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Exam Optical Basic Functions and Microsystems 

Course code 122808, lecturer R.M. de Ridder, 
 

on 10 October 2001, from 9:00 until 12:30 h. 
 

NAME:    MODEL 

STREET ADDRESS:  

ZIP CODE + TOWN:  

STUDENT NUMBER:  

 
Instructions: 

♦ Please make a draft version first.  
♦ This form should contain both the problems and your answers, so it needs to be turned in in its 

entirety. The final answers to all problems should be written into the boxes. 
♦ If you need to correct an answer, please take care that your correction is unambiguous. Any lack of 

clarity will be interpreted as an error! 
♦ The following written material may be used during the exam (other material is not allowed):  

• Course Book �Optical Basic Functions and Microsystems� (only the theory part, not part 2: 
problems), by P.V. Lambeck & R.M. de Ridder;  

• A print-out of the lecture notes. 
♦ If you refer to equations or figures from the allowed literature, please state the reference number (if 

available). 
♦ The maximum score is indicated for each problem. The total for all problems is 100 points. 
♦ If you need more space than is available in the boxes for explaining your answers, please continue 

on the back-side of the previous page. You may also use a separate sheet. 
---------------------------------------------------------------------------------------------------------------------------------- 
 

 
Marks will be published on TeleTop 

 
 
 
 

 

  



 

- 2/7 - 

1. Effective Index Method [15] 
a. Why does the EIM exist (for what purpose is it used)? [2] 

Calculating the effective index and the field distribution of a channel waveguide using only one-
dimensional (slab) calculations 

 

 

b. Under what conditions can the method be applied? [2] 

1. Small lateral contrast (ridge or strip-loaded waveguide) 

2. Far from cut-off 

 

 

 

c. Draw a ridge-waveguide in a stack of 3-layers. Show how you would use the EIM for 
calculating the effective index of the fundamental quasi TE mode. [3] 

3 1 2 

Neff,1 

Neff,2 

Neff,3=Neff,1 

 
 

1. Calculate the effective indices of the fundamental TE 
mode in the three slab structures. (Calculate V, find b 
in the (V,b) diagram and then calculate the effective 
index from b).  

2. Calculate the effective index of the channel mode 
(TM!), using Neff,1 for n1, Neff,2 for n2, Neff,3 for n3 and W 
for d. 

 

d. Why do we denote the mode of the previous question as �quasi TE�? [4] 

1. TE because we follow the slab convention and the transversal E-field is parallel to the interfaces 
between the layers. 

2. �quasi� because the field is not purely transverse electric: a longitudinal E-component is 
present. 

 

 

e. A given ridge-waveguide turns out to be multi-mode. However, it can be made single-mode by  [4] 
reducing the width of the channel. Show how you can determine the maximum width for which 
the waveguide is still single-mode. 

 Since the waveguide can be made single-mode by reducing W, the �vertical� slab modes are 
single-mode already. So we only need to bother about the equivalent �horizontal� slab. 

 Use the V parameter for the channel mode: 2 2
0 ,2 ,1eff effV k W N N π= − <  0

2 2
,2 ,12 eff eff

W
N N

λ
→ <

−
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2. Coupling of free-space beams to a fibre [20] 
Laser light with a wavelength of 1550 nm should be 
coupled through an optical fibre into a channel 
waveguide. The laser beam, the fibre and the channel 
waveguide are all single-mode with a distribution that 
can be well approximated as a circularly symmetric 
Gaussian with dimension as given in the table. The waist of the laser beam is located at the output 
mirror. Our task is to maximise the coupling efficiency by matching the different modal field sizes using 
lenses. The first lens is located at d1=5 cm from the output mirror of the laser. 

a. Assuming a lens of negligible thickness, calculate the focal length f of the first lens, and its 
distance d2 to the input facet of the fibre. 

a1. Give all the formulas (reference numbers from the course book) that are needed for the 
calculation. [4] 

 (I-20): 0,2
0

2 f fw wk w
λ

π= =  

 (I-12): 
2

2 0
0 0 0

1
2

w
z k w

π
λ= =  

a2. Mention any approximation that you want to use and verify its validity. [5] 

1. Near field approximation of laser field. The distance u = d1 of the input waist to the lens is 
given to be 0.05 m. With (1-12), we find 01 2mz ≅ , so that u << z01, justifying the 
approximation. 

2. Far field approximation of fibre mode. We calculate 02 200 mz µ≅  so we have the requirement 
that v = d2 >> 200 µm. Check later. 

a3. Give the results f and d2. [3] 

 In this approximation, we have a parallel-beam input, so that the output beam waist will be 
located at the focal distance of the lens: d2 = f. With (I-20) we find: f = 2.03 cm, and we see that 
f = d2 = 2x10-2 m >> z0 = 2x10-4 m, justifying also our second approximation. 

