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StepStep--Index Optical FiberIndex Optical Fiber
–– Typically the core of a singleTypically the core of a single--mode fiber will be mode fiber will be 

of the order of 2of the order of 2--10 10 μμmm..

Figure 3.1 The structure of the step-index optical fiber



GradedGraded--Index Optical Index Optical 
FiberFiber

–– Communications fibers Communications fibers 
fall into this category with fall into this category with 
ΔΔ usually being less usually being less 
than 3 %than 3 %

–– For many applications, For many applications, αα
= 2 is the optimum (i.e. a = 2 is the optimum (i.e. a 
parabolic profile) parabolic profile) Figure 3.2 Refractive index profile 

of the graded-index optical fiber 
core 
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TETElmlm or or TMTMlmlm modesmodes
–– The integer The integer ll represents the fact that there will represents the fact that there will 

be be 22ll field maxima around the circumference field maxima around the circumference 
of the field distribution. of the field distribution. 

–– The integer The integer mm refers to the refers to the mm field maxima field maxima 
along a radius. along a radius. 

MeridionalMeridional raysrays
The propagation angles of the skew rays are The propagation angles of the skew rays are 
such that it is possible for components of both such that it is possible for components of both 
the the EE and and HH fields to be transverse to the fiber fields to be transverse to the fiber 
axis. axis. 
HEHElmlm or or EHEHlmlm depending on whether the depending on whether the EE or or HH
field dominates the transverse field. field dominates the transverse field. 
In In weakly guiding fibersweakly guiding fibers, the exact modal , the exact modal 
solutions are usually approximated by solutions are usually approximated by Linearly Linearly 
Polarized modesPolarized modes, designated , designated LPLPlmlm modes modes 



Figure 3.3 Propagation constant of the exact fiber 
modes plotted against normalized frequency. 

Figure 3.4 Intensity 
profiles of the three 
lowest-order LP 
modes. 

Reproduced from G.P. Agrawal (1997) Fiber Optic Communica-tions Systems, 2nd edn, John Wiley & Sons, New York by permission of John Wiley and Sons Inc. 

HEl+1,m, EHl-1,mLPlm(l ≠ 0 or 1)
HE2m, TE0m, TM0mLPlm

HE22, TE02, TM02LP12

HE41, EH21LP31

HE12LP02

HE31, EH11LP21

HE21, TE01, TM01LP11

HE11LP01

Exact modesLinearly polarized

Table 3.1 Relationship between approximate LP modes and exact 
modes. Source: Optical Fiber Communications, Principles and 
Practice, 2nd edn, J M Senior, Pearson Education Limited. 
Reproduced by permission of Pearson Education 

Consider a gradedConsider a graded--index fiber with a index fiber with a 
parabolic refractive index profile (i.e. parabolic refractive index profile (i.e. αα = = 22))

Figure 3.5 Structure of the graded-
index optical fiber
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Figure 3.6 Total internal reflection in a graded-index fiber. Source: 
Optical Fiber Communications, Principles and Practice, 2nd edn, J M 
Senior, Pearson Education Limited. Reproduced by permission of 
Pearson Education 



Figure 3.7 Mode trajectories in graded-index fiber. Source: Optical Fiber 
Commu-nications, Principles and Practice, 2nd edn, J M Senior, 
Pearson Education Limited. Reproduced by permission of Pearson 
Education 

NUMERICAL APERTURE AND ACCEPTANCE ANGLENUMERICAL APERTURE AND ACCEPTANCE ANGLE

Critical angle Critical angle θθcc, Acceptance angle , Acceptance angle θθaa. . 

