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Answer Question ONE, and ANY THREE of Questions Two to Six.
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Special instructions for invigilators: None.

Information for Candidates:

Numbers in brackets in the right margin (e.g. [5]) indicate maximum marks for each section
of each question.

The following constants may be used:

electron charge : e=16x10"C
permittivity of free space : £o=8.85x 10" F/m
relative permittivity of silicon: g =12

Planck’s constant : h=6.63x102*]s
Boltzmann’s constant : k=1.38x 10> J/K
speed of light : c=3x10%m/s

The eigenvalue equations for TE modes in a symmetric slab waveguide of thickness d are

k = kitan(k;xd/2) and « = - kyx cot(k;,d/2)
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d)

g)

h)

b))

You should attempt all parts of this question. Short answers only are required; there 1s
no need to re-state the questions in your answer book, but you should show any
calculations you use to arrive at your answers, and give a brief (one or two lines)
explanation where appropriate. All parts have equal value.

A certain dielectric symmetric slab waveguide supports two TE modes, having mode
numbers m=0 and m=1. Which of these modes has a larger fraction of its field
distribution in the core of the guide?

A step index silica fibre has a core diameter of 6 pm and an index difference of 0.01.
What is the cutoff wavelength in nm for single mode operation?

Certain types of glass have lower intrinsic minimum attenuation than silica. What
property makes this possible? Is this lower minimum found at longer or shorter
wavelength than that of silica?

The spread in pulse length due to material dispersion in a fibre is generally
proportional to the second derivative of index with respect to wavelength, 1.e. d*/da’.
Why is the material dispersion not zero at wavelengths where this second derivative is
zero, and in what way does the dispersion depend on n(}) in this case?

What would a suitable thickness and index be for an anti-reflection coating on the end
of a silica fibre emitting into air, if the free space wavelength is 1330 nm?

A LED emits light in the wavelength range 780 — 790 nm. What is the bandgap energy
E,, in electron volts, in the active region?

A cooled LED emits radiation primarily in the wavelength range 1530 — 1570 nm.
Estimate its operating temperature.

A Fabry-Perot laser diode of cavity length 350 um operating at a free space
wavelength of 1550 nm has longitudinal modes spaced at 1 nm. Calculate the effective
index n for the guided modes in the laser.

A p-i-n photodiode with quantum efficiency n= 0.8 has a responsivity of 0.85 A/W at
a particular operating wavelength. What is this wavelength?

A certain erbium doped fibre amplifier has significant gain over a bandwidth of 40

nm. Estimate the width AE in eV of the metastable energy level (assuming the ground
state has the same width).
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2. a)

b)

3. a)

b)

d)

A symmetric slab waveguide supports three TE modes. Show the relative shapes of
these modes by sketching the electric field amplitudes as a function of x. The core-
cladding boundaries are at x = d/2 and x = -d/2.

Show that regardless of the number of TE modes supported in a symmetric slab
waveguide, the ratio |[E(0)| / [E(d/2)| decreases monotonically with increasing m for
even modes m = 0, 2, 4.., where m is the mode number and E(0) and E(d/2) are the
field amplitudes at the centre of the core and at the core-cladding boundary
respectively.

Define o to be the ratio of the waveguide transverse wavevector amplitude in the
cladding to that of the core, i.e.

OL=K/k1X

for a particular even mode. Define v to be the ratio between the waveguide width and
the free space wavelength, i.e.

Y= d/ .

Find an expression for the numerical aperture (NA) of a symmetric slab waveguide, in
terms of o and y.

An optical source transmits +3 dBm into a 80 km fibre with attenuation 0.5 dB/km at
the operating wavelength of 1550 nm. This is received in a p-i-n photodiode with
quantum efficiency n = 0.8. The receiver noise can be approximated by a load
resistance of 10 kQ. Find the relative magnitude of shot and thermal noise square
spectral density in this case. Neglect connector, reflection and other excess losses.

Show that when shot noise is the dominant noise source in an optical receiver, the
signal-to-noise ratio (SNR) in terms of electrical power is equal to the number of
photons per bit. Assume on-off keying modulation and a quantum efficiency n = 1.

An erbium doped fibre amplifier (EDFA) whose noise figure is 6 dB at the operating
wavelength is now added in front of the receiver to the link described in (a). Find the
maximum improvement in SNR that can be given by this amplifier.

What quantity primarily influences the noise figure of an optical amplifier? For what

value of this quantity is the noise figure minimised, and what is the minimum noise
figure?
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4. a)

b)

Show that the spread in pulse length due to material dispersion in a fibre is
proportional to the second derivative of index with respect to wavelength, 1.e. ddrr (6]

A certain receiver has a noise equivalent power (NEP) of 5 pW/NHz. For a transmitted
power of 1 mW and a fibre attenuation of 0.6 dB/km, find an expression for the

maximum bit rate B as a function of fibre length (assuming NEP is the limiting

factor), and sketch this relation over a practical range of fibre lengths. Assume on-off
keying, a signal bandwidth at the Nyquist limit, and a minimum optical SNR of 12 dB.

Why is this approximation invalid for shorter fiber lengths? (8]

Using the relationship found in (b), find the minimum length, and corresponding bit

rate, for which the dispersion penalty is below 1 dB, for a dispersion coefficient of 10
ps/nm-km. You may use Fig. 4.1 below. The source spectral width &, is 0.15 nm (and

is not affected by the signal bandwidth). [6]
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Figure 4.1 Dispersion penalty vs. dispersion paramete(
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b)

d)

6.a)

b)

Briefly describe the four factors which reduce the external quantum efficiency in a
light emitting diode (LED), and ways in which their effects can be reduced. [6]

For a homostructure LED emitting into air, find the fraction of emitted photons lost

through each of the four mechanisms of part (a), and hence calculate the external

quantum efficiency mex;, if none of the special measures to improve it have been used.
Assume an attenuation coefficient of 10° cm™, and that the active region emits

photons equally in all directions. The distance from the active region to the surface is

5 um, and the refractive index of the semiconductor is 3.6. State any other

assumptions or approximations made. 6]

Calculate the quantum efficiency for this same LED emitting into guided modes of a
multi-mode fibre with a numerical aperture of 0.1. 4]

Explain why silicon is not well suited for making LEDs. (4]

A silicon p-i-n photodiode has intrinsic layer thickness w; = 10 pm, and p, i and n
doping levels respectively of N,* = 10*' m*, Np~, and Np* = 10?' m™. The electron
and hole velocities can be approximated as linearly proportional to applied field, with
mobilities of 0.15 m%/Vs and 0.06 m*/V's respectively, up to a saturation velocity of
10° m/s (for both electrons and holes). Find the applied electric field amplitude at
which the electrons reach their saturation velocity. Hence, find the value of Np~ such
that the electron velocity reaches the saturation value at the p-i junction, and drops
10% below this value across the intrinsic region. Calculate also the corresponding
applied voltage needed to reach this condition. [10]

For the structure and conditions of part (a), find the maximum time for a carrier pair to
be swept out of the depletion region for a photon absorbed in the intrinsic region (you
may neglect the propagation in the depleted parts of the n* and p” regions). You may
find the following integral useful:

[ B+ ax)

C+ax a
[5]
Explain the structure and functioning of an avalanche photodiode. Use sketches of the
charge and field distribution to illustrate your explanation. [5]
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