 

b. The second lens, between fibre and channel waveguide, is made by melting the fibre tip, so that 
this tip becomes (hemi)spherical (NL: halve bol). Assume that the modal field diameter of the 
fibre near the rounded tip is not affected, and that the refractive index of the tip is 1.5 
(homogeneous). What radius should the spherical tip surface have for optimum coupling?  
Draw the configuration, show the calculation and comment on the result (realistic?). [8] 

 Use again (I-20) and its associated approximations (modal fibre field has plane wavefront) for 
calculating the required f.  

 The lens is now a plano-convex type, with its planar side attached to the fibre.   

 Use lens maker�s equation (I-14) to calculate the radius of curvature of the convex side.  

 Results: f = 2x10-5 m; r = 10-5 m (10 µm). 

 Comments: 

   - lens diameter too small: cannot be fabricated by melting fibre tip which has >100 µm diam. 
    also, diffraction at lens edges may be significant. 

   - fibre index profile (hence modal field) probably seriously affected by melting. 

   - far field approximation of waveguide mode is marginal (z0 = 2x10-6) 

 

system 1/e2 diameter 
  laser beam 1 mm 
  fibre mode 10 µm 
  channel waveguide mode 1 µm 
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3. Micro ring resonator [15]  
The figure shows a micro ring resonator that is coupled to two parallel 
straight waveguides. The coupling region between the ring and a straight 
channel can be considered as a directional coupler which couples a 
fraction κ  of the power in an input channel to the cross port and a 
fraction 1-κ  to the bar port. The ring has a diameter D and the single 
guided mode in the ring has a complex effective index N=N’-jN”. We 
will assume here that N is constant over the considered wavelength range.  
 
Such a ring resonator can be modelled as a Fabry-Perot resonator. 

 

κ

κ 

D 

Input 

Output 

 
a. In the course book, the Fabry-Perot is analysed in terms of the parameters ϕ, L, R1, R2 and α. 

Translate these parameters into the ring resonator parameters given above. [8] 

 
 L = πD/2 R1 = 1-κ α = k0N”   

 ϕ = π k0N’D = 2π2DN’/λ0 R2 = 1-κ  
 

You will need the results from part a. for answering the next 2 questions. If you could not make the 
required translation, then answer the following questions for a conventional Fabry-Perot. 

b. Give an expression for the wavelengths at which maximum transmission occurs from Input to 
Output. [3] 

 0
'2 DNm

m
πϕ π λ= → =  

 

c. What diameter should the ring have in order to obtain a free spectral range of 10 nm at a 
wavelength of 1550 nm if N�=1.8? [4] 

 
2 22
0 0(VI-23):  42.5 m

2 ' '
FSR FSR D

Ln DN N FSRλ λ
λ

λ λλ µπ π= → = → = ≅  
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4. Lasing condition [5] 
A pumped gain material shows a maximum gain of 10 dB/cm at λ0=1550 nm. Its background loss is 2 
dB/cm and its refractive index is 3.5. This material completely fills the space between two equal parallel 
mirrors which are a distance of 1 mm apart. 
 
What is the minimum reflectance of the mirrors in order to sustain a lasing oscillation in the structure? 

Effective gain is 8 dB/cm. For a roundtrip, 2L = 0.2 cm, total gain in medium, Gm, is Gm = 1.6 dB.  

Total roundtrip gain, including mirror losses should be larger than 1 (0 dB). Equal mirrors: R1=R2=R 
0.110 2 0.08

1 210 log 0dB 10 10 0.83mG
mR R G R R− −+ ≥ → ≥ → ≥ ≅  

 

 

 

 

 
  

5. The rate equations [10] 
For the Fabry-Perot solid-state laser two rate equations can be formulated: 

a. What do these equations describe? [3] 

 The equilibrium between φ and n. 

 

 

Look at equation VII-41, take J = 0 and ϕ = 0.  

b. Solve it for n(0) = nstart.  What does the solution describe? [4] 

 n(t) = nstart.exp (t/τe).  

 It describes the concentration of excess electrons in the conduction band as a function of time 
when there is no light present (ϕ = 0) and there is no charge injection (J = 0). At t = 0 the 
concentration is nstart. 

