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Multimode Optical Fiber

1 OBIECTIVE

Determine the optical modes that exist for multimode step index fibers and investigate their
performance on optical systems.

2 PRE-LAB

The backbone of optical systems is optical fiber. It allows for the propagation of very short pulses, which
translates to high bit rates, extremely long distances while experiencing modest signal degradation.
Understanding how signals propagate in a fiber allows for better control and optimization of an optical
system.

From the principle of total internal reflection it is understood that rays of light can be guided by
propagating them through a region of high index of refraction surrounded by a region of low index of
refraction. If the rays have a larger angle of incidence than the critical angle the light will be reflected
back into the core region.
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Figure 1: Rays with a larger angle of incidence are kept confined to the high index core of a multimode waveguide.

In this example, the core region n; has a higher index than the outer cladding region n,. There then
exists a critical angle, 8, such that rays incident at a greater angle will be completely reflected. This is a
useful approximation for large core fibers, but when the core radius becomes comparable to the
wavelength of the light the wave nature dominates. The Maxwell equations must then be used to solve
for the guiding conditions.

Starting from the Maxwell equations in cylindrical coordinates and continuing on from the Helmholtz
equation the problem can be stated as a Bessel differential equation of the form:

d?E,(r) , 1dE,(r)
dr? r dr

2
+ (v + k2e, =) E,() = 0, (1)
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In cylindrical coordinates, the z component of the electric field as a function of the radius r, can be
related to the propagation constant y, the electric permittivity €, and an integer m which represents the
periodic conditions for the ¢ component of the electric field.

Assuming lossless media, y = jB, the solution of this differential equation are Bessel functions. In

addition, approximating as a weakly guided fiber n; = n,, and matching the fields at the boundary

between the core and cladding the solution can be expressed by a characteristic equation.
Jm+1(X) _ | Km+1(Y)

== (2)

Jm(X) ~ Km(@) '

The solutions to the characteristic equation provide the propagation constant and the field profiles for
the LP», modes. For a more exhaustive derivation please refer to the reference [1]. In equation 2, J and
K are the Bessel functions of the first kind and the modified Bessel functions of the second kind. The
values X and Y are given by:

X:am, (3)
Y = ayF7 T, (4)

where a is the radius of the core. We can also a variable called the V parameter defined by:

X*+Y2=V? (5)

For optical fiber with large V parameters the number of modes can be approximated by:

4
M=—V2 (7)
Questions:
2.1 From Snell’s Law derive the expression for the critical angle.
Answer: sin(6,) = 2
nq
2.2 Approximate the number of modes of a fiber using a wavelength of 850 nm, a core
radius of 80 um and core index of 1.56 and cladding index of 1.50.
. _ 4 80 um 2 2N\2 _
Answer: M = — (27185()nm\/n1 ns)* = 26022

2.1 MopbAL DeLaY
Arriving at equation 1 requires setting the z dependence of the propagating field proportional to L
The phase velocity for a harmonic field evolving in time as e/®t is then equal to

(8)

_w
UP—E.
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However, the speed at which a pulse envelope centered at w travels, also known as the group velocity,
is given by

_dw

‘Ug—&. (9)

This arises from the fact that the phase constant B is a function of frequency. From Fourier theory, even
if a monochromatic source is used, the modulated pulse will contain frequencies other than the carrier
frequency and each frequency will travel at slightly different phase velocities. This is the basis for
understanding dispersion, which broadens time pulses after propagating over fiber.

The group velocity can be used to calculate the overall time delay of an optical pulse through a fiber by
rearranging the equation into

L dN,
ty == (Nepy — 22D, (10)

where Nef is the mode effective index and calculated from N,¢r = A/2m. Using the mode solver built
in to OptiSystem the effective index can be found and then approximating the derivative with a
difference the group delay can be calculated.

The goal of this next step is to demonstrate calculating the group delay of the stock step index
multimode component at the carrier wavelength of 850 nm and length of 1 km. Start by placing the
Measured-Index Multimode Fiber into a blank layout. Set the mode solver to use 850 nm as the solver
wavelength.

Measured-Index Multimode Fiber Properties =
Label Measuredindex Multimode Fiber
:
Main | Fiber.. | Mater.. | Chro.. Num.. ‘Graphs Simul.. | Cust.. 1
Dis| Hame Value |__units Mode
User defined wavelength Normal Evaludte
Solver wavelength C_850:pm Normai Seript
[[] [modal (=] Normal
e Mulimads Fiser Attenuation filename Attenuation.dat Normal
km [ ] [Relative delay Normal
[ ] [const. mode power dist. (=] Normal L
[]_|Intra mode group coupling [l Normal
Modal delay Effective index Gif. Normal
[] |LP{m,n) max. 20, 10 Normal
[] [min. signal power -100:dBm Normal Load
WMode solver P Normal
Solver tolerance 108-015; Normal Save As
[ ] [solver step size 156-006 Normal
| |Soiver sample rate 251 1/um Normal [ Secuity.. |
Generate overfilled launch =] Normal
[ ] |Generate report Normal
[] |Report EF Normal
.

