
 

 

8  Ring-Resonator-Based Wavelength Filters 

Douwe H. Geuzebroek and Alfred Driessen 

8.1  Introduction 

Microring resonators (MR) represent a class of filters with characteristics 
very similar to those of Fabry–Perot filters. However, they offer the advan-
tage that the injected and reflected signals are separated in individual 
waveguides, and in addition, their design does not require any facets or grat-
ings and is thus particularly simple. MRs evolved from the fields of fibre 
optic ring resonators and micron scale droplets [1–4]. Their inherently small 
size (with typical diameters in the range between several to tens of micro-
metres), their filter characteristics and their potential for being used in com-
plex and flexible configurations make these devices particularly attractive 
for integrated optics or VLSI photonics applications [5–10]. 

MRs for filter applications, delay lines, as add/drop multiplexers, and 
modulators will be covered in detail in this chapter, while other applica-
tions such as in optical sensing, in spectroscopy or for coherent light gen-
eration (MR lasers) are outside the scope of this chapter. 

This chapter focuses primarily on 4-port microrings, while 2-port de-
vices will play a minor role here and are covered in more detail in Chap. 9. 
The present chapter starts with design considerations, the functional be-
haviour, and key characteristics of a single microring resonator and con-
tinues with the design of cascaded MRs allowing the implementation of 
higher order filters. Finally, complex devices like add-drop filters, tuneable 
dispersion compensators, all-optical wavelength converters, and tuneable 
cross-connects are treated. 
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8.2  Fundamentals of Microring Resonators 

8.2.1  General Considerations 

The fundamental building blocks of microring-based devices are a micro-
ring plus one or two waveguides. In the former case this leads to two-port 
devices, which act as all-pass filters and introduce a wavelength-dependent 
phase shift only (lossless case). This property is exploited for the realiza-
tion of dispersion compensators and will be illustrated in Sect. 8.6.5. 

On the other hand, a microring resonator consisting of a ring plus two 
straight waveguides represents a 4-port structure, as illustrated in Fig. 8.1. 

The ring (radius R) and the port waveguides are evanescently coupled 
and a fraction κ1 of the incoming field is transferred to the ring. When the 
optical path-length of a roundtrip is a multiple of the effective wavelength, 
constructive interference occurs and light is ‘built up’ inside the ring: the 
MR is ON resonance. As a consequence, periodic fringes appear in the 
wavelength response at the output ports as shown in Fig. 8.2. At resonance 
the drop port shows maximum transmission since a fraction κ2 of the built-
up field inside the ring is coupled to this port. In the through port the ring 
exhibits a minimum at resonance. In the ideal case with equal coupling 
constants at resonance all the power is directed to the drop port. Light cou-
pled back to the through port after a roundtrip experiences an additional 
180o phase shift with respect to the light coming directly from the in port, 
and as a consequence no light exits from the through port at resonance. 

Before coming to a more detailed description of MRs it is worthwhile to 
introduce a number of key parameters of MRs. 
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Fig. 8.1. Schematic drawing of a 4-port microring resonator (left) and SEM picture 
(right) with in- and output port waveguides 
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Fig. 8.2. Simulated response of a MR for the through- (black) and drop port (grey). 
Also shown is the Free Spectral Range, the distance between two consecutive fringes. 
At the right simulated fields of the MR are given; top: ON resonance, Bottom: OFF 
resonance 

The difference in position between two consecutive resonant peaks, see 
Fig. 8.2, is called the Free Spectral Range and can be defined either in the 
frequency or wavelength domain (FSRf or FSRλ, respectively): 
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The group index ng is defined as [9] 
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Other parameters are: neff is the effective refractive index, R the radius of 
the ring, c the speed of light in vacuum and f0 is defined by 

1,2 0 / 2f f f= ± ∆ , with f1 and f2 two consecutive resonance frequencies. 
Another important parameter of the MR is the Full Width at Half Maxi-

mum (FWHM) or 3-dB bandwidth, which is a measure for the bandwidth 
of the device. A quality measure of the microring is the Finesse F, which is 
the ratio between the FSR and the 3-dB bandwidth [11] 

 

( )
( )

1/ 4

1 2
1/ 2

1 2

2

1

(1 ) rL
i i

X XFSR
F

FWHM X X

X e α

π

κ

= =
−

= −

 (8.3) 

Wavelength

P
ow

er
 (

dB
)

FSR



344 8 Ring-Resonator-Based Wavelength Filters 

 

with α being the losses per length inside the ring and Lr the length of the 
optical path in the ring. High finesse devices have a small FWHM and 
a strong intensity build-up in the ring when in resonance. Therefore high F 
devices are suitable for applications were high intensities in the cavity are 
necessary like lasers or non-linear optical (NLO) devices. Instead of the 
finesse, the quality factor Q can also be used as an absolute measure for 
the wavelength selectivity of the microring resonator according to: 

 / /FWHM FWHMQ ω ω λ λ= ∆ = ∆  (8.4) 

where ∆ωFWHM and ∆λFWHM are the 3-dB bandwidths in the frequency and 
wavelength domain, respectively. 

The speed of high bit rate communication is limited by the bandwidth of 
the optical filters. As this bandwidth in high finesse MR devices is becom-
ing increasingly small, only medium finesse devices (F ~ 10 – 20) with 
relative large coupling constants (κ ~ 0.4 – 0.6) are employed. The FWHM 
is determined by the coupling constants and the loss inside the ring accord-
ing to [12, 13]: 
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8.2.2  Bent Waveguides 

Bent waveguides exhibit radiation losses, which -for a given confinement 
of the guided wave- increase as the bend radius decreases. On the other 
hand, for a given bend radius, the bending losses decrease, as the confine-
ment of the guided wave gets stronger, or alternatively spoken, the bending 
losses decrease, as the (effective) index contrast between the ring and its 
surrounding/substrate increases. In the following we will focus on high 
index contrast rings (∆n > 0.1), since this is a prerequisite for small foot-
print devices offering the required integration potential. ∆n is the differ-
ence of the effective indices of the ring waveguide and its surrounding, 
respectively. 