Figure 3.8 Acceptance angle of an optical fiber 
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Numerical Aperture Numerical Aperture 

Figure 3.8 Acceptance angle of an optical fiber 
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NUMERICAL APERTURE AND ACCEPTANCE ANGLENUMERICAL APERTURE AND ACCEPTANCE ANGLE

For skew rays For skew rays 

Figure 3.9 The acceptance angle of skew rays. Source: Optical Fiber 
Communications, Principles and Practice, 2nd edn, J M Senior, Pearson 
Education Limited. Reproduced by permission of Pearson Education
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2
1cossin nnnNA aa −== γθ Dispersion in optical fibers means that parts of Dispersion in optical fibers means that parts of 

the signal propagate through the fiber at slightly the signal propagate through the fiber at slightly 
different velocities, resulting in distortion of the different velocities, resulting in distortion of the 
signal.signal.
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For a given pulse broadening, For a given pulse broadening, . . If pulses are not to If pulses are not to 
overlap, then the maximum pulse broadening must be a overlap, then the maximum pulse broadening must be a 
maximum of half of the transmission period, maximum of half of the transmission period, TT ..

The bit rate The bit rate BBTT, , is is 1/1/TT

Some texts use a more conservative rule of thumb, Some texts use a more conservative rule of thumb, 
making making BBTT ≤≤ ¼¼
For a For a gaussiangaussian pulse, with an pulse, with an r.m.sr.m.s. width . width σσ. . A typical A typical 
rule of thumb is rule of thumb is BBTT ≤≤ 0.2/0.2/σσ
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IntermodalIntermodal dispersion is a result of the different dispersion is a result of the different 
propagation times of different modes (different propagation times of different modes (different mm) within a ) within a 
fiber.fiber.

Low order modeHigh order mode
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Schematic illustration of light propagation in a slab dielectric waveguide. Light pulse
entering the waveguide breaks up into various modes which then propagate at different
group velocities down the guide. At the end of the guide, the modes combine to
constitute the output light pulse which is broader than the input light pulse.

The fastest and slowest modes possible in such a fiber The fastest and slowest modes possible in such a fiber 
will be the axial ray, and the ray propagating at the critical will be the axial ray, and the ray propagating at the critical 
angle angle θθcc. ( . ( sinsinθθcc = = nn22//nn11 ))

Figure 3.10 The origin of modal dispersion 

In a multimode fiber, generallyIn a multimode fiber, generally
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ΔΔ is the relative refractive index is the relative refractive index ((nn11--nn22)/)/nn11

For nFor n11 ≈≈ nn22

If we let If we let ΔΔ = 0.01 and = 0.01 and nn11 = 1.49. Hence = 1.49. Hence δτδτ = = 
49.6 ns/km. The maximum bit rate becomes49.6 ns/km. The maximum bit rate becomes

≈≈ 10 10 Mbit/sMbit/s··kmkm
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(a) Multimode step
index fiber. Ray paths
are different so that
rays arrive at different
times.

(b) Graded index fiber.
Ray paths are different
but so are the velocities
along the paths so that
all the rays arrive at the
same time.
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For gradedFor graded--index multimode fiber, the velocity of the ray index multimode fiber, the velocity of the ray 
is inversely proportional to the local refractive index, it is inversely proportional to the local refractive index, it 
can be shown thatcan be shown that

If we let If we let ΔΔ = 0.01 and = 0.01 and nn11 = 1.49. Hence = 1.49. Hence δτδτ = 62 = 62 psps/km. /km. 
The maximum bit rate becomesThe maximum bit rate becomes

≈≈ 8 8 Gbit/sGbit/s··kmkm
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Different spectral components Different spectral components 
of the light source may have of the light source may have 
different propagation delays, different propagation delays, 
and hence pulse broadening and hence pulse broadening 
may occur, even if transmitted may occur, even if transmitted 
by a single mode.by a single mode.
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Delay time for a pulse with a specific frequency Delay time for a pulse with a specific frequency 
bandwidth bandwidth ΔΔωω

Group velocity dispersion (GVD) parameter, Group velocity dispersion (GVD) parameter, DD
ps/(kmps/(km··nmnm). ). 
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There are two main contributions to chromatic There are two main contributions to chromatic 
dispersion: dispersion: 
–– Material dispersion. Material dispersion. The refractive index of any The refractive index of any 

medium is a function of wavelength, and hence medium is a function of wavelength, and hence 
different wavelengths that see different refractive different wavelengths that see different refractive 
indices will propagate with different velocities, indices will propagate with different velocities, 
resulting in resulting in intramodalintramodal dispersion. dispersion. 

