—
LNB Power

EFi;ber optic Llnk

MR ] ¥

Ethemet/ | () |Ethernet/
SNMP > SNMP Lg-eenemee e >

L-Barid UP link (950Mhz — 2250Mhz)

Block Up Converter Fiber optic Link

- Satel
" Recejver

i E |DA-RF Video Mod
<—||F oE QO —IFE0 [———
* |DA-RF Video Mod

» As the distance gets longer, e.g. 20 to 30 meters the insertion loss and
frequency response slope becomes unacceptable

> A fiber optic link alleviates these problems
System can be factory adjusted *

11/7 2013
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Long Delay Lines

Long delay lines require
Low loss

Wide bandwidth

Small size

Fiber optic cables make
fiber optic links realizable
solution

Small single mode fiber
can be coiled into small
spolls,

Smaller and lighter than
equivalent coaxial cables

*

11/7/2013

7’ N FEEEESN
| | | |
—fpi Modulated Receiver 1 >
I | Laser | Single Mode | |
l I Fiber Cable | I
._ _ _ __ 7 Delay Line \‘_ 2
Mu S|Ze Of a Sln Ie Single mode (SM) fiber
" Multiple path g "Single path” for the light to travel

U

Y

mode optical
fiber

N s

.'If \
/ \
|‘|I .".
A 125 micron diameter

Core
micron
diameter

Cladding

~%— Outer coating
250 micron diameter

Size of a
human hair

Howard Hausman

For comparison
"Wy this is the relative size of a
human hair { @ 70 microns)

e \ Core
\ -. diameter

| | & : ‘
| - — Cladding
y / 125 micron diameter

~4“—OQuter coating
“———" 250 micron diameter

purposes
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Input Impedance (511 & S22)

S11
0
5 VSWR Spec: 2:1 max *
o X
. e
%20 ,/ \\ //
=3 // \ /" Fiber Optic
=0 :
=0 17 / Link
== /
. \/
® 2
_mllllllllllllllllllllllllllllllll
2500 5000 7500 10000 12500 15000 17500 20000
Frequency (MHz)
10 =—RAX
= ~_/
Za
g.so
§35
-40
-45
_mllllllllllllllllllllllllllllllll
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Data of a 1GHz to 18GHz
Fiber Optic Link Gain (S21)

21

JELAT +

FLAT -

MIN

Gain Ripple: +/- 2 dB Typ. *

2500 5000 79500 10000 12500 15000 17300 20000
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Data of a 1GHz to 18GHz
Fiber Optic Group Delay (GD21)

30 S21 Delay
29
zj Group Delay: < 150pSec Typ. *
=5
;:2?5 \ JFLAT +
—4 \ :
=5 100pSec/Div
MW"""M
2.2 N——— o~
21

N
o
|

2500
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Frequency (MHz)
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Data of a 1GHz to 18GHz
Fiber Optic Link
Input Power 1 dB Compression Point

; Input Power @ 1dB Conrpression Point
| | | | | |
-6
7 Input 1dB Comp. Point: -15dBm Min.
h IP3 ~ 7 to 10dB above 1dB Comp. Pt. *
;%\1(1) /N
—10 PR ~ C

2500 5000 7500 10000 12500 15000 17500 20000
L1/ 11LULO Hgmajm%w) 64



Data of a 1GHz to 18GHz
Fiber Optic Link Noise Figure

o I\bisTFlgurew Fequency
| |

® 7T 0 Noise Figure: 25dB max.

o -

- O Typically much better *

2500 5000 7900 10000 12500 15000 17500 20000
Frequency (MHz)
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» Fiber optic links are useful tools
» Solves problems that can be otherwise
» Very costly
» Sometimes unresolvable with other techniques
» Understand the technology
» Fiber optic links are not ideal devices
» As with any tool, choose the right one for your application

*
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