In relation to the index contrast the term ‘minimum bend radius’ is used 
to define the lowest acceptable (technology-dependent!) radius keeping the 
bend losses sufficiently low. ‘Sufficiently low’ is dependent of the applica-
tion and also related to the coupling fractions as this chapter will show. 
Typically one designs for a bending loss below 1 dB per 360o roundtrip. 
The minimum bend radius as a function of effective index contrast is illus-
trated in Fig. 8.3. As can be seen, a high index contrast enables extremely 
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small dimensions and thus compact structures, but at the same time puts 
severe challenges to the fabrication technology. In addition, the stronger 
the confinement and the smaller the ring dimensions the more polarisation-
related issues become important as will be discussed in the next section. 

8.2.3  Polarisation Dependence 

Polarisation dependence is primarily determined by the waveguide charac-
teristics (refractive index contrast, geometry [14]). However, even if 
a chosen geometry would exhibit low birefringence in a straight waveguide 
(i. e. the propagation constants for TE- and TM-polarized light are approxi-
mately the same) this is normally no longer true in bends or rings with small 
radii. In that case, the modes are no longer pure TE- or TM-like, the reso-
nance wavelengths become polarisation dependent, and even polarisation 
conversion can occur [15–18]. 

If pure TE- and TM-like modes with equal coupling constants are as-
sumed, the difference in resonance wavelength of the modes propagating 
inside the ring is 
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with neff,TE and neff,TM being the effective indices of the TE and TM mode 
inside the ring. 

In general, in addition to the propagation constants the coupling constant 
between the ring and waveguides are also different for TE- and TM-po-
larisation. Nevertheless, polarisation independence can in principle be 

 

Fig. 8.3. Minimum bending radius (< 1 dB/360º) as a function of effective index 
difference 
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achieved by carefully balancing material- and geometry dependent effects 
[19]. In reality this is restricted to material with low index contrast [20, 21] 
and it requires the potential to keep technological tolerances extremely 
tight. An alternative, although more complex, solution is polarisation diver-
sity [22]. 

8.3  Design of Single Microrings 

8.3.1  Evaluation of Parameters 

One frequently chosen way of modelling the response of a single MR is 
the use of a scattering matrix [23, 24] as illustrated in Fig. 8.4. 
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Fig. 8.4. Scattering matrix model of a microring resonator 

This approach does not include polarisation effects, but it is sufficient in 
many cases for the derivation of fundamental design parameters for differ-
ent material systems such as III-V semiconductors or silicon oxi-nitride 
(SiON) for example. We will present this approach in more detail in the 
following, as it illustrates relevant device characteristics and fundamental 
dependencies. As long as the MRs under consideration exhibit polarisation 
dependent characteristics without TE-TM mode conversion (cf. Sect. 8.2.) 
one may design MRs for polarisation diversity, while a significantly more 
sophisticated treatment is needed if TE- and TM-modes are no longer good 
eigenstates. 

In the scattering matrix model the MR is modelled as two couplers, 
which couple a fraction κ1 or κ2 over to the cross port, and two delays 
φ1 and φ2 in-between as shown in Fig. 8.4. The optical fields in the inputs 
and outputs of the ring are related as follows: 
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where 2
1,2 1,21µ κ= − , αr is the loss per roundtrip, 0ω ω ω∆ = − , with 

ω0 = 
2 g

c
m

Rnπ
 being the resonance frequency, while m is the resonance 

number. The delays φ1 and φ2  are related to the frequency and the optical 

path-lengths Lopt1,2 by opt1,2
1,2

L

c

ω
φ = , which are not necessarily identical to 

each other. The place of the couplers does not matter, as long as the total 
roundtrip phase is the same. 

By use of this model one can extract values for the coupling constants 
from the desired functional behaviour and a given loss and radius. For 
example, in order to have as much power in the drop port as possible the 
two coupling constants must be the same [12]. In this case the device is 
said to be symmetric and has the lowest possible insertion loss in the drop 
port. Different parameters are found when optimizing the extinction ratio 
between the drop and through port. In that case the MR must be critically 
coupled [25], that means µ1 = µ2αr. Under this condition all power is ex-
tracted from the through-port leading to the highest possible extinction 
ratio. 

With the scattering matrix model, the influence of the loss parameter 
on the MR response can be determined as well. Parameters such as filter-
ing bandwidth, insertion loss, crosstalk, and channel separation can be 
determined in this way. Three corresponding examples are given in 
Figs. 8.5 to 8.7. 
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Fig. 8.5. Bandwidth of a MR as a function of coupling constant κ1 

Figure 8.5 shows the 3–dB bandwidth of a microring based filter with 
50 µm radius, as given by (8.5), as a function of the coupling constant κ1. 
The bandwidth increases as the coupling ratio gets higher. The effect of 
asymmetry in coupling is also shown in the figure by the lines with a fixed 
κ2. Losses do not have a large impact on the bandwidth. Only for the lower 
coupling constants a difference can be seen. This figure focuses on band-
width only, and one might conclude that having κ2 fixed to 0.9 is favour-
able, since it assures high bandwidths over a wide range of κ1. But when 
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Fig. 8.6. Insertion loss for signals sent to the drop port as function of the coupling 
constant κ1 for a MR on resonance 
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looking at the insertion loss, which is another relevant parameter, this con-
clusion turns out to be premature as can be seen in Fig. 8.6. 

Figure 8.6 shows the insertion loss in the drop port of a microring reso-
nator as a function of the coupling constant κ1 for the MR on resonance. 
The insertion loss (IL) can be calculated according to [11, 12]: 
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A symmetric lossless device has no insertion loss as can be seen from 
the solid line in Fig. 8.6. When the ring exhibits losses, the insertion loss 
increases, especially at lower coupling constants. The insertion loss does 
also increase with rising asymmetry of the coupling constants. Thus in 
order to get low insertion loss devices with bandwidths exceeding 10 GHz, 
the ring must be designed symmetrically with coupling constants 
above 0.4. 

