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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=1.6x10"7C
permittivity of free space : £,=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 J/K
speed of light : c=3.0x 10* m/s

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

k = kistan(kixd/2) and « = - k4 cot(k;d/2)
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b)

c)

d)

g)

h)

)

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, 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.

Two types of step index silica fibre are labelled A and B. Type A has an index
difference of 3x107 and a core diameter of 6 um. Type B has an index difference of
4x10” and a core diameter of 4 um. Estimate which type has the largest cutoff
wavelength for single mode operation.

A certain fibre supports only a single mode for both 15 10 and 1512 nm wavelength.
Which of these two wavelengths has the higher phase velocity, and why?

What loss mechanism in an optical fibre causes a polarisation dependent attenuation?

A cooled light emitting diode emits light predominantly within a wavelength range of
approximately 1300 to 1330 nm. Estimate its operating temperature.

Which of silicon and gallium arsenide has the steeper edge in its absorption spectrum?
Which particular characteristic of the band structure mainly determines this?

An optical point-to-point link has a fibre length of 50 km and an attenuation
coefficient of 0.3 dB/km. Which would you expect to have a worse effect on the
signal-to-noise ratio: doubling the cable length, or doubling the bit-rate? Assume
thermal noise dominates in all cases.

An anti-reflection coating is desired to be placed at a planar semiconductor-to-plastic
interface, for operation at normal incidence with a free-space wavelength of 1310 nm.
Calculate a suitable thickness and refractive index for this layer. The index of the
semiconductor is 3.50 and that of the plastic is 1.51.

A semiconductor laser operating at a nominal wavelength of 780 nm has a slope
efficiency of 1.1 A/W. Calculate the quantum efficiency.

An unamplified optical link has a signal-to-noise ratio (SNR) dominated by shot
noise. What will be the effect on the SNR if an optical amplifier is added within the
link, and why?

Dispersion in a certain fibre causes a doubling of the temporal width of a Gaussian,
transform-limited pulse propagating through it. What effect does the same dispersion
have on the spectral width of this pulse?
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b)

c)

a)

A symmetric slab waveguide as shown in Fig. 1 has a core thickness d = 20 um, and a
numerical aperture NA = 0.105. The free-space wavelength is 1.50 pum.

Determine the total number of TE modes supported by this guide.

Estimate the 1/e decay distance of the evanescent field for the lowest order TE mode
supported, to 3 significant digits.

Sketch and dimension the field profile E(x) for the highest order TE mode supported
by this guide. Estimate the position of all nulls and peaks in this profile, to 3
significant digits.
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-d/2
nO
v

Figure 2.1

A certain single mode fibre has a wavelength-dependent effective index n' given by:
n'=ng + alho — Ac) (3.1)

where A, is the free-space wavelength and A. is the centre wavelength of the operating
range.

Derive expressions for the phase delay 1, and the group delay 7, for a fibre length L.
Note that the group velocity is given by v, = dw/dp where B is the propagation
constant.

Using your solution to (a), derive an expression for the dispersion coefficient D, using
D= %(dtg /dAo)/L |. Hence, show that D = | Ao(d*/dAo)/c | for this case.

Since dispersion causes a frequency (or wavelength) dependent phase shift, it can be
modelled as an all-pass filter. Find an expression for a filter function H(w) equivalent
to the dispersion effect of this fibre for a length L.
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4.a)

b)

c)

5.a)

A Fabry-Perot laser diode emitting at 780 nm has a threshold current I, = 20 mA at
300K, dropping by 0.5mA/K as the temperature rises. The overall quantum efficiency
above threshold is 0.4 (independent of temperature). Calculate the temperature
dependence d®/dT of output optical power above threshold.

The laser diode in (a) has mirror reflectivities R = 0.98 at both ends, and a waveguide
absorption coefficient of 0.2 cm™. The cavity length is 0.5 mm. Neglecting other
attenuation mechanisms, calculate the fraction of photons generated which are emitted
through the front mirror. [6]

If the laser in (b) has a waveguide effective index of 3.51, and an operating

temperature of 300K, calculate the spacing in nm of its spectral modes, and estimate

the number of these modes which contain non-negligible power for a current just

above I, [8]

A laser of output power 3 dBm at A, = 1550 nm emits into a fibre of length L = 100

km and attenuation coefficient (for power) .= 5x10”> m™. The receiver has quantum
efficiency n = 0.8 and noise equivalent power (NEP) of 20 pW/VHz. Show that

receiver noise dominates over shot noise in this case. [6]

An optical transmitter generates Gaussian pulses of spectral width 65 = 0.1 nm and
temporal width o, = 50 ps. These are propagated through a fibre type having a
dispersion coefficient D = 10 ps/nm-km. Assume that a sampling receiver is used,
such that the signal-to-noise ratio is determined by the peak optical power of the
received pulse. Hence, derive an expression for the power penalty, in dB, resulting
from dispersion, and find the fibre length L for which this penalty is 3 dB.

Determine whether the transmitted pulses above are transform limited. [14]
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a)

b)

A silicon avalanche photodiode has intrinsic and avalanche layer thicknesses of 8 and
3 pm respectively (Fig. 6.1). The acceptor doping levels are Na. = 102" m™ and Naa =
4x10*' m™ in the p* and avalanche layers respectively, and N; = 10%° m™ in the
intrinsic layer, and the donor doping level is Np = 6x10?! m™ in the n layer.

A bias voltage Vy is applied to the device which is just sufficient to fully deplete both

the avalanche and intrinsic layers. For this voltage, calculate the electric field

magnitude at the i-A and A-n interfaces, and hence calculate V4. Plot and dimension

the field profile E(x). Why is it important to fully deplete the intrinsic layer? (8]

Calculate the applied bias voltage Vy, needed to raise the electric field magnitude

above 10° V/m in the whole of the intrinsic region. Plot and dimension the charge
concentration profile p(x) and the field profile E(x) for this case. For this voltage, over

what fraction of the avalanche region will E(x) be above the breakdown level of 107

V/m? [8]

For an absorption coefficient of 10° m™, and neglecting Fresnel reflection at the
surface, calculate the fraction of incident photons absorbed in the depletion region for
the applied voltage calculated in (b). Briefly indicate the main performance trade-offs

involved in choosing the intrinsic layer thickness. [4]
Pt NG

Figure 6.1
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