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1. a) Sketch the layout of an asymmetric three-layer planar dielectric waveguide, explaining any
restrictions on the material parameters involved. Describe briefly how light may be propagated
along the structure, i) in terms of rays, and i1) in terms of guided modes. [2]; [31; [3]

b) Show that the TE mode eigenvalue equation of a symmetric three-layer guide can be written as:
tan(kh) = K[y + 8] / [k2 - y8)
where h is the core height, and x, v and § are derived from the waveguide equation. [8]
¢) Explain the physical significance of the eigenvalue equation. [4]
(You may assume that the TE mode waveguide equation for a three-layer dielectric guide is:
d?Bi/dx2 + {n,%k,2 - B2} E =0 (i=1,2,3)

where [ is the pro agation constant, k,, = 21/A, E.(x) is the transverse electric field in the ith layer
p 0 1 y

b

and n, is the corresponding refractive index.)

2. a) Define and explain the significance of the overlap integral between two transverse electric fields.
How are overlap integrals used to calculate efficiency in transverse coupling geometries? What
requirements must be satisfied if high coupling efficiency is to be obtained? [31; [31; [2]

b) Two identical single-mode optical fibres have transverse modal fields that (to a reasonable
approximation) vary radially as Gaussian functions, i.e. as E(r) = Eoexp(—rz/az). When the
fibres are spliced together, a lateral offset & is unfortunately introduced, as shown in Figure 1.

Calculate and sketch the variation of coupling efficiency with 8. Hence, estimate the loss caused
by a 1 um lateral splice error, for fibre with 5 um half-power mode field diameter. [8]; [4]

i~

Fibre 1

Fibre 2

Figure 1.
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3. a)

b)

b)

Discuss the advantages of radiative stars compared with similar components based on directional
couplers. [6]

Sketch and explain the operation of an arrayed waveguide grating multiplexer. [6]

What is the function of an add-drop multiplexer? Show how an N-channel ADD-DROP MUX can
be constructed from a number of AWG MUX components and 2 x 2 switches. [8]

The lumped-element rate equations for a semiconductor laser are:

dn/dt =T/ev - n/1, - G¢(n - n,)
d¢/dt = Bn/t+ Gé(n - n,) - (1)/'5p

Describe the physical processes modelled by the terms on the right hand side of each of the two
equations. Why does 1_ appear in the upper equation, and T, in the lower one? What governs the
value of 7,? [51; [2]; [3]

Stripe waveguide InP/InGaAsP laser diodes are manufactured with active area cross-sectional
dimensions of 0.1 um x 3 um. When the lasers are cleaved to a cavity length of 150 um, the
measured threshold current is 12 mA. Using a longer cavity length of 250 pm, the threshold
current rises to 16.8 mA. Calculate the electron concentration at transparency, and the gain
coefficient.

You may assume a refractive index of 3.5 for InP, and an electron lifetime of 1 nsec. [10]
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b)

c)

Why are binary compounds (as opposed to ternary or quaternary compounds) used as substrate
materials for Il - V optoelectronic devices? Distinguish between homoepitaxy and heteroepitaxy.
In what optoelectronic applications might the latter be required? [2}; [21; [2]

The variation of the lattice parameter a(x, y) of the quaternary alloy In 1_xGaXAsl_yPy may be
described by the function:

a(x, y) = xy ag,p +x(1 - y) aGaas T (1 -X)y app+(1-x) (1 -y) anAs

where a,p = 5.4512 A, agz = 5.6536 A, a,p = 5.8696 A, and ay_, = 6.0590 A are the lattice
parameters of the binary compounds GaP, GaAs, InP and InAs, respectively.

Show that the locus of compounds lattice matched to InP is almost exactly a straight line. [8]

Figure 2 shows the variation of bandgap with composition for the whole In 1-x08,As l—yPy system.