In order to get maximum field inside the cavity, as required for example 
for all-optical switching, totally different specifications are derived. In this 
case the coupling constants must be in the order of 0.1 as is described in 
[26] and as can be seen in Fig. 8.7. The intra-cavity power (Pcav) has 
a maximum when the coupling constant is symmetric and relatively small 
(around 0.1). 
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Fig. 8.7. Power inside cavity as a function of coupled fraction κ assuming symmetric 
coupling for a ring with radius R = 50 µm 



350 8 Ring-Resonator-Based Wavelength Filters 

 

The scattering matrix model has proven to be a good tool to design sin-
gle microring resonators, whatever the application-specific demands are. 
Furthermore, this model allows for extracting ‘experimental’ parameters 
by fitting the model to measured data, and the scattering matrix model is 
also applicable to more complex devices. In particular, cascading more 
than one ring can simply be expressed by matrix multiplication (cf. 
Sect. 8.6). 

A design parameter of high relevance is the microring radius R. Via the 
round trip path length the FSR (8.1) and the finesse (8.3) are radius de-
pendent, and R affects the finesse by the round trip losses as well. For tele-
com applications in the 1.5 µm wavelength range the FSR should be 
> 35 nm for the C-band for example. This implies very small rings with 
R < 6 µm, and this requires a high index contrast technology in order to 
avoid excessive bending losses. The trade-off between large FSR and low 
resonator loss can be circumvented by using more than one ring. When 
two rings of different radii are used, the Vernier effect [27–29] causes the 
total FSR to be a multiple of the respective single ring FSRs according to: 

 1 2totFSR N FSR M FSR= ⋅ = ⋅  (8.10) 

with N, M being integers without common divisor (cf. Sect. 8.6.4). 

8.3.2  Geometry of Single Microrings 

Microrings can be designed and fabricated in two generic coupling con-
figurations as shown in Fig. 8.8. When the ring and waveguide are struc-
tured in the same waveguiding layer the configuration is called ‘laterally 
coupled’. When the ring and the waveguides are in different layers the 
configuration is called ‘vertically coupled’. The vertical coupling configu-
ration has the advantage that the coupling depends mainly on the thickness 
of the layer in between, which can be controlled very accurately during 
deposition, however at the expense of an additional processing step for the 
ring layer. The lateral configuration uses a single layer only, but requires 
very accurate lithography and etching processes to open the gap between 
the straight waveguide parts and the ring with high precision. Another 
advantage of the vertical configuration is that the ring and waveguide lay-
ers do not have to be the same thickness, which enhances the design free-
dom. 

The fabrication of microring resonators is limited by the tolerances of 
the lithography and the etching processes. For the realization of the gap 
between the ring and the straight waveguide in a lateral configuration and 
using high index contrast, nanometre precision is required, which can only 
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using high index contrast, nanometre precision is required, which can only 
be obtained by direct e-beam writing, focused ion beam milling or high 
precision wafersteppers. In the vertical configuration this problem is cir-
cumvented, as the coupling is now determined by the deposition process, 
where nanometre precision can be obtained more easily. In this case, how-
ever, alignment is an issue, as ring and port waveguides are structured in 
two separate lithographic steps. This is especially important in the case of 
symmetrically coupled devices. 

 
Fig. 8.8. 3D drawing of ring laterally coupled (left) and vertically coupled (right) to 
the straight waveguides 

The optical modes of the straight waveguide cross-section and the bend 
cross-section can be calculated by the use of (bend-) mode solvers. Since 
the two modes are different in behaviour, they can not be calculated in a 
single step. In addition, different simulation tools may be needed. The 
most relevant parameters obtained by these calculations are i) the effective 
index, ii) the propagation and bending loss of the mode, and iii) the num-
ber of higher order modes besides the desired fundamental one. Figure 8.9 
shows an example of a bend mode and straight waveguide mode calculated 
by a commercial mode solver [130]. The deformed mode profile with 
a shift to the outer rim of the curved waveguide (i. e. the right side in 
Fig. 8.9) is clearly visible. 
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Fig. 8.9. Optical mode of straight waveguide (left) and bend (right) 
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An important design consideration is the phase-matching between the 
mode that propagates within the ring resonator and the mode of the port 
waveguides. Ideally the effective indices of these modes should be the 
same. In general, however, this is not easily achieved because the index of 
the mode in the micro-resonator needs to be relatively high to keep the 
radiation-induced bending losses at an acceptable level. The effective in-
dex of the bend mode is therefore generally higher than the index of the 
straight waveguide, which is bound by the condition of mono-modality. 
Although the mono-modality condition is also important for the ring, 
a higher order bend mode has rapidly increasing losses. 

The mismatch in phase causes the coupling between the port wave-
guides and the ring resonator to be less efficient as illustrated in Fig. 8.10, 
which shows calculations for a coupler, which consists of a straight 
waveguide vertically coupled to a bent waveguide as schematically given 
in the right part of the figure. The vertical distance between the two is 
1 µm, the lateral distance is the gap. The calculation assumes waveguide 
indices of 1.97, an index of 1.45 for the surrounding, and a radius of 
50 µm. According to Fig. 8.10 the maximum achievable coupling constant 
gets the lower the larger the phase mismatch. In the modelling described 
above losses inside the coupler region were not taken into account. How-
ever, these can be included by extending the scattering matrix as described 
e. g. in [31]. 

The dependence of bending losses on index contrast is illustrated in 
Fig. 8.11. Parameters for the calculation are nsep = nbuff = 1.45 and nwg = 1.97 
(corresponding to a nitride waveguide). As can be seen the bending losses 
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Fig. 8.10. Effect of phase-mismatch (∆neff) on the coupling constants for various lateral 
gaps 
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have a minimum around nclad = 1.45. Furthermore, when the contrast de-
creases the bending losses increase. So higher index contrasts allow 
smaller radii, which implies larger FSR. However, when the index of the 
cladding layer is increased over that of the buffer and separation layers, the 
losses increase again, counter intuitively. But as explained in [32] the lat-
eral contrast decreases in this case, which causes the losses to increase. 

