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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"7C

permittivity of free space : €0 =8.85x 10" F/m

relative permittivity of silicon : & =12

Planck’s constant ' h=6.63x10*Js
Boltzmann’s constant : k=1.38x102JK
speed of light : c=3.0x10°m/s

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

Kk = kixtan(kixd/2) and k= — k4 cot(k;xd/2)
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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.

A certain optical receiver detects 10*® photons/s, at a nominal wavelength of 1.3 um.
What is the equivalent received optical power in dBm?

A certain symmetric slab waveguide supports a single TE mode. How many TM
modes will this guide support?

Briefly explain the physical significance of the imaginary part of the refractive index
of a material.

Why is silicon not a suitable material for photodetectors for long-haul optical
communication systems?

Which type of signal degradation is more difficult to compensate in an optical link:
attenuation, dispersion, or nonlinearity?

Briefly explain the main performance advantage for optical communications of
distributed feedback lasers over Fabry-Perot lasers.

A step-index silica-based optical fibre has an index difference of 0.02. Estimate its
numerical aperture

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 doubhng the bit-rate? Assume

thermal noise dominates in all cases.

A loop of silica fibre is to be used to temporarily store 1000 bits of data, for a system
data rate of 2.5 Gbit/s. Estimate the length of fibre needed.

What is the principal attenuation mechanism in silica optical fibre at nominal
wavelengths less than 1 pm?
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d)

On pg. 1 the eigenvalue equations are given for TE modes in a symmetric slab
waveguide as shown in Fig. 2.1 :

What are the boundary conditions leading to these equations?
Derive the eigenvalue equations using a field profile approach.
Derive the additional equation from which, along with the eigenvalue equations, the

mode indices of a waveguide of this type can be calculated, and describe a process by
which this calculation could be done.

X
n;
d/2
0 4+——2 n-]
-di2
n,
Figure 2.1 Slab waveguide

An optical link is constructed for a span of 125 km, to operate at 2.5 Gbit/s. The
transmitter to be used couples 10 mW of power into a fibre having 0.3 dB/km
attenuation. The signal is detected by a p-i-n photodiode receiver having a
responsivity of 0.7 A/W, and a noise equivalent power of 8 pW/AHz.

Calculate the received optical power.

Calculate the optical SNR, assuming that receiver noise dominates. Repeat the
calculation assuming that shot noise dominates. Hence indicate which is the limiting
factor. Is the overall SNR adequate to achieve a bit error rate of 107

An optical amplifier is added to the link, having 30 dB gain and a noise figure of 4 dB.
Recalculate the SNR for the approximation of receiver noise dominating, iid for
amplifier noise dominating. Indicate which is now the limiting factor, and whether a
bit error rate of 10”° can now be achieved.

The source spectral width is o3 = 1.5 nm. Choose a reasonable criterion for the

acceptable level of dispersion, and hence calculate the maximum fibre dispersion
coefficient D that will not excessively degrade the performance of the link.
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4.2)

b)

d

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.

For an 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
Next, 1f none of the special measures to improve it have been used. Assume an
attenuation coefficient of 0.5x10% cm™, and that the active region emits photons
equally in all directions. The distance from the active region to the surface is 10 um,
and the refractive index of the semiconductor is 3.7. State any other assumptions or
approximations made.

Calculate the quantum efficiency for this same LED emitting into guided modes of a
multi-mode fibre with a numerical aperture of 0.15.

Describe the advantages of laser diodes over light emitting diodes for optical
communication applications.

A certain single mode fibre has a wavelength-dependent effective index n' given by:
n'=ng + oA — Ac)’ (.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 1, for a fibre length L.
Note that the group velocity is given by vy = dw/df where B is the propagation

constant.

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

Show that the ratio of phase to group velocity is given by
Vp/Vg =1 —=20A5(Ao — Ac)/’ (5.2)

in this case.
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b)

A silicon p-n photodiode (Fig. 6.1) has a depletion layer thickness of w, and p and n

doping levels respectively of N, and Np, with N, = SNp = 5x10?° m™. The quantities

Wy and w; are the depleted widths in the p and n regions respectively. A reverse bias

voltage V}, is applied. Find an expression for the full depletion width w as a function

of Vy, and the value of Vy, for which w =5 pm. (8]

Neglecting Fresnel reflection, find an expression for the quantum efficiency n of the

photodiode of (a) if the total p region thickness h = 8 pm, and the absorption
coefficient o = 0.8x10° m™. Hence find the value of V}, for which 1 = 0.80. [6]

For an electron mobility in the silicon of 0.12° m?*/Vs, find the bias voltage for which
the peak electron drift velocity in this device reaches 5x10° m/s. [6]

Figure 6.1 p-n photodiode
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