 

 

 

c. What is good: a high or a low τe? [3] 

 High τe gives rise to a low threshold current, which is good. 
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6. The MMI and the Directional coupler [35] 
Consider the MMI and a directional coupler (DC) as 3dB splitters. 

a. Briefly describe the operating principle of an MMI. [4] 

1.  decompose input field into modes of wide waveguide section 

2.  for well-confined modes simple relations exist between β’s of modes so that specific propaga-
tion distances can be found where 0, π, or π/2 phase difference exists between groups of modes  

3. symmetry relations of even & odd modes lead to single or multiple direct and/or mirror images 
of the input field occur at these specific distances 

4. overlap of such images with output waveguides defines output signals. 

 

b. Explain why the MMI shows an intrinsic loss. [4] 

1. limited number of modes leads to non-perfect decomposition into guided modes : radiation 

2. boundary condition E=0 not exactly satisfied, hence relations between β’s not exact, hence non-
perfect imaging, hence additional radiation loss at output ports 

 

 

c. Describe the operating principle of the directional coupler. [4] 

1. evolution of channel mode into sum of symmetric and antisymmetric system mode 

2. due to different propagation constants we get position-dependent phase shift between system. 
modes 

3. system modes evolve into channel modes 

4. power distribution over output channels depends on phase shift between system modes 

 

d. Explain why the directional coupler does not necessarily have losses. [4] 

Device can be designed to be adiabatic, hence no conversion to radiation modes 

 

 

 

e. For the MMI-type 3-dB coupler it has been shown in the course book that the output signals 
have a 90o phase difference. Show that the same condition holds for the DC-type 3-dB splitter. [5] 

System modes Esym and Eantisym; Channel modes Ea and Eb.  sym antisym;a b a bE E E E E E= + = −  

For 3 DB coupler, we have L=Lc/2, so π/2 phase shift between Esym and Eantisym: 

( )/ 2 / 4 / 4
sym antisym

1( ) (1 ) (1 ) 2
2

j j j
tot a b a b a b a bE E E e E E j E E E j E j E e E eπ π π−= + = + + − = + + − = +  

so, output power is equally distributed over output channels with phase difference π/2 

 

 

 

 
 
(this problem is continued on the next page)
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(6. continued) 
 
The imbalance of an MMI or DC is defined as the ratio of the maximum to the minimum output 
intensity, expressed in dB. Suppose that we have a nonperfect fabrication process causing both the MMI 
and the DC to have a nonzero imbalance. The fabrication process is reproducible, i.e. the same 
systematic deviations causing the imbalance occur every time the MMI or DC is fabricated. 

f. What would you change in the design of the DC to compensate for the nonzero imbalance? [4] 

 Phase difference between system modes determines power distribution. This phase difference is 
linearly dependent on interaction length: Adjust interaction length. See also fig. VIII-16. 

 (In principle, also channel waveguide width or interchannel distance could be changed. This is less 
practical since than we are fiddling with the critical (exponential) coupling of the channel modes, 
probably requiring additional characterisation.) [Students are not expected to know this, so also these 
alternative adjustments should be accepted as valid answers.]  

 

 

 

g. Is there an easy way to change the design of the MMI to improve the imbalance? Explain. [5] 

 Looking at the MMI field pattern in Fig. VIII-12, it is clear that a simple change in length (or, 
equivalently, width) does not have an easily predictable effect on imbalance. Such a change will 
affect the quality of the image in the output plane and its overlap with the output channels, 
leading to additional loss. 

 (Optimisation is complicated, involving adjustment of multiple parameters like MMI width & length and 
position & width of input and output waveguides. It turns out that coupling between these access-
waveguides is detrimental to MMI operation. Its effect cannot be compensated by decreasing MMI-
length.) 

 

 

h. With a technology that is not perfect but reproducible, which integrated optical component is 
preferable as a 3dB splitter? [5] 

 Comparing the answers to the previous 2 questions, we conclude that the DC is preferable since 
it can be lossless and its design can be adjusted for an exact splitting ratio using a simple 
experimental procedure. 

 Notes: 1. The assumed full reproducibility of the fabrication process is not realistic. Still, the above 
conclusion may remain valid as long as the random fabrication errors are small.  
2. Other factors can be important, e.g., when channels are fabricated by etching deep ridges into a high-
refractive-index material (strong confinement), the gap between the channels of a DC may need to be 
extremely narrow, making the structure impossible to fabricate with sufficient accuracy.  
3. Besides the inherent (design) loss, also the propagation losses of the waveguides need to be taken into 
account. If the DC would need to be much longer than the MMI (e.g. because of weak coupling due to a 
sufficiently large gap in a high index-contrast system) the increased propagation losses may offset the 
advantage of zero inherent loss. 
4. MMI�s can provide a different functionality, e.g. using many input and/or output ports, which is not 
easily obtained using DC�s.  
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