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Abstract: The power penalty characteristics of high-speed optical signals
transmitted through a variety of filters based on multiple microring
resonator devices are analyzed by numerical simulation. The technique used
here has been verified with single-ring experimental measurements.
Butterworth and Chebyshev filters are investigated, as are serial cascades of
resonant devices. Although the power penalty is generally not prohibitive, it
is a parameter which cannot be ignored for the design of complex highbandwidth photonic interconnect systems that utilize microring resonators
as filters and switches.
©2006 Optical Society of America
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1. Introduction
Photonic microcavity devices which exhibit sharp spectral features due to resonant
recirculation have received significant attention recently [1]. These devices have the potential
to be used as ultra-narrow filters and as photonic switching elements in monolithic highbandwidth photonic integrated circuits (PICs) [1–4]. Although the sharp spectral features of
these devices can easily be leveraged for ultra-dense wavelength division multiplexing
(DWDM) and for high-speed wavelength-selective switching, it has been shown that the
sidebands of optical signals with high data rates can be affected, resulting in signal distortion
[5–8]. This can be problematic for systems, such as high-bandwidth integrated optical
interconnects and high-density optical telecommunications systems, which would contain
many of these devices (e.g. reconfigurable add/drop multiplexers and switching elements) in
cascade.
Signal degradation can be easily quantified by the power penalty, which is a metric
commonly used in optical telecommunications systems and expresses the amount of
additional receiver power required to overcome the signal errors introduced by a particular
device or subsystem [9]. This investigation considers different laterally side-coupled
configurations of microring resonators which can realize well-known filter structures [10] and
evaluates their power penalty characteristics, using a verified numerical simulation technique,
which has shown agreement of better than 7 % with experimental measurements for singleresonator systems [5, 6]. Series cascades of microring resonator filters within multiple-stage
systems are explored as well. Because it has been proposed that microring resonator devices
can also be leveraged as electro-optic [11] and all-optical [12] switching devices, these
analyses consider both the power penalty introduced by resonators and an approximation of
the switching ratio that could be achieved. This study concludes that the design of microring
resonator-based photonic circuits requires a nuanced and thorough understanding of the
effects these devices have on high-speed optical signals.
2. Simulation model
The authors have introduced a technique for simulating the signal degradation and power
penalty induced by spectrally narrow microring resonator devices and have verified its
accuracy experimentally [5, 6]. Those results confirmed that the amplitude distortion of signal
sidebands dominates phase distortion and dispersion as the primary source of power penalty.
This model, therefore, captures the nonuniform attenuation of the modulation sidebands of a
high-speed optical signal based on resonant devices’ fine spectral characteristics [13, 14].
When an optical signal is routed through the drop port of a microring resonator, the higherorder modulation sidebands are attenuated more than the lower-order ones, resulting in
transition smoothing, extinction ratio degradation, and other signal distortions [5,6]. The best
possible extinction ratio ε can be related to the calculated power penalty δ by [9]:
ε +1 .
(1)
δ=
ε −1
This is the power penalty figure used in the following analysis and represents the best possible
power penalty, assuming an ideal amplifier. For practical systems, additional power penalty
should be included, depending upon on the noise characteristics of a particular amplifier, filter
bandwidth, and overall signal attenuation.
When the carrier wavelength is detuned from the center of the resonance spectrum,
additional signal attenuation is observed, and asymmetry can lead to further signal
degradation. The present investigation contains relationships which have been distilled from
data generated by previously verified numerical simulations [5, 6].
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For this analysis, frequency is given as a unitless parameter: the ratio of the full-width at
half-maximum (FWHM) Γ of microring resonator-based filters to the data rate F of the optical
signal is used. Thus, a Γ/F ratio of 1.2 indicates, for example, that a 10 Gbps optical signal is
transmitted through a device with a FWHM of 12 GHz (96 pm), or Q of approximately 16,000
for a carrier wavelength in the middle of the C-band (1550 nm); or a 40 Gbps optical signal
and a FWHM of 48 GHz (386 pm), or Q of 4000. For all simulations, the optical signal is
assumed to be amplitude-modulated with a continuous stream of random non-return to zero
(NRZ) data.
3. Single resonator
The simplest possible filter transmission characteristic is a Lorentzian (Cauchy) lineshape:
1
.
(2)
T( f ) =
2
( 2 f Γ) + 1
This kind of filter requires only a single microring resonator device. In this case, the only
filter parameter is the spectral ratio Γ/F; the detuning of the carrier wavelength from the center
of the resonance spectrum is also normalized to the optical signal bandwidth, Δf/F.
Both the attenuation in total transmitted power α and the power penalty δ are characterized
as they vary with the detuning of the optical signal carrier wavelength from the center of the
resonance spectrum (Fig. 1). As expected, overall signal attenuation increases with decreasing
FWHM (increasing Q). Furthermore, signal degradation, as quantified by the power penalty,
increases with decreasing FWHM as well, since greater sideband attenuation is experienced.
Symmetrically, with greater detuning of the carrier wavelength, both attenuation and power
penalty generally increase as well.