Sketch your solution to Part b) on this Figurét Hence, estimate the wavelength range over which a

substrate-entry In; , Ga, As/InP photodetector is likely to be effective. [2]; [4]
InP GaP
1 1 | I i | 1
\ 2.1eV
T 1.9 \
1.7
| 15\\
. \\
InAs GaAs
0 X ——- 1
Figure 2.
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6. a)

Describe the processes of absorption, spontaneous emission and stimulated emission. [6]

b) Explain the mechanism for signal amplification in an erbium doped fibre amplifier. Why is an

EDFA such a significant addition to an optical communications system? [6]; [2]

A point-to-point communications link operating at A = 1.525 um consists of 150 km of single-
mode fibre with a loss of 0.2 dB/km. The source is a 10 mW laser diode, coupled to the fibre with
an efficiency of 25%. There are 10 fusion splices in the link, each contributing 0.1 dB loss.

Assumning that the receiver requires a signal of 100 uW to operate, calculate the length of Er3+-
doped fibre required in a travelling-wave amplifier arranged as a pre-detector signal booster. When
pumped at 0.98 um wavelength, the Er3+-doped fibre has a gain of 0.5 dB/m. [6]

(END]
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E312 Optoelectronics - Solutions 2001
Seo3
1. a) An asymmetric three-layer dielectric waveguide consists of a parallel-sided slab of transparent
dielectric material of thickness h and refractive index n,, sandwiched between two semi-infinite
dielectric layers of indices n, and n,. Provided that ny > n, > ns, light may be propagated along the
structure by total internal reflection at the two interfaces (between layers 1 and 2, and layers 1 and 3,
respectively). The rays must be incident at an angle greater than the critical angle for the interface
between layers 1 and 2, namely 6 = sin'l(nzln D- [2]

The interpretation above gives rise to the zig-zag ray path shown in Figure i) below. [3]

An alternative is provided by the modal picture shown in Figure ii). Inside the core, the total field
can be considered to be the sum of waves travelling in the two possible ray directions, i.e. as a
standing wave, which propagates only along the guide. Outside the core, the field is an

exponentially-decaying evanescent wave, which also travels along the guide. The combined field is

the guided mode. (3]
x A
n3 \ Medium 3
h|l © Total ‘
1 internal Standing ~ >
reflection wave pattern
nj Medium 1
\J o
y no zZ Evanescent Medium 2
wave
D if)

b) The waveguide equation is given in each layer by: din/dx2 + {nizko2 - B2} E =0

For fields that are confined within the guide (which will be standing waves inside the core layer, and

evanescent fields outside), assume the following trial solutions:

Inlayer I: E; = E cos(xx - ¢)
Inlayer2: E, = E'exp(yx)
Inlayer3: E;= E"exp[-6(x - h)]

Where the constants K, y and d are:

K =V 2k, - B2) ¥ 2.\ ')

v= \/([32 - I‘122k02) Mﬁ_/ )
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8 =V(B? - n3%ky?)

The boundary conditions require continuity of E;(x) and its gradient dE;/dx at each interface.

Matching fields at x = 0 gives: E' = E cos(0)

While matching the field gradients gives: YE' = -xE sin(-¢)

Dividing these equations, we obtain: tan(¢) = y/x

Similarly, matching fields at x = h gives: E" = E cos(xh - ¢)

While matching field gradients gives: -OE" = -KE sin(kh - ¢)

Dividing these equations, we obtain: tan(kh - ¢) = 8/x

Using the standard trigonometrical identity: tan(A - B) = (tanA - tanB)/ (1 + tanA tanB)

We can write: tan(xh - ¢) = {tan(xh) - tan(¢)} / {1 + tan(xh) tan(¢) }
Hence: {tan(kh) - y/x} / {1 + tan(kh) y/x} = 8/«

Finally, after rearrangement, we get: tan(kh) = x{y + 8} / {K2 -vo} [8]

The physical significance of the eigenvalue equation can be found as follows:

First, we write: tan(¢) = y/x = tan(¢;,)

By analogy, we then write: tan(xh - ¢) = 8/ = tan(95)
So that: tan(xh - ¢,,) = tan(0,3)
Inverting the tan functions, we obtain: Kh-¢,=03+Vvn

And finally: 2kh - 205 - 203 =2V

These terms may be interpreted as follows:

2kh  : phase change in propagating up and down once between the two guide walls
20, : phase change on reflection at the boundary between layers 1 and 2

-20;5 : phase change on reflection at the boundary between layers 2 and 3

The eigenvalue equation is therefore a condition of transverse resonance: only field structures that
involve a whole number of multiples of 27t phase change in a round trip between the guide walls may

propagate as guided modes. [4]