Figure 2: Measured-Index Multimode Fiber component properties



Measured-Index Multimode Fiber Properties
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Security...
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Figure 3: Changing the graph options of the multimode fiber.

In the Graphs tab, enable Calculate graphs and set the wavelength to 850 nm. Exit the component
properties and run the simulation. From the Project Browser, you will be able to see the various graphs
the component calculates, in particular double click the effective index graph and open it up. This graph
shows the effective indices for different propagating modes starting on the left for the fundamental

mode.
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Figure 4: Plotting the effective index as a function of the mode number.
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Double clicking the blue tab at the top left corner of the graph and choosing export data allows the
creation of a data file with the exact numerical values. These files can then be imported into a different
program to perform operations on them or to plot data, like Excel or Matlab.

B | Quick View =
@ Effective index
Dbl Click On Objects to open properties. Move Objects with Mouse Drag |
Data Export 2 |
Data Selection 0K
3
] Display [ Digplay #0 -
Curve: ILayout] Measured-Index Multimode Fiber [ 1 'J
5%
B~
H
g E_ * Walues Y Walues i
ﬁ - o 1.46126443263913 L
1 1.45978859018426 3
] 2 1.45831057636606
= 3 1.4568307802228
4 1.45534931415854
[ 5 1.45388622722228 Expart Data
T 3 1.452381 56260829
7 1.4508956395688
—— 8 1.44941195427028 Export Fomat
| 1.44738365058259 Single Pair -
10 1.460527 05905508
1 1.4550493286 7869
12 1.45757096229082 Expart Display...
12 1.4560303030466
14 1.45460801011474 Fper s
18 1.45312411811629
16 1.4516387 2061161
17 1.450715288477533 S
‘ )

Figure 5: Exporting data to a text file.

Perform these steps two more times for wavelengths of 850.1 nm and 849.9 nm and match the table
below relating wavelength to effective index of the 0™ mode.

Wavelength | Effective Index

849.9 nm 1.46123755153895
850 nm 1.46123746163327
850.1 nm 1.46123737172757

Using these values and the central difference approximation for a derivative:

dF(x F(x+Ax)—F(x—Ax 1.46123737172757-1.46123755153895
di) ~ K ;mf ) — — = —8.990569E — 7.

Now that the derivative is known all the remains is using the central wavelength and index of refraction
in the group delay expression for the result.

1km
ty = —km(l.46123746163327 + 850 nm X 8.990569E — 7 nm™1) = 4.87672 us

299792 —
S
Questions:

2.1.1  Showing your work, find the group delay of the 10" mode (Mode 9) with the default
Measured-Index Multimode Fiber at the same wavelength.
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Answer: Wavelength | Effective Index
849.9 nm 1.44751581124069
850 nm 1.44751446007531
850.1 nm 1.44751311049375

F(x + Ax) — F(x — Ax)
2Ax

t, = 4.86668 us

= —1.350373E -5

2.1.2 Two pulses, one travelling with the group velocity of mode 0 and the other with mode 9,
propagate a distance of 100 km. Which pulse will reach the detector first and what will
be the delay of the second pulse?

Answer: The mode 9 pulse will reach the detector first as it has a smaller group
delay.

Us
tgo = 4.87672E X 100 km = 487.672 us

Us
tgo = 4.86668% X 100 km = 486.668 us

tydelay = 487.672 jis — 486.668 s = 1.004 s

2.1.3 Generally when injecting light into a multimode fiber more than one mode is excited at
the same time. If a pulse of light excites both the first and tenth mode, what will be the
general tendency of the pulse as it propagates through the fiber?

Answer: The power in the different modes will travel at different group velocities
resulting in a pulse envelope that broadens as it propagates through a
multimode fiber.

2.2 EXCITING MODES

Different spatial modes of a multimode fiber travel with different group velocities. If an input optical
pulse excites more than a single mode the different group velocities will tend to broaden the pulse over
the propagation distance. This in turn limits the length and bandwidth of multimode fiber based
systems, since as the pulses broaden they may begin to overlap with adjacent bits.

The excited modes in a multimode fiber depend on the injected field. The amount of power coupled to
specific mode can be calculated via an overlap integral. In special cases, like where the injected field is
exactly the same as a specific fiber mode then all of the incident power will be coupled into that specific
mode. In physical fibers, although one mode might be excited at the input of the fiber, power will spread
to other modes through imperfections and bends.

Using the Spatial Visualizer in OptiSystem and attaching an input field at a wavelength of 850 nm to the
fiber in the previous section, the fields supported by the fiber can be viewed. Before running the
simulation, modify the Numerical tab in the Measured-Index Multimode Fiber by checking “Const. mode
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power dist.”. This will ignore the overlap integral and excite all modes with equal power, so that they
can be viewed easily.

Laguerrs Transverse Mods Genarator
Fower ratio aray = 1

Optical Gsussian Pulze Generator
[”.Dl Fraguency = wavelength nm
Power =0 dBm _-':

User Defined Bit Sequence Generator Measured-Index Multimode Fiber
Bit rate = Bit rate bit's Length =1 km

'
'

:
'

.................. .