8.3.3  Group Delay and Dispersion 

For applications in telecommunication the time behaviour of the microring 
or alternatively the frequency response to a time-varying signal is of great 
importance. Since the filter is a resonant filter, the delay depends on the 
frequency (wavelength) position with respect to the resonance. This de-
pendence can conveniently be described by the structural or quadratic dis-
persion D [9]. This dispersion is the second derivative of the transmission 
phase-response φ(ω) with respect to frequency. The normalized group-
delay τn is the negative derivative of the phase-response with T being the 
inverse of the FSR: 
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Fig. 8.11. Bending losses of SiON microrings of different radii for different cladding 
indices 
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Fig. 8.12. Simulated absolute group delay (top) and dispersion (bottom) in microrings 
for various coupling constants 

The absolute group delay is given by g nTτ τ= . Figure 8.12 shows 
a typical simulation of the group-delay and the dispersion response of the 
drop port of a single ring with radius 50 µm. In the symmetric case 
(κ1 = κ2) the through port exhibits the same response as the drop port. 

According to Fig. 8.12 the absolute delay increases, when the coupling 
constants decrease (in that case F and Q increase), since more time is 
needed to ‘build up’ the signal. Also non-symmetric coupling constants 
increase the delay as can be seen comparing the dotted line with the solid 
one. This can be intuitively explained since raising one of the coupling 
constants, effectively decreases the finesse. At these higher coupling con-
stants loss does not have much influence on the drop phase response. Lar-
ger ring radii cause higher delays, as it takes longer to get into resonance. 
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Figure 8.12 also shows the simulated dispersion for various coupling 
constants and the effect of asymmetry. In the case of symmetric coupling 
(κ1 = κ2) the total dispersion experienced by the signal leaving the MR 
from the drop and the through port is moderate, and it is identical for both 
ports. However, in the case of asymmetric coupling (κ1 ≠ κ2) the dispersion 
observed from the through port gets significantly larger (note the different 
scales of Figs. 8.12 and 8.13!) and the shape of the dispersion curve is 
inverted, if κ1 and κ2 are interchanged. This is illustrated in Fig. 8.13. The 
minimum phase filter becomes a maximum phase filter [9]. This effect can 
be used in filters used to optimize the time domain parameters of a signal 
i. e. dispersion compensators. 

8.3.4  Other Micro-resonator Geometries 

The shape of MRs is evidently not restricted to a circle. Nearly any geo-
metrical path that provides optical feedback will act like the microring. 
A frequently used geometry is the racetrack [33] which is shown in 
Fig. 8.14. In this geometry the couplers of the resonator are straight 
waveguides that allow accurate control of the coupling constants at the 
expense of being somewhat larger and consequently having a reduced 
FSR. 

Another common shape is the disk [34] instead of a ring as shown in 
Fig. 8.14. A disk is more difficult to make single mode, since the lateral 
width of the cross section is large. But since the lateral contrast of the disk is 
higher than the contrast for a ring, potentially lower losses can be obtained. 
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Fig. 8.13. Dispersion in drop and through port for two different kinds of asymmetry 
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The place of the adjacent waveguides is not important. As can be seen 
from (8.8) only the total roundtrip length influences the response, but not 
the place of the coupling regions. An additional geometry is the so-called 
Manhattan configuration as shown in Fig. 8.14. This structure allows for 
optimum use of area and is scalable to a large extent. 

8.4  Tuning and Modulation of Microrings 

Until now the ring was assumed to be totally passive, i. e. all geometrical 
and materials parameters being constant in time. To add functionality or to 
overcome fabrication errors the MR can be made active by varying (tun-
ing) some of the parameters and consequently its wavelength response. 
Furthermore, additional functionality can be added by externally tuning the 
roundtrip loss or coupling constants of the ring. 

8.4.1  Resonance Wavelength Tuning 

The resonant wavelength of a MR can be tuned in several ways. The most 
straightforward approach is to change the effective index of the ring by 
any of the following means: 

• Thermo-optic effect: by applying heat to the ring the refractive index of 
the material changes [35] 

• Electro-optic effect: an electrical field causes the change in refractive 
index [36] 

• Carrier injection: optical pumping creates free carriers (single photon- 
or two-photon absorption), which change the loss parameter and the re-
fractive index of the material [37, 38] 

• Changing the material (sensor) [39, 40] 
• Opto-optical effect: the light itself causes a change in index via nonlin-

ear effects [11] 

 

Fig. 8.14. Other microring resonator shapes: Racetrack (left), disk (middle) and Man-
hattan configuration (right) 
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A change in effective index shifts the total wavelength response by an 
amount of ∆λ . This shift can be used in filter applications to tune the pass-
band to the a desired wavelength. The principle of tuning is shown in 
Fig. 8.15. 

The same phenomenon leads to a different functionality, when the op-
eration wavelength λsource is kept constant. A small change in effective in-
dex around the steep slope of the MR response induces a modulation at 
λsource with high extinction ratio. 

The thermo-optic effect can be used by applying a thin film heater on 
top of the ring. The heater must be placed as close as possible to the ring to 
minimize the driving power. On the other hand, the heater can not be 
placed too close, since the metal from the heater will induce large addi-
tional losses inside the ring. 

 

Fig. 8.15. Tuning the passband of a MR filter to different wavelengths (top) and modu-
lation by tuning the MR wavelength response for fixed operation wavelength (bottom) 
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The shift in centre wavelength of the ring ∆λc is a function of the differ-
ence in effective index induced by heating the device, according to: 

 eff
c

eff

n

n

λ
λ

∆
∆ =  (8.12) 

The change in effective refractive index induced by the heater depends 
largely on the materials used and the distance between the heater and the 
ring. Glass like materials have a temperature-dependence of the refractive 
index (dn/dt) of around 10–5, whereas polymers have a coefficient being an 
order of magnitude higher. Thermal shifts of 20 pm/mW have been shown 
for glass-based MRs [41], see Fig. 8.16. For polymer MRs this shift is 
about 1 nm/mW [42], i. e. around two orders of magnitudes higher, which 
can be explained by the larger thermo-optic coefficient and a better con-
ductance of the heat as described in [43]. In conclusion, thermal tuning is 
simple to implement, but the thermo-optic effect is slow with typical re-
sponse times in the order of hundreds of microseconds. This can be suffi-
cient for switching applications, but other effects must be used for modula-
tion applications. 