Fig. 1. Power penalty (solid curve) and attenuation (dashed curve) for Lorentzian filters with
Γ/F between ½ (green) and 2 (blue), logarithmically; black curves for Γ = F.

The power penalty curves have minima at nonzero detuning values, which at first may be
unexpected. Consider, however, that for an entirely real function g ( x ) , Im { g ( x )} = 0 , the

Fourier transform G ( ω ) = F { g ( x )} is conjugate-symmetric: G ( −ω ) = G ( ω )∗ . Therefore, only
half of the Fourier spectrum is required to decode the correct time-domain signal. It is also
interesting to note that each lobe of the Fourier spectrum of a continuous stream of NRZ data
is roughly bounded by a triangle [13,14]. In order to determine the detuning Δf which results
in the most total power from one half of the fundamental spectral lobe, approximated as a
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triangle, when multiplied by the Lorentzian filter shape (Fig. 2 inset), consider the
convolution integral:

( f − Δf + 1) df
2
∫
Δf −1 ( 2 f Γ ) + 1
Δf

=

⎡ Γ 2 + 4Δf 2
⎤
⎡
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1 − Δf
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(3)

The maxima indicated by this convolution function and the minima observed as a result of the
numerical simulation of the power penalty for a Lorentzian filter agree fairly well (Fig. 2); the
error at Γ = F is just 8 %. Even this simplistic analysis illustrates that minima in the power
penalty curves are expected to be at nonzero values of detuning for certain filter shapes.

Fig. 2. Comparison between detuning values at observed power penalty minima (points) and
predicted maximum signal integrity from Eq. (3) (curve); the inset is a sketch of the simplistic
estimation upon which Eq. (3) is based.

When using a microring resonator device as a modulator or as a switch, the resonance
spectrum is shifted so that a particular wavelength changes from being on-resonance to being
off-resonance, or vice versa [11, 12]. This shift in the resonance spectrum is generally on the
order of the FWHM itself. The best-case switching ratio (or extinction ratio for a modulator
device) can therefore be estimated by the ratio of the induced attenuation:
α ( Δf = F ) .
(4)
R=
α ( Δf = 0 )
The shape and steepness of the overall attenuation curve manifested by a particular filter can
be of great interest for system applications.
4. Filter design
Other kinds of filters can be implemented with microring resonators as well, by utilizing
appropriate waveguide geometries to design the critical coupling relationship for each
resonator [10]. The transmission characteristics of any of these arrangements can be expressed
as
1
,
(5)
T( f ) =
2
⎡⎣ P ( 2 f Γ ) ⎤⎦ + 1
wherein P(•) is the appropriate polynomial (generally special cases of the Jacobi
polynomials). For the Lorentzian described above, P(z) = z. The most commonly found linear
filter types are the Butterworth filter (i.e. maximally flat filter) and the type-I Chebyshev filter
(hereafter simply “Chebyshev” since type-II filters are not discussed). For an nth-order
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Chebyshev filter, P(•) is an nth-order Chebyshev polynomial of the first kind, for which n
resonators are required. For an nth-order Butterworth filter, where P(z) = zn, n resonators are
also required. Thus, a Lorentzian, as in Eq. (2), is both a first-order Chebyshev and a firstorder Butterworth filter (Fig. 3).

Fig. 3. Comparison of filter shapes with Γ/F = 1.25, Lorentzian or first-order (black), secondand third-order Butterworth (blue), and second- and third-order Chebyshev (green).