–– Waveguide dispersion. Waveguide dispersion. Even if the refractive index is Even if the refractive index is 
constant, and material dispersion eliminated, the constant, and material dispersion eliminated, the 
propagation constant propagation constant ββ would vary with wavelength would vary with wavelength 
for any waveguide structure, resulting in for any waveguide structure, resulting in intramodalintramodal
dispersion. dispersion. 

Total chromatic dispersion Total chromatic dispersion DD is the sum of the material is the sum of the material 
dispersion dispersion DDMM and the waveguide dispersion and the waveguide dispersion DDww. . 
There is zero dispersion close to 1.31 There is zero dispersion close to 1.31 μμmm ((λλZDZD) in glass ) in glass 
optical fiber.optical fiber.

Figure 3.11 The variation in chromatic dispersion with wavelength. 

IntramodalIntramodal (Chromatic) Dispersion (Chromatic) Dispersion 
in Dispersionin Dispersion--modified Singlemodified Single--mode Optical Fibermode Optical Fiber

The contribution of waveguide dispersion is dependent on fiber The contribution of waveguide dispersion is dependent on fiber 
parameters such as refractive indices and core diameter.parameters such as refractive indices and core diameter.
Dispersion shifted fibersDispersion shifted fibers:: shift shift λλZDZD typically to 1.55 typically to 1.55 μμmm, where the , where the 
optical loss of optical fiber is a minimum. optical loss of optical fiber is a minimum. 
Dispersion flattened fibersDispersion flattened fibers: the total chromatic dispersion is relatively : the total chromatic dispersion is relatively 
small over the wavelength range 1.3small over the wavelength range 1.3--1.6 1.6 μμmm. . 

Figure 3.12 Dispersion-shifted and dispersion-flattened fibers. 



IntramodalIntramodal (Chromatic) Dispersion(Chromatic) Dispersion
in Singlein Single--mode Optical Fibermode Optical Fiber

For dispersion flattened singleFor dispersion flattened single--mode optical fiber, mode optical fiber, 
operated near operated near λλZDZD , e.g. , e.g. DD = = 11 ps/(nmps/(nm··kmkm) ) 

≈≈ 500 500 Gbit/sGbit/s··kmkm

ComparisonComparison
SI MM fiber SI MM fiber BBTT ≈≈ 10 10 Mbit/sMbit/s··kmkm
GI MM fiber GI MM fiber BBTT ≈≈ 8 8 Gbit/sGbit/s··kmkm
SI SM fiber SI SM fiber BBTT ≈≈ 500 500 Gbit/sGbit/s··kmkm
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SINGLESINGLE--MODE FIBERS: MODE PROFILE, MODE FIBERS: MODE PROFILE, 
MODEMODE--FIELD DIAMETER, AND SPOT SIZEFIELD DIAMETER, AND SPOT SIZE

Cylindrical coordinates Cylindrical coordinates 
((r, r, φφ and and zz) ) 
–– exp exp jjββzz
–– exp exp jmjmφφ
–– JJmm((rr), ), KKmm((rr) ) 

Cartesian coordinates Cartesian coordinates 
((x, y x, y and and zz))
–– exp exp jjββzz
–– exp exp jmxjmx or or indepindep. of . of xx
–– coscos kkymymyy, exp , exp --kkymymyy

Figure 3.13 (a) Variation of the first four Bessel functions. (b) Variation of the 
first two modified Bessel functions. 
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MODE PROFILEMODE PROFILE
–– JJ00((rr), ), KK00((rr) ) 

Figure 3.14 Field shape of the fundamental mode of a step-index fiber, for 
normalized frequencies of V = 1.5 and V = 2.4. 

Mode Field Diameter = Mode Field Diameter = 22ww00

Spot size = Spot size = ww00

Figure 3.15 Approximation to the fundamental mode, showing the mode-field 
diameter (MFD) and the spot size w0
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Figure 3.16 Propagation constant of the exact fiber modes 
plotted against normalized frequency. 
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