£ L
A bee B
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2. a) The overlap between the transverse fields E 1%, y) and E5(x, y) of two z-propagating modes is:
<E,E,>= _OJ°°_OJ°° E, E,* dx dy
The overlap integral represents the degree of similarity between the two fields. [3]
Efficiency is found in transverse coupling geometries as:
n=I|<E,E;>|2/{<E|,E ><EyE, >}

where E, is the transverse field of the incident wave or mode, and E, is the transverse field of the
mode to be excited in the output waveguide. [3]

If the two fields are normalised, so that < E 1» E1 > =<E,, E, >=1, the maximum possible value of
<E|, E, >1s 1. This value is obtained when the two fields E 1 and E, are both real functions, are
identical in shape, and coincide spatially. [2]

To calculate the coupling efficiency in the case of an offset fibre-to-fibre-joint, first define the

transverse electric fields in fibres 1 and 2 (respectively) as Gaussian variations of the form:

E|(x,y) = Ejexp{-(x? + y?)/a?} and E,(x, y) = Eqexp{-[(x - §)% + y2)/a?}

In this case:

<E/,E/> = EO2 _OOJ'OO_OJOO exp{—?.(x2 + y2)/a2} dx dy

And:

<E,,E,> =E;? _OJ °°_°J = exp{-2[(x - 8)? + y2)/a?} dx dy
= E02 ool o) T exp{-2(x 2 + y2)/a?} dx' dy (where x' =X - )
=<E,|, E1 >

And:

|< E,E, >|2 = {E02 _OJOO_QOJ.OO exp{-(x% + y2)/a?} exp{-[(x - §)% + y21/a?} dx dy}2
= exp{-8%a2} { E,2 _wf[ ® )7 exp {-[2(x - 8/2)2 + 2y2] /a2} dx dy }2
= exp{-8%/a2} { Eg? oo™ o)™ exp {-2(x2 + y2] /a?} dx dy } 2(where X' = x - 8/2)
= exp{—82/a2} {< E,, E, >}2

-
Hence: . e‘e . ﬂ (K /
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n=exp(-8%a%) {<E E;>}2 /{<E,|, E, ><E,, E, >} = exp(-6%a2) [6]
The variation of | with & is therefore also Gaussian, and reaches 100% when & = 0 (sketch). [2]
If the half-power modal field diameter is 5 um, exp{-2 x (2.5%/a2)} = 0.5, so that a = 4.2466 pm.

For 8 = 1.0 um, 1 = exp(-1%/4.2466%) = 0.946, corresponding to a loss of 0.24 dB. [4]

L2 IS
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3.

a) Coupler based star

[ 2 x 2 Coupler

|
Waveguide crossover

Complex design NOT SCALABLE
High insertion loss

Low port-to port uniformity

Spectral variation even with wavelength-flattened couplers [3]
Radiative star
1 1
2 2

Planar

. guide .
N N

Simple design SCALABLE

Low insertion loss

High port-to-port uniformity

Spectrally flat response [3]

b) Arrayed waveguide grating multiplexer

The AWG MUX is constructed from two radiative star components, linked by an array of curved
waveguides whose path length varies linearly across the array. The first star distributes the input power
(to good approximation) equally across the arrayed waveguide grating. Each component travels through
its particular guide to the second star, which performs an amplitude summing operation.

The variation in optical path across the array introduces a linear variation in the phase of the components
arriving at the second star. The star itself introduces further linear variations in phase in the sub-
components summed at each output port. Different spectral components therefore add in phase for
particular output ports. As a result, the spectral components emerge from the ports as a spatially

separated array of beams.
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Star Star
coupler coupler
Array of waveguides Al
Al ... AN Yy with linearly-varying T —
—_— path length e —
Input Outputs AN

[6]

¢) An ADD-DROP MUX is needed to add or remove channels in a wavelength division multiplexed
communication system. Because of the large number of closely spaced channels in a modern DWDM

system, a scalable filter component is required. [2]

The channels are spatially separated using DEMUX component, then redirected to one of two similar
MUX components using an array of crosspoint switches. An N-channel ADD-DROP MUX requires 3
off AWG MUX components and N off 2 x 2 crosspoint switches, as shown below.

