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Special instructions for invigilators: None.

Information for Candidiates:

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=1.6x10"C
permittivity of free space : g, = 8.85x 10° F/m
relative permittivity of silicon: g =12

Planck’s constant : h=6.63x10"*Js
Boltzmann’s constant : k=1.38x 102 JJK
speed of light : c=3x10°m/s
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1)

You should attempt all parts of this question. Short answers only are required; there is
no need to re-state the questions in your answer book, or to give derivations or proofs,
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.

Total internal reflection occurs when the angle of incidence (with respect to the
normal) is greater than a critical angle 6,. For TE polarisation, is 6, greater than,
equal to or less than that for TM polarisation?

A certain guided mode has a wave vector magnitude of 7 x 10® m™ for a free space
wavelength of 1.50 um. Find the effective index of this mode.

In a dielectric waveguide, higher order modes have a higher, lower, or equal phase
velocity compared to lower order modes?

For a certain optical signal intensity, would an avalanche photodiode be expected to
produce more, less, or approximately the same photocurrent as a p-i-n photodiode?

A Fabry-Perot semiconductor laser diode with a free-space wavelength of 1.5 um has
a cavity length of 300 um. Estimate the separation in nm between adjacent

longitudinal modes. Assume a refractive index for the semiconductor of 3.5.

A laser diode with a free-space wavelength of 1550 nm is found to have a slope
efficiency of 0.64 W/A. What is its quantum efficiency?

A laser diode with a free-space wavelength of 1.5 pm has an output power of 3 dBm.
How many photons per second is this?

A longitudinal grating is required to act as a back-reflector in a silica fibre for signals
of free-space wavelength 1330 nm. What should the grating period be?

An LED has a refractive index 3.6 and an output wavelength of 0.78 um (in air).

- What thickness and index values would be suitable for an anti-reflection coating for

this diode? ‘

A passive four-port coupler has inputs labelled 1 and 3 and outputs labelled 2 and 4.
If a signal entering at port 1 drops 10% of its power to port 4, then what fraction of
power for a signal at the same wavelength entering at port 3 will be dropped to port 4?
Ignore excess losses.
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2.a)

b)

3.a)

b)

d)

For TE modes in symmetric slab waveguides, what are the boundary conditions on the
electric field at the core-cladding interfaces?

Using these boundary conditions, derive the eigenvalue equations for the TE modes.

A certain symmetric slab waveguide has a core thickness d = 21, where A, is the free
space wavelength. The lowest order TE mode in this guide has an electric field
magnitude E(x) such that E(d/2) = E(0) / V2, where x = 0 and x = d/2 are the centre
and edge of the waveguide core respectively. If the core index n; = 1.50, find the
effective index of this mode.

Explain what is meant by shot noise in optical detection. Give expressions for the
spectral density of shot and thermal noise.

For what value of photocurrent will the shot and thermal noise be of equal magnitude
for an optical receiver with an effective input resistance of 100 k?

A laser diode of nominal wavelength 1550 nm transmits 10 mW into a fiber with
propagation losses of 0.5 dB/km. The light at the other end of the fibre is detected by
a receiver as in part (b) with quantum efficiency 1 = 0.8. How long will the fibre be
for the case where shot and thermal noise are equal?

For the case described in (c), what is the maximum bit rate at which the signal to noise
ratio (in terms of the photocurrent) will be at least 12? Assume a receiver bandwidth
of half the bit rate B, and ignore noise sources other than thermal and shot noise.

At the bit rate determined in (d), Gaussian pulses are transmitted with an rms width Co

equal to 0.2/B. If the pulses are transform limited, such that o, o, = %, find the rms
pulse width at the receiver if the dispersion coefficient D = 20 ps/nm-km.
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4. a)

b)

d)

fibre core fibre

glass cladding

- active region

semiconductor

@) (b)

Figure 1.

A semiconductor LED has a refractive index of 3.6. If photons are emitted from the
active region in all directions equally, calculate the fraction of them escaping from the
diode surface. Neglect Fresnel reflection and absorption between the active region and
the surface.

The LED is now covered by a glass hemisphere of index 1.5, as illustrated in Fig. 1(a).
Assuming the hemisphere is large compared to the width and distance from the
surface of the active region, find the fraction of power escaping into the air. You can
neglect internal absorption, but should include Fresnel reflection at the two
boundaries, although the reflection coefficient may be approximated as that at normal
incidence.

The hemisphere is now replaced by silica multi-mode fibre whose axis is normal to
the surface, as illustrated in Fig. 1(b). Neglecting Fresnel reflection and absorption;
find the fraction of generated power which is propagated in guided modes of the fibre.
The core diameter is much larger than the active region, and the fibre has an index
difference of 0.01.

Briefly explain how a heterostructure can be used to increase the external efficiency of
an LED.
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b)

b)

An optical cable consists of three 10 km sections joined by connectors. These [4]
connectors each have losses of 1 dB, and back-reflections of —20 dB. What fraction of
the power lost at the connector is reflected back along the fibre?

Describe the operation of four-port couplers, and how they can be used in a passive [8]
optical network. Indicate the relationships between the various coupling ratios within
one such coupler.

Tx RX

Figure 2

A single optical link is configured as shown in Fig. 2, to provide a protection path in [8]
case of failure of one of the fibres between the transmitter (Ty) and receiver (Ry). The

two passive couplers employed are identical. The upper and lower fibre lengths
between the couplers are Ly and Ly respectively, AL = Lg—L,, and the attenuation
coefficient is o in both fibres. Find an expression for P,;, the fraction of power
incident at port 1 exiting on port 2 of the coupler, such that equal power from each of

the two paths arrives at the receiver Ry. Neglect excess losses in the couplers. What
limitation should be placed on AL?

Describe the structure and operating principles of erbium doped fibre amplifiers. Use [8]
diagrams where appropriate. Indicate the main performance criteria, and give typical
values for these. Include a definition of amplified spontaneous emission (ASE) and
discuss its significance.

The ASE noise spectral density can be approximated as: [12]
(14" =4 €*G (G-1)Soh/he

where G and S, are the amplifier gain and input power respectively. Show that if a
high gain amplifier is placed before the receiver, the resulting signal-to-noise ratio
(SNR) in terms of photocurrent is worse by a factor of v/2 than without the amplifier,
if the latter case is dominated by shot noise. State any assumptions or approximations
used. Hence, deduce the rate at which SNR degrades with the number of amplifiers n
in a particular link. '

Describe the most general conditions under which an optical amplifier will improve
the SNR.
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