The electro-optic effect changes the i-th component of the refractive in-
dex ni as function of the applied electric field Ek according to: 
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Fig. 8.16. Shift of drop response as function of heater temperature of a SiO2/Si3N4 MR 
with radius 50 µm 
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With rik the eo tensor [44, 45]. The direction of change of refractive in-
dex is determined by the material and can be positive as well as negative. 
Applying a reverse voltage will lead to the reversal of the effect. The elec-
tro-optic effect is inherently much faster than the thermo-optic effect. In 
practice now the limiting factor will be the ‘build-up’ time of the reso-
nance given by 

 g
cav

F R n

c
τ

⋅ ⋅
=  (8.14) 

For well designed ring resonators electro-optic modulation speeds of sev-
eral tens of GHz can be expected. In recent experiments [45] modulation up 
to 1 GHz has been demonstrated in a Mach–Zehnder interferometer loaded 
on one arm with a microring. The device has been fabricated in PMMA-
DR1 polymer, the relevant electro-optic coefficient is r33 = 10 pm/V 
[44, 45]. 

In semiconductor materials, with highly confining waveguides, which 
have a bandgap energy higher than the photon energy, it is possible to 
change the refractive index by injecting free carriers [46]. An empirical 
relation between the change in refractive index and the carrier density [47] 
leads to an index change of around −0.002. 

For all-optical or opto-optical tuning mostly the Kerr non-linearity of 
a material is used [11] i. e. the total effective refractive index of the mate-
rial is dependent on the intensity of the light (Ieff) : 

 ,0 ,2eff eff eff effn n n I= +  (8.15) 

where neff,2 is a parameter dependent on the Kerr non-linearity. Recently, 
GHz modulation in silicon-on-insulator (SOI) MRs based on this effect has 
been shown [38]. 

8.4.2  Resonance Wavelength Trimming 

Statistical errors in the radius during fabrication can be cancelled by post 
deposition trimming. In the methods described above an active function is 
introduced to change the resonant wavelength. When permanent changes 
are needed in order to compensate for fabrication errors, other methods are 
required. The effective index of the ring can e. g. be altered by locally in-
jecting high optical power by a laser. This post-fabrication process can be 
used to trim every MR to the proper position [48]. For low-cost mass pro-
duction, however, the need of trimming should be completely avoided. 
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8.4.3  Loss Parameter Tuning 

In the previous section methods of tuning were discussed, where the opti-
cal roundtrip path length was changed, which resulted in a shift of the 
resonant wavelength. Alternatively, the roundtrip loss can be changed, 
which affects the Q-factor and the shape of the resonance curve. In this 
way a MR can be used as space-switch: at the resonance in high Q, weakly 
coupled MRs practically all power is directed to the drop port, but at low Q 
to the through port. There are several methods of controlling the Q of the 
cavity dependent on the materials in the system. In semiconductor devices 
electro-absorption or free carrier injection can be used to control the loss 
parameter [46]. Other materials like polymers and glasses allow for doping 
with rare-earth ions like Erbium [49]. In these materials the losses can be 
largely reduced by optical pumping. In this way switching of light by light 
is feasible, i. e. opto-optical switching. 

8.4.4  Coupling Constant Tuning 

Finally, the individual coupling constants can also be tuned. This has been 
done mainly in relatively large racetrack structures, where enough cou-
pling length is present to allow for thermo-optic tuning restricted to the 
coupling sections [50]. Furthermore, some more exotic methods have been 
demonstrated making use of MEMS (Micro Electro-Mechanical Systems) 
technology. Fleming et al. changed the coupling between port waveguides 
and ring by moving the ring, which was attached to a membrane, in a con-
trolled way by electro-static forces to the evanescent field of the 
waveguides underneath. In this way light at the resonance wavelength is 
coupled from one waveguide to the other [51]. 

8.5  Characterisation Methods 

The full characterisation of microring based devices requires the determi-
nation of their amplitude and phase characteristics (as outlined in detail in 
Chap. 2). Wavelength-dependent measurements of transmission, add, and 
drop characteristics and of crosstalk properties as well can be done using 
broadband or tuneable narrow band light sources. Essential points have 
been outlined in Chap. 4, Sect. 4.7 for the characterisation of AWGs and 
hold for microrings as well. Particular requirements for the investigation of 
high index-contrast devices are sub-µm precision with negligible drift over 
tens of minutes. 
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Another characterisation method is a lens system and an IR camera 
placed on top of the device under test. In this way scattered light can be 
captured, and by image processing also wavelength scans of particular 
parts of the image can be made [52]. The technique provides the possibility 
to measure every point on the device, and this is particularly useful in 
more complex systems, where not all inputs and outputs of the individual 
rings are directly connected to chip input/output ports. With the camera 
technique one can look ‘in between’ rings, and on-chip insertion loss can 
be assessed rather easily, as scattered intensity inside the waveguides de-
creases along the propagation direction. The principle is limited to devices 
or channels that exhibit sufficient scattering, thus it is primarily suited for 
device characterisation in an early development stage. Figure 8.17 shows 
an example of a SiO2/Si3N4 MR with a radius of 25 µm on resonance (left 
picture) and off resonance captured by an IR camera setup. 

The phase characteristics of microring-based devices can be measured 
by techniques such as the phase-shift method [53, 54] or by optical low-
coherence reflectometry (OLCR), which are discussed in detail in Chap. 2, 
Sects. 2.3.1 and 2.3.2. 

OLCR measurements can be performed in reflection and in transmission 
as well. The distance between consecutive interference peaks is a measure 
for the FSR, while the exponential envelope of the interference peaks e. g. 
provides information on the coupling constants and the losses [17, 50, 55]. 