Add ports
A, A2 .. Ap

Cross-point '
switch array

oK<

}\,l, }LZ )\,n }Ll, 7\,2 }\,n

Mo Zmo

)aOZ

M, A2 ... An

Drop ports [6]
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4a)lev : injection of current into the active volume

b)

/T, : total recombination of electrons

G¢(n - ngy) : stimulated emission and absorption of photons

B/t : radiative recombination of electrons, giving rise to spontaneous emission of photons
B is coupling factor into the laser stripe

o/t : escape of photons from the active volume [5]

T appears in the upper equation because a reduction in the electron density must take account of all
possible recombination paths. T, appears in the lower one because an increase in the photon density is
only obtained through radiative recombination. [2]

The photon lifetime is T, = L / { v, loge(1/R|R;) where L is the cavity length, v, = ¢/n is the group

velocity, n is the refractive index and R and R, are the cavity end mirror reflectivities. [31
The two lasers differ only in their cavity lengths, and thus in their active volumes and photon lifetimes.

From the rate equations:

During lasing, spontaneous emission is negligible, so that Go(n - n,) - ¢/t,=0

The electron density is therefore clamped at the value n = n,, + 1/GT,

The rate of loss of photons from the cavity per unit volume is therefore ¢/t, = (ev - n/t)
The total rate of production of photons is @ = ¢v/t, = (/e - nvity) =1 -1p) /e

The threshold current is therefore I, = nev/t, .

Thus, the electron density at threshold is n = I;t./ev

For the two lasers, we can therefore write:
n, + 1/GTP1 = ItITe/CVl
n, + I/G’Cp2 = It2Te/eV2

Subtracting, we obtain:
(1/G) x {1/t - Ut} = (tfe) {Igy/vy - Tip/va}
This allows G to be found, and n, may then be found using one of the two equations above. [4]

The group velocity is v, = 3 X 108/3.5=8.571 x 107 m/s
The cavity end mirror reflectivityisRy =Ry =(n- 1)/ (n+1)=2.5/4.5=0.555

For laser 1: The photon lifetime is 7,; = 150 x 10/ {8.571 x 107 log, (1/0.555%)} = 1.5 x 1012 5
The active volume is v = 0.1 x 3 x 150 x 10718 =45 x 1018 m3
For laser 2: The photon lifetime is Ty, = 250 x 106/ {8.571 x 107 log (1/0.555%)} = 2.5 x 10712
The active volume is v, = 0.1 x 3 x 250 x 10718 =75 x 1018 m3 Q A o
£ A%

A""‘W Hvivs
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Hence:
Or:

So that:

Hence:
Or:
Or:

(1/G) x {1/1.5 - 1/2.5} x 102 = (10°9/1.6 x 10°19) x {12/45 - 16.8/75} x 101
(1/G) x 0.2666 x 10!2 = 2.666 x 1023
G = 0.2666 x 1012/2.666 x 1023 = 10"12 m3/s [3]

n, =1, t/ev, - 1/GTpl
n = {12x 103 x 109/ (1.6 x 10719 x 45 x 10°18)} - 1/{1012 x 1.5 x 10712
n, = 1.666 x 1024 - 0.666 x 10?4 = 1 x 10%* m3 (3]




5.

b)

a) Binary alloys are used as substrate materials because it is easier to maintain their stoichiometry
during the growth of the boule from which the substrates are taken. [2]

Homoepitaxy and heteroepitaxy both involve material growth atom by atom in an ordered, layered
fashion. However, homoepitaxy involves the growth of a material on a crystallographically similar
substrate - for example, silicon on silicon, or doped silicon on intrinsic silicon. Heteroepitaxy involves
the growth of a material on a completely different substrate, which can therefore have a different

refractive index and bandgap - for example, GaAlAs on GaAs. [2]

Heteroepitaxy is used in the construction of heterostructure lasers, where the differences in index and

bandgap allow strong confinement of both photons and injected carriers. [2]
The polynomial equation:

a(x, y) = Xy agup +X(1 - ¥) agaas + (1 - X)y appt+ (1 - x) (1 -Y) appaq

may be rewritten as:

a(x, y) = o + Bx +yy + dxy

where o0 = a0 B = {Gaas - @nash ¥ = (21mp - 81nas) a4 8 = {aGap - 3Gaas * Bins ~ 2mp} -