Spstial Visuslzer

Figure 6: Exciting modes in a multimode fiber layout.

The first couple of modes of the fiber are given in Figure 7:

400 m

00 m

400 m

Figure 7: Different LPmn, modes of an optical fiber from top left to bottom right: LPO1, LP0O2, LP11, LP12.
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These figures show the intensity of the E, field as a function of the transverse dimensions. The
multimode component also calculates the coupling of power from the incident field into the different
fiber modes. Navigate to the Numerical tab and at the bottom beside the Report parameter click on the
small string editor button.

The coupling coefficient can be viewed for each LP,, mode. In this example, the coefficient is the same
for each mode, since the option “Const. mode power dist.” was checked. This information is also
contained in one of the calculated graphs.

oy puuys
Measured-Index Multimode Fiber Properties Dual Port Oscillescope Visualizer_1
Label Meazuedndex Multimode Fiber
Wain | Fiber . | Mater | Chro.. Num.. lGrapns | NG Edito — e
Disp Hame Value ltimode fiber calculat t i
k| ; User defined wavelength Multinode fber calculaionrepor B o
B e 3
b [C] |Attenuation filename Attenuation.dst end]
] |Relative delay [¥] (| Sourcel
3 ] |Const. mode power dist. [#] i _
] [Intra mode group coupling ] 1 Pal. ¥ = Laguene-Gaussian [0,0]
] |Modal delay Effective index diff. H Pol. ¥ =
[[] |[LP{m,n) max. 20, 10 (| Mode No. Pal. Fiber mode Group  Coupling pwr. Delay (5]
(] |Min. signal power -100 I
Mode solver T 1 % Foer (P[01] 1 0005263157895 487671261 1=-006
= il 2 X Fiber LP [0.2 3 0.005253157895  4.876721636=-006
[ |Solver tolerance 100158 3 X Fiber LP {0,3% 5 0005253157895 45767 349040006
|| |Solver step size 15¢-006 4 % Fiber LP [0.4] 7 0005263157895  4.67675312e-006
|| |Solver sample rate 25 I 5 x Fiber LP [0.,5] 9 0005263157895 4.6876776512e-006
[ |Generate overfilled launch ] B X FberLP[0E] 11 0.005253157895 4 876605018=-006
= i 7 e Fber LP[07] 13 0.005253157895 4 8766346752-006
[| |Generate report - L Y Fiber [P 0.4 15 DODRZETIETASE 4 768101 320006
L1 [Report Mubmadehben i % FiberlP[03] 17 0.005253157895  4.87617696=-006
1 % Fiber LP[010] 19 0.005253157395  4.855149009=-006
1 b FberLP[11] 2 0005263157895  4.876717064e 006 _
| 3
Figure 8: Opening the multimode fiber calculation report.
Questions:

2.2.1 Create a parameter sweep for the Laguerre Transverse Mode Generator to plot the
coupling power coefficient for the LPo; mode as a function of the injected mode spot
size. Plot the relation and determine which injected spot size would minimize the modal
dispersion.

Answer: The most effective way to limit modal dispersion is to couple as much
power into a single mode as possible. Therefore using the spot size of 6
pum should minimize the modal dispersion.
Mode Spot 3 4 5 6 7 8 9 10 11 12
Size (um)

Mode 0.676 | 0.8817 | 0.9819 | 0.9978 | 0.9606 | 0.8959 | 0.8203 | 0.7436 | 0.6708 | 0.6041
Coupling
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Power Coupling to LPO1 Mode

Power Coupling
-

3 4 5 6 7 8 9 10 11 12
Mode Spot size (um)

3 MINIMIZING MODAL DISPERSION

Modal dispersion is unwanted in optical communication systems as it places a limit on the propagation
distance and bandwidth. There are two popular ways that modal dispersion can be limited. Using a
parabolic index fiber, where the index of refraction varies smoothly as a function of the radius, can be
design to support modes all with very similar group velocities. The other direction is to eliminate
multiple modes altogether, by using a single mode fiber. This can be achieved simply by reducing the

core radius.

The default index of refraction profile is an Alpha or exponential distribution. Thus, to approximate the
step index fiber set the Alpha parameter to 10e+009 and a suitable number of radial steps to resolve the
small radius changes (>1000).

Questions:
3.1

3.2

Find the core radius that will modify the default Measured-Index Multimode Fiber to act
as a single mode fiber with a carrier wavelength of 850 nm. Hint: Use the Graphs to view
the different effective indices of the modes.

Answer: Should be approximately 1.55 um radius

Using the dimensions of the fiber that give single mode operation, what is the
associated V parameter?

Answer: V= 27101;3—5550\/1.4622 —1.4472 = 2.393

The V parameter should be close to ~2.405, which is the analytic solution
to of the requirement for single mode operation.
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4 REPORT

In your lab report include the following:

Brief overview of the background and theory.

Answers to all pre lab questions, clearly showing your work.

Brief description of the simulation method and setup, including screenshots.
Final results including figures and discussion.
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