It is common practice to utilize a transverse cascade of side-coupled microring resonators
to implement filters with relatively flat transmission characteristics and good channel isolation
(i.e. low shape factor) [2, 10, 15–20]. These filters are often designed to be even-order
Butterworth filters, although fabrication imperfections can alter the transmission
characteristics slightly. Both overall signal attenuation and power penalty are characterized
for Butterworth filters (Fig. 4) and Chebyshev filters (Fig. 5). As expected, Butterworth filters
have flatter power penalty curves (lower shape factor), resulting from the relatively more
uniform transmission spectrum. Although the Chebyshev filters induce very uneven power
penalty which depends strongly on detuning, they offer the potential for better switching
ratios, as enunciated in Eq. (4), and may be better suited for modulators and switching
applications. For example, a third-order Butterworth filter with Γ/F = 1.25 has R = 3.6 (5.6
dB), whereas for a third-order Chebyshev filter with the same FWHM, R = 4.2 (6.2 dB), while
also having a steeper attenuation curve.
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Fig. 4. Power penalty (solid lines) and attenuation (dashed lines) for Butterworth filters with
Γ/F = 1.25, from second-order (blue) to fifth-order (green); black curves for Lorentzian; inset
of region near origin.

Fig. 5. Power penalty (solid lines) and attenuation (dashed lines) for Chebyshev filters with
Γ/F = 1.25, from second-order (blue) to fourth-order (green); black curves for Lorentzian.

It is interesting to note that the Butterworth filter which yields the lowest power penalty
value is not necessarily the highest-order one. This is because of the complex behavior
resulting from the extreme sideband attenuation induced by higher-order filters, even though
the middle of the filters offer maximally flat transmission characteristics. The optimal order
for a Butterworth filter depends on the precise FWHM value (Fig. 6); having more resonators
is not necessarily better for power penalty. This relationship is important when considering
the tradeoffs between device footprint and channel isolation for system design.
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Fig. 6. Power penalty at zero detuning (Δf = 0) with different values of FWHM for Butterworth
filters, from second-order (blue) to fifth-order (green); black curve for Lorentzian.

5. Resonator cascades
Another important situation to consider is a complex optical communications system which
requires signals to traverse multiple microring resonator devices for filtering and switching.
Although the integrity of an optical signal is unaffected by exiting the through port of a
resonant device, propagation through multiple resonator drop ports could result in significant
signal degradation. In this case, the net transmission spectrum becomes narrower with each
successive resonator and does not maintain a Lorentzian shape (Fig. 7). Serial cascades of
resonators, as in a system, should not be confused with side-coupled resonators which can be
used to tailor a single complex filter; in this case the devices are assumed to be independent
and isolated from each other.

Fig. 7. Comparison of filter shapes with Γ/F = 1.25, single first-order filter (black), cascades of
two and three successive devices (blue); Lorentzian lineshapes with FWHM scaled by 2 2
and

3 3 are given for reference (gray dashed curves).

Accordingly, both overall signal attenuation and power penalty are characterized for serial
cascades of simple Lorentzian filters (Fig. 8). Unfortunately, these cascades demonstrate
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progressively less intolerance to detuning; both the power penalty and the overall attenuation
vary significantly from their respective zero-detuning values.

Fig. 8. Power penalty (solid lines) and attenuation (dashed lines) for serial cascades of firstorder filters with Γ/F = 1.25, from two (blue) to five (green); black curves for a single device.

6. Conclusions
The power penalty which is induced on an optical signal due to sideband attenuation
encountered in microring resonator devices with narrow spectral features is a complex
parameter. Typically ranging from 0.2 dB to 2.0 dB, depending on the particular filter
characteristics, this power penalty is a noticeable but not limiting factor for system design. It
can be controlled to some extent by tailoring the filter characteristics using multiple resonant
devices. This investigation concludes through numerical simulations of sideband attenuation
effects that filters which contain more microring resonators (high-order) are not necessarily
better for signal quality than ones which contain fewer, and that Butterworth filter types may
provide the best power penalty characteristics while Chebyshev ones may be more suited for
switching applications. The additional signal degradation resulting from serial cascades of
resonant devices is also introduced.
When leveraging this technology for switching and modulation, both the overall
attenuation experienced by a high-speed optical signal and the power penalty resulting from
sideband attenuation are important. Thoroughly understanding all of the design implications
of complex filters and serial cascades of multiple devices is critical for the design of highbandwidth PICs which leverage this technology.
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