8.6  Multiple Ring Resonator Devices  

For many applications, in particular in fibre optic communication, the char-
acteristics of single microrings are not well suited. However, much more 
favourable device performance can be achieved, if a number of microrings 

 

(a) (b) 
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Fig. 8.17. IR Camera image of MR on-resonance (left) and off-resonance (right) 
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are combined, and this can be done in a variety of architectures. This will 
be outlined in more detail in the following section. 

8.6.1  Higher Order Filters 

Higher order MR filters are devices, where several feedback paths contribute 
to the response of the filter. Figure 8.18 shows two different setups, normally 
designated as serial cascade [9,56–60] and parallel cascade [52, 61–66] in 
the literature. In both cases, the additional feedback paths result in an im-
proved filter response, i. e. a more flat-top response in the pass-band and 
a steeper roll-off at the pass-band edges. The design of a serial cascade using 
the z-transform approach is described in detail e. g. in [9]. 

Concerning the parallel cascade a number of different design concepts 
have been reported in the literature. Examples are considering the cascade 
as a generalized DFB grating [63, 66], describing the filter in terms of a 
prototype filter as known in the microwave domain [61] or using the scatter-
ing matrix description [64, 65]. Recently, the z-transform description of 
these filters has also been applied [67].  

In the serially cascaded structure it is necessary to control the resonance 
wavelength of each ring in the filter accurately. In the parallel cascade the 
distance between the rings must be well controlled with sub-wavelength 
precision. In both cases the filter responses can be further improved by 
special designs of all the coupling constants in the cascade [66]. By apo-
dizing the coupling constant for each individual ring along the array, even 
better filter shapes can be obtained. 

Higher order filters is a serial cascade of 3 to 11 rings have been made 
by Little Optics in their HydexTM

 technology, which enables the fabrication 
of lightwave circuits including microring structures with appealing charac-
teristics. HydexTM is claimed to overcome all the limitations of other high-
∆n systems, the details of which are not disclosed so far. However, it is 
deposited through a conventional chemical vapour deposition process, its 

 

Fig. 8.18. Serially (left) and parallel cascaded ring filters (right) 
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refractive index contrast is adjustable from 0% to over 20%, the fabrica-
tion does not require any annealing step, and the material absorption is low 
all over the S-, C-, and L band [68]. 

Figure 8.19 shows a serial cascade of three rings and the transmission 
spectra of 1st-, 3rd-, and 11th-order serial filters. 

 

 
Fig. 8.19. (a) 3rd

 order filter and (b) Transmission spectra of different order ring filters 
(Little Optics Inc.) 

As can be seen, the roll-off of the filter characteristics can be freely ad-
justed by choosing an appropriate number of cascaded rings. Typical char-
acteristics of these commercially available tuneable filters based on cas-
caded rings are compiled in Tab. 8.1. 

Tab 8.1. Characteristics of tuneable ring filters (Little Optics Inc.) 

Channel spacing 25 50 100 GHz 

Tuning range 192.1 – 196.1 THz 
3-dB pass-band > 17 > 35 > 42 GHz 
Insertion loss < 5 dB 
PDL < 0.5 dB 

8.6.2  Wavelength-selective MR Switch 

A schematic drawing of a MR based switch is shown in Fig. 8.20. This struc-
ture is based on two MRs connected through a straight waveguide and acts as 
a wavelength selective switch. The first MR selects a certain wavelength. 
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The second ring, which is tuneable, thereafter switches this wavelength to 
the drop port or to a non-used channel leading to an absorber [54]. 

8.6.3  Reconfigurable Optical Add/drop Multiplexer 

Another example of complex structures based on MRs is the N × M matrix 
switch based on the Manhattan configuration [69] as shown schematically 
in Fig. 8.21. This compact configuration allows adding and dropping any 
of the M wavelengths to any of the N input/output ports. In order to im-
prove the performance each building block consisting of a single MR can 
be replaced by a higher order filter [69, 70]. 

The SiON technology looks promising as a platform for these complex 
MR structures. With a large index range between 1.45 (SiO2) and 2 (Si3N4) 
SiON allows for relatively high index contrast, low-loss devices with small 
bending radius [19, 71]. This is a prerequisite for complex structures, since 
multi MR devices with large FSR can only meet the specifications when 
they are small in size and have low losses. It is therefore not surprising that 
quite some interest has been shown for MRs in the SiON technology, see 
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Fig. 8.20. Wavelength selective switch based on two MRs: schematic lay-out and 
microscope picture of device (top) and wavelength response of the drop port (bottom). 
Lower left: simulated response of single ring; solid line: switch in ON-state, dotted 
line: switch in OFF-state. Lower right: experimental results 
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for example [20, 62, 69, 72]. Some of the previous figures in this chapter 
(Fig. 8.1, Fig. 8.17 and Fig. 8.20) are MR structures in SiON technology as 
well. As another example in Fig. 8.22 a single row of a cross-grid structure 
already discussed above is shown. This structure, known as a Reconfigur-
able Optical Add/Drop Multiplexer (ROADM) is based on Si3N4 channels 
embedded in SiO2. The individual rings are thermally tuneable across the 
full FSR by means of a chromium thin film heater. In this way the ROADM 
can, for example, be switched performing as a 4 channel demultiplexer, 
where every ring filters a particular wavelength from the in-port to the re-
spective drop-ports. Alternatively, when the microrings are tuned to the 
same wavelength, the structure can be used as a single wavelength broad-
casting device, directing one input wavelength to more than one drop port. 
This is shown in the upper right picture in Fig. 8.22, were the through port 
of the device is shown when the four rings are set to different wavelengths 
(4 single channels) or all at the same wavelength (single combined chan-
nel). The lower right picture displays the response for the four individual 
add ports, when light enters one of the add ports and is directed to the 
through port. This demonstrates that every channel can add power to the 
through port. 

