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Optical Fibers
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Optical Fibers

An optical fiber is a flexible, transparent hair-thin fiber made of glass (silica) or
plastic, which is mainly used as a means to transmit light.
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The refractive index of the core is higher than that of the cladding by ~ 1% (A ~ 1%)



Optical Fibers

Optical fiber
Input —— —  Output

The signal-carrying capacity of an optical fiber is characterized by the
maximum number of pulses it can transmit per second, i.e., the maximum
bit rate.

Fiber attenuation causes power loss and limits the transmission distance.
Fiber dispersion causes pulse broadening and limits the bit rate.

Note:

1 Mb/s = 10° pulses/second (a typical novel)
1 Gb/s = 10° pulses/second

1 Tb/s = 10'2 pulses/second



Optical Fibers
Attenuation Spectrum of Silica (SiO,)

15
Near Infrared Regime

s OH Absorbtion
Peak

Attenuation [<B/km}

in

Wavelength (nm)

http://www.vislab.usyd.edu.au/photonics/fibers

The lowest loss 0.2 dB/km is achieved at the wavelength 1550 nm.

Polymer optical fiber has an attenuation coefficient varying from several tens to
several hundreds dB/km, depending on the fiber material and the wavelength.



Total Internal Reflection
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Maximum Acceptance Angle and Numerical Aperture
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Light Transmission in a Multimode Fiber

glass cladding
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Core/cladding index difference: A=1% Core/cladding index difference: A=2%
Critical angle: ¢.~ 82 ° Critical angle: ¢.~79°

Maximum acceptance angle: ,~ 12 ° Maximum acceptance angle: 6,~ 17 °
NA ~ 0.21 NA ~ 0.29

Only light collected within the maximum acceptance angle can be trapped
into the core of the fiber. NA is a useful measure of the light-collecting
ability of a multimode fiber.



Light Transmission in a Multimode Fiber

Pulse Broadening by Modal Dispersion

air glass cladding
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Time delay between the slowest ray and the fastest ray:

OT = % Pulse broadening oT is proportional to A.

C

L: fiber length; n: refractive index of core (~1.45); c: speed of light in vacuum

1

Maximum bit rate:  Bjax = 53T
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Example

A 6 km optical link consists of a multimode step-index fiber with a relative
refractive index difference of 1% (n, = 1.5).

T_LnA_6><103><1.5><0.01
- Cc 3.0 x 108

= 300ns or 50ns/km

Maximum bit rate can be estimated as

1 1
26T 2% 300x10°

Bmax -

= 1.7 Mbit/s

What will be the maximum bit rate if the fiber link is 1 km long?

The maximum bit rate can be increased by two to three orders of
magnitude with a graded-index fiber whose refractive-index profile in the
core is carefully designed to minimize the pulse broadening effect.



Light Transmission in a Single-Mode Fiber

cladding

Only the fundamental mode is supported by the fiber, so that pulse
broadening caused by modal dispersion is eliminated.

Condition for single-mode operation (step-index profile)

21T

V= Tan 2A < 2.405

a. core radius; n: refractive index of core (~1.45); A: free-space wavelength

Single-mode operation at the wavelength 1.2 um:
For A =3 %, maximum 2a =2.6 um; For A =0.3 %, maximum 2a = 8.2 um

A carefully designed single-mode fiber system can provide a bit rate higher
than 10 Gb/s (i.e., support more than 120,000 telephone channels).
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Comparison of Fiber and Copper Cables

http://www.corningcablesystems.com/web/college/fibertutorial.nsf/introfro?OpenForm

The fiber cable in the foreground has the same signal-carrying capacity
of the copper cable in the background.

Fiber optic cables: How they work (5 min)
https://www.youtube.com/watch?v=0MwMKkBET 5l
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Wavelenagth-Division Multiplexing (WDM)

Wavelength-division multiplexing (WDM) is a technology which multiplexes a number
of optical carrier signals onto a single optical fiber by using different wavelengths (i.e.,
colors) of light.

Multiplexing of the wavelengths in a WDM system can be done in two different ways,
depending on how much bandwidth each wavelength is allocated on the optical fiber:
Coarse (CWDM) and Dense (DWDM).

CWDM can provide up to 8 wavelength channels in the 1470 to 1610 nm range and 8
additional channels in the 1270 to 1450 nm range, i.e., a total maximum of 16 CWDM
channels.

DWDM uses a smaller transmission window than CWDM but with much denser
channel spacing. The DWDM channels are normally located in the 1530 to 1565 nm
range (the C-band). An additional set of DWDM channels have been standardized for
the 1570 to 1600 nm range (the L-band), making it theoretically possible to more or
less double the capacity of a fiber. However, components for the L-band are not as
common as for the C-band and there are virtually no pluggable transceivers available
for the L-band, making the C-band the most economical alternative for DWDM. 40
channels at 100 GHz (~0.8 nm) spacing or 80 channels with 50 GHz (~0.4 nm)
spacing in the C-band are available.

http://www.transmode.com/en/technologies/wdm-the-transmode-way/wdm-the-transmode-way-

html/2-wdm-networking-technologies
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Wavelength-Division Multiplexing (WDM)