It is then easy to show that compounds lattice-matched to InP are solutions to:

Sxy +yy + Bx -y=0 ,namely: y={y-PBx}/{y+dx}

Since p = -0.4054 A, y=-0.1894 A and 8 = -0.013 A, 8/y « B/y. We may therefore put:
y={1-PB/y)x},ory=1-214x. (81

Wheny=0,x=1/2.14=047, so lattice-matched InGaAs has the composition In0'53Ga0' 47AS. The

locus of lattice-matched compounds is therefore as shown below. [2]
The wavelength range of the substrate-entry photodetector is limited by two effects:

i) at photon energies greater than the bandgap of InP, substrate absorption will occur, and
ii) at energies less than the bandgap of Inj 53Gag 47As, the detector material itself will be transparent.

The bandgaps can be estimated from the Figure.
R 24%
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For InP, Eg ~ 1.35 eV. The corresponding photon wavelengthis A . = hC/CEg =092 pm. [2]
For Inj 53Gag 47As, Eg ~0.74eV,sothatA . = 1.67 um. [2]

InP GaP
1 T T T T \I
B \ 2.1eV ]
i 1.9 \\_
1.7
y r 1.5
n 1.3

AR

N/
InAs In 0. 53Ga 0.47 As GaAs
0 X ——p 1

.0 AR
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6. a) Absorption is a process in which a photon of energy hv = E, - E| causes the transition of an
electron from a low level with energy E; to a high level with energy E,. The photon is destroyed as a
result. [2]

b) Spontaneous emission is a process in which an electron falls from a high level with energy E; to a
low level with energy E |, leading to the emission of a photon with energy hv=E, - E;. The emitted
photon has random direction, polarization and phase. [2]

¢) Stimulated emission is a process in which a photon with energy hv =E, - E, triggers the transition
of an electron from a high level with energy E, to a low level with energy E|, leading to the emission

of a second photon with the same energy iv=E, - E,. The two photons are also identical in direction,

polarization and phase. [2]
E> En E»
hv=E>-E|
“ANAN ANANAA- AAAAE | —AAAAA AN -
E; E; E;
Absorption Spontaneous emission Stimulated emission

b) An erbium doped fibre amplifier (EDFA) consists of a dispersion of Er3* ions in a doped silica
host. The separation between two of the Er3* energy levels (411 5 and 4113 /) is suitable for the

generation of photons at the fibre communications wavelength of 1535 nm.
Optical amplification is obtained by a three-state process.

Pumping involves the excitation of an electron from the ground state (Level 1; 411 s/p) to a higher state
(Level 3; 411 1/2) through the absorption of a pump photon of energy hvp = E, - E,. Exitation is
followed by a rapid, non-radiative decay to a slightly lower state (Level 2; 4113 /2)- Since electrons have
a long lifetime in Level 2, it is possible to build up the population in this state by continuous pumping
until it exceeds that in Level 1. The rate of stimulated emission between Levels 1 and 2 then exceeds
the corresponsing rate of absorption, so that signal photons of energy hv, =E, - E| experience net

gain.

LA
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Metastable state B3 (4111p0)

E
N 2 (113p)

Pump Signal
absorption gain at
at 980 nm 1535 nm

Ej

(*1152) (6]

The data rate of an optical communications system is generally limited by the bandwidth of detector
that can be allowed before the signal is swamped by noise. An EDFA is an important additional
component, because it provides a large, low noise pre-detector signal gain that in turn allows a

correspondingly large increase in detector bandwidth and data rate . [2]

¢) The requirement for a 100 uW signal at the detector places a constraint of 20 dB maximum loss in
the system, assuming a source power of 10 mW. The power budget is:

25% launch efficiency 6 dB loss
10 splices, each contributing 0.1 dB loss 1 dB loss
Propagation through 150 km of 0.2 dB/km SM fibre 30 dB loss
Total 37 dB loss

The optical amplifier must therefore have a gain of > 17 dB. Assuming a gain of 0.5 dB/m from the
erbium-doped fibre, a 34 m fibre length is required. [6]

R
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