The device was pigtailed and wire-bonded and can be controlled by 
a computer. It has an inter-channel crosstalk of 12 dB, can tune to any wave-
length within the FSR of 4.2 nm at a maximum driving power of 380 mW per 
channel. The device shows 12 dB extinction per channel in the through port 
and 17 dB in the drop port [73], and it has been tested at 40 Gbit/s without 
showing reduction of performance [74]. 
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Fig. 8.21. N × M Manhattan microring configuration with N input/output channels and 
add/drop ports for each of the M wavelengths 
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Fig. 8.22. Schematic (top left) and photograph (bottom left) of a SiO2/Si3N4 MR based 
ROADM and the measured through (top right) and add (bottom right) response 

Currently, there are several commercial suppliers of MR based products 
in SiON technology. Two of them Little Optics (recently acquired by No-
madics [68]) and Lambda Crossing [75] deliver products based on MR 
technology, whereas another one, LioniX [71] offers foundry services and 
MR technology for use by others. 

8.6.4  Microring-based Filters with Extended FSR 

For many applications in fibre optic systems the FSR of filters should be 
comparable to the width of the C- or the L-band, for example, i. e. several 
10 nm. According to (8.1) large FSR values require small bend radii 
(where the actual numbers vary widely depending to the material system 
chosen), and achieving several 10 nm FSR is demanding due to techno-
logical restrictions. 
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One means to increase the FSR without resorting to correspondingly 
small bend radii relies on the Vernier effect, i. e. microrings of different 
radius are combined, and the resulting device exhibits resonances only, 
where the individual resonances of all microrings involved match. (The 
approach is similar to one concept to design widely tuneable lasers by us-
ing gratings with slightly different pitch, which provide super modes with 
rather large wavelength separation [76], cf. also (8.10)). A corresponding 
microring-based device is illustrated in Fig. 8.23 [77]. 

The device has been fabricated in SiO2/Si and the ring radii are 28.5 µm 
for the two smaller (upper) rings and 39.3 µm for the larger (lower) ring 
corresponding to a FSR of the individual rings of 8 and 6 nm, respectively, 
while the integrated filter exhibited about 20 nm FSR. 

8.6.5  Microring-based Dispersion Compensators 

Dispersion compensation is a functionality particularly needed in high-bit 
rate optical communication systems, since the adverse effects of dispersion 
increase proportional to the square of the data rate. Dispersion compensa-
tion can be accomplished by many approaches, including bulk optics and 
in particular fibre Bragg gratings (cf. Chap. 5, Sect. 5.5), but planar 
waveguide technology as well. Examples of the latter are finite impulse 
response filters implemented as resonant couplers [78] or infinite impulse 
response (IIR) filters, which exhibit periodic frequency characteristics and 
are thus particularly suited for dispersion compensation of multiple wave-
length channels. Dispersion compensators using microrings rely on the all 
pass filter characteristics of MR-based two-port structures, and one exam-
ple of a corresponding dispersion compensating filter is illustrated in 
Fig. 8.24 [79, 80]. 

 

Fig. 8.23. Triply-coupled microring resonator filter in stacked configuration (after [77]) 
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Fig. 8.24. Ring-resonator-based dispersion compensator. Upper part: device structure, 
lower part: device characteristics, after [80] 

The tuneable dispersion compensator illustrated in Fig. 8.24 consists of 
four cascaded resonator loops and has been fabricated in high-refractive-
index contrast SiON technology. An absolute index contrast of 0.05 or 
∆ = 3.3% between waveguide core and cladding allows minimum bend 
radii of 0.8 mm with barely measurable radiation loss and 0.55 mm radii 
with < 0.1 dB loss per 90o bend [80], and small ring radii are required in 
order to get large FSR values. The device illustrated in Fig. 8.24 is made 
adjustable by the implementation of two heaters per microring, where one 
heater is used to vary the optical path length and the other to vary the 
strength of the coupler. In this way tuneable filters with linear delay slopes 
of +100, +50, −50, and −100 ps/nm were generated, but filters with quad-
ratic dispersion-slope values of +800 and −800 ps/nm2 as well. The tech-
nology lends itself to mass production and is expected to find applications 
in fibre optic systems operating at 10, 40, or even higher data rates. 

8.7  Semiconductor-based Microrings 

Microring- (including microdisk-) based devices have been fabricated in 
GaAs/AlGaAs [81], and in the GaInAsP/InP material system [82–85] as 
well. MRs in III-V semiconductors (SC) are considered attractive, because 
they can be monolithically integrated with other (active) functionalities. 
They can be used as channel dropping filters, WDM demultiplexers, as 
notch filters, for optical switching [86], or for all-optical wavelength con-
version [81, 87]. 
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Microrings and microdisks plus their straight coupling waveguides 
(WG) have on the one hand been fabricated as planar structures [81, 84], 
but in vertical coupler geometry as well [85]. The latter design is particu-
larly favourable for the control of the coupling between the straight wave-
guides and the ring, however, the fabrication process is significantly more 
demanding (requires wafer bonding for example). The design of SC based 
microrings has mostly been based on ridge waveguides (RWs) and to 
a much lower extent on buried waveguide structures [88], which are con-
siderably more difficult to realize. 

Layer composition, thicknesses, and WG geometry are determined on 
the basis of various, partly conflicting requirements: the straight input/-
output WGs should enable efficient and alignment-tolerant coupling to 
optical fibres, coupling between the straight and the bent WGs should be 
efficient, guiding in the bent WGs (i. e. in the MR) should be strong 
enough to enable small bend radii. The geometry of the bent WGs may 
either be symmetric or asymmetric [82, 84], where a steeper etch at the 
outside wall of the RW-based MR structure assures a particularly large 
difference of the effective refractive indices and consequently the strong 
confinement of the guided mode, which is required for low radiation losses 
in small bend radius microrings. An asymmetric, deeply etched bent WG is 
illustrated in Fig. 8.25. 

As discussed in Sect. 8.2.3 microrings tend to be polarisation dependent, 
and this is particularly true for RW-based semiconductor microrings. In 
applications, where the state of polarisation of a lightwave entering a mi-
croring is random, polarisation diversity could solve the problem, although 
at the expense of extra complexity. On the other hand, if the polarisation 
needs alignment anyway, for example in all-optical wavelength conver-
sion, the polarisation dependence of the microring characteristics is less of 
an issue. 