CWDM wavelength grid as specified by ITU-T G.694.2
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http://www.cianet.ind.br/pt/produtos/tecnologias/tecnologia-wdm/
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http://www.transmode.com/en/technologies/wdm-the-transmode-way/wdm-the-transmode-way-

html/2-wdm-networking-technologies

Total DWDM bandwidth for a single-mode fiber over the C+L band:

160 channels x 10 Gb/s = 1600 Gb/s (1.6 Tb/s)
80 channels x 40 Gb/s = 3200 Gb/s (3.2 Th/s) (all books in a moderate library)
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Wavelenagth-Division Multiplexing (WDM)
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For a long transmission distance (~100 km), amplification of the WDM channels is
required. Erbium-doped fiber amplifier (EDFA) can provide optical amplification for
all the channels in the C-band.
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Optical Communication Systems
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The first fiber submarine system: TAT-8 (12/1988)

US, The UK, France
1.3 um, 280 Mbit/s - 2 Fiber pairs, 40,000 telephone circuits

109 Electronic Repeaters * First submarine coaxial system: TAT-1, 48 channels (1956 — 1978)
SEA-ME-WE-3 (2000)

39 Landing points; 39,000 km
10 Gb/s - 48 WDM - 2 Fiber pairs — 960 Gb/s (after 2007 upgrade)

SEA=ME -WE&=3

https://en.wikipedia.org/wiki/SEA-ME-WE_3 19




National Fiber Network

Underground G.652 Fiber

--------- Hanging-out G.652 Fiber

Underground G.635 Fiber & A
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http://www.ctamericas.com/content.asp?pl=627&sl=637&contentid=678&id=2&indexid=0
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High-Speed Telecommunication
Facilities - Metro Atlanta

Source:
Georgia High-Speed Telecommunications Atlas

Telecommunications Providers

ALLTEL Fiber
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BellSouth Fiber
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MCI WorldCom Fiber
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Qwest Fiber
Sprint Fiber

US Carrier Fiber
Williams Fiber

Points of Presence (PoP)

http://www.cybergeography.org/atlas/cables.html




Local Access Networks

Service Nodes Passive Optical Network (PON)

Internet /
AT

FTTB

(Fiber to the
Passive Optical Splitter (32/64 users) business/building)

OLT NG ML (Fiber to the home)

~100 m zﬁ
@ < ONU |<— NT I (FFi-tE-(Ia-rCto the curb)

Leased Line & ONU NT %\ FTTN
S NG BL___  (Fiberto the node)

Fiber Copper/Fiber

OLT: Optical line terminal (central office based) ONT: Optical network termination;
ONU: Optical network unit; NT: Network termination

Advanced broadband services (triple play: voice, data, video):

Fast Internet access, electronic commerce, video on demand, digital broadcasting,
teleconferencing, telemedicine, e-learning, etc.

Delivery of these services effectively to the last mile of homes and businesses
demand a large bandwidth.
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Evolution of Optical Fiber Communication

Capacity (bits/s)
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Space Division
Multiplexing

High spectral
efficiency coding
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Year

acity limit of a single-mode fiber: ~100 Th/s
[D. J. Richardson et al., Nature Photonics 7 (2013) 354]
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Evolution of Optical Fiber Communication

Three “M” technologies:

« Multicore fibers (space-division multiplexing)
« Multimode fibers (mode-division multiplexing)
« Multi-level coding

Multicore fibers

2013

Few-mode fibers

A fibre supports a small number of modes. A carefully designed few-mode fibre with
minimized differential group delays among the modes (intermodal dispersion) can
be used for mode-division-multiplexing applications.
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Exercise

A silica multimode optical fiber has a core refractive index of 1.465 and a
cladding refractive index of 1.444. Determine (a) the critical angle at the
core-cladding interface; (b) the numerical aperture (NA) of the fiber; (c)
maximum acceptance angle in air for the fiber.

A typical relative refractive index difference for a multimode optical fiber
designed for short distance transmission is 3%. Estimate the NA and the
critical angle at the core-cladding interface with the fiber, assuming the
core index is 1.470.

When the mean optical power launched into a 6 km length of fiber is 1.5
mW, the mean optical power at the fiber output is 47 puW. Determine (a)
the overall signal attenuation of loss in dB through the fiber assuming
there are no splices or connectors; (b) the signal attenuation per
kilometer for the fiber; (c) the overall signal attenuation for a 10 km
optical link using the same fiber with splices at 1 km intervals, each giving
an attenuation of 1 dB; (d) the input/output power ratio in (c).



Exercise (Continue)

A 8 km optical link consists of a multimode step-index fiber with a core
refractive index of 1.475 and a relative refractive index difference of
1.5%. Estimate the delay difference between the slowest and fastest
rays at the fiber output (i.e., the pulse broadening 6T) and the maximum
bit rate that the fiber link can support. What will be the maximum bit rate
of the fiber, if it is 1 km long?

Determine the cutoff wavelength for a step-index fiber to exhibit single-
mode operation when the core refractive index and radius are 1.46 and
4.0 um, respectively, with the relative index difference being 0.30%.

A single-mode step-index fiber designed for operation at a wavelength
of 1.55 um has core and cladding refractive indices of 1.457 and 1.450,
respectively. When the core diameter is 7.0 um, confirm that the fiber
will permit single-mode transmission and estimate the range of
wavelengths for single-mode operation of the fiber.