 

Fig. 8.25. SEM picture of bent WG region illustrating deep etch at the outside micro-
ring wall, after [84] 
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Radiation losses as well as scattering losses due to sidewall roughness 
do essentially determine the residual loss in bent WGs [89], and they can-
not be reduced easily, so that the losses may add up to an intolerable 
amount, if a larger number of rings is cascaded in order to get filter trans-
mission characteristics, which are needed in many WDM applications (flat 
top, steep roll-off). One means to overcome these problems is the incorpo-
ration of active parts in the microrings, i. e. adding semiconductor optical 
amplifier (SOA) sections, which compensate WG losses. The effect of 
such SOAs is illustrated in Figs. 8.26: 

At low drive currents of the SOAs the microring acts as a wavelength 
dependent filter with adjustable loss. If the current is increased so as to 
completely compensate for the losses within the ring, the structure gets an 
all-pass filter, and for even higher SOA currents the device becomes a ring 
laser. 

Another application area of microrings, which is of general interest for 
fibre optic systems is all-optical wavelength conversion, since it can be 
made particularly efficient by an appropriately strong confinement of the 
optical waves within the microring [81, 87]. Figure 8.27 shows corre-
sponding results: 

At present it is difficult to predict the future role of semiconductor-
based microrings in fibre optic communication systems. Although micro-
rings offer a number of attractive properties, they will always be in compe-
tition with alternative solutions, and competitiveness will in the end essen-
tially be determined by the ratio of performance to cost including aspects 
like device-, subsystem-, operation-, and surveillance cost. 

 

Fig. 8.26. Transmission characteristics of an active ring resonator (with SOAs) under 
different driving conditions, after [90]. 
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Fig. 8.27. All-optical wavelength conversion observed at the through-port of a micro–
ring resonator, after [87] 

On the other hand, microrings are also finding increasing interest in ar-
eas beyond telecom, in particular for sensor applications, which includes 
semiconductor-based devices, but microrings in other material systems as 
well. 

8.8  All-optical Switching 

All-optical switching has been performed in GaAs/AlGaAs [91] and more 
recently in SOI micro rings [38] as well. The device structure under inves-
tigation has been a single micro ring coupled to a straight waveguide using 
either horizontal [91] or vertical [38] coupling. According to the considera-
tions in Sect. 8.4. one may either switch from on-resonance to off-
resonance or the other way round by using any of the effects mentioned. 

In the recently reported all-optical switching in SOI microrings [38] de-
tuning is achieved by optical means, i. e. optically created free carriers 
modify the effective refractive index and provide a detuning of the MR 
resonances, which is equivalent to switching. These experiments have 
aroused a lot of speculation about the prospects and the potential of semi-
conductor/silicon-based all-optical signal processing. However, before 
devices of the type described here might find their way into real and wide-
spread applications, a number of topics need additional investigations and 
significant improvements: The wavelength to be switched and the wave-
length inducing the detuning must both be accurately adjusted to a ring 
resonance. High finesse of the resonances makes the switching efficient, 
but is demanding with respect to wavelength accuracy. On the other hand, 
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relaxed wavelength tolerances (lower finesse) raise the required switching 
power significantly. The requirements become even more demanding due 
to polarisation effects. In addition, the free carriers needed for changing 
the refractive index have been created so far by two-photon absorption, 
and this process requires high photon densities, which in turn implies sig-
nificant technological effort and cost. In the case of the SOI-ring based 
switching 10 ps long pulses with 25 pJ energy were used, generated by 
a Ti:sapphire picosecond laser in combination with an optical parametric 
oscillator. Finally, the observed relatively long exponential relaxation 
(τrel = 450 ps) of the SOI-device in combination with the short switching 
window of a few picoseconds is unfavourable for many application condi-
tions. A better match between excitation and recovery time has been ob-
served for the GaAs/AlGaAs microrings with about 50 ps recovery time, 
which is attributed to strong surface-state recombination at the microring 
sidewalls, but even in this case the switching window to recovery time 
ratio is far from optimum. 

Thus the all-optical switching experiments are encouraging, but there is 
still a very long way to go before all-optical signal processing might find 
its way into practical applications, which is true for III-V semiconductors 
and even more so for silicon-based optical switching, on the other hand the 
latter would have a tremendous economic impact. 

8.9  Future Trends 

Future development of microring resonators are expected to go into differ-
ent directions. One trend will be towards multi-stage filters with applica-
tion-specific tailored characteristics. Devices will be mass-produced in 
non-expensive material systems and consequently such filters are likely to 
find widespread applications. 

Another trend will be towards MR-based devices, which combine active 
and passive microrings and which can thus perform more complex func-
tionalities. This will include active-passive functionalities on a single chip, 
but different kinds of MRs may equally well be part of even more complex 
hybrid (sub-)systems. One corresponding example is shown in Fig. 8.28, 
which illustrates a hybrid optical transceiver, comprising active, polymer 
and inorganic electro-optical materials, and passive, thermally tuneable 
microrings as well [92, 93]. 

Point-to-point links play a predominant role in current optical networks, 
but wavelength routing will become more significant in future optical net-
works, and under these circumstances reconfigurable wavelength-routers 
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will become particularly relevant. Key features of such routers are wave-
length splitting (and combining) plus wavelength routing, they will be used 
in wavelength-selective and broadcast applications as well, and they 
should be wavelength agile to a high degree. Figure 8.29 shows a corre-
sponding router architecture based on MR integrated in the so-called Man-
hattan architecture. Corresponding devices are currently under investiga-
tion in the Netherlands within the project Broadband Photonics 
(BBPhotonics), funded by the Freeband communications program [95]. 

There is no doubt that MRs offer a large potential for a variety of appli-
cations, however, the ultimate success will depend essentially on the extent 
to what technical performance and price targets can be met simultaneously, 
which is true for all components in fibre optics. 

 

Fig. 8.29. Functional description of possible MR implementations (left) and schematic 
drawing of a MR based wavelength-router. 
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Fig. 8.28. Schematic overview of NAIS transceiver, were active (high speed modula-
tors) and passive MRs are combined to integrate different functions well (after [94]) 
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