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Abstract—We present a comprehensive design, fabrication and
characterization analysis of compact silicon-on-insulator band-
pass filters with widely tunable bandwidth. The filter architecture
is based on an unbalanced Mach-Zehnder interferometer loaded
with a pair of ring resonators. A wide bandwidth tunability
(from 10% to 90% FSR) can be achieved by controlling the
resonant frequency of the rings while preserving a good filter
off-band rejection. Design rules are provided that take into
account fabrication tolerances as well as losses. Further, the use
of tunable couplers allows a more flexible shaping of the spectral
response of the filter. The sensitivity with respect to nonlinear
effects is carefully investigated. Operation over a wavelength
spectrum of 20 nm is demonstrated, making the device suitable
for channel subset selection in WDM systems, reconfigurable
filters for gridless networking and adaptive filtering of signals.

Index Terms—Bandpass filters, integrated optics, optical
waveguide components, silicon on insulator technology.

I. INTRODUCTION

HOTONIC integrated circuits able to reconfigure and

adapt their characteristics to the system requirements are
becoming increasingly important in many applications includ-
ing on-chip networking [1], [2], microwave photonics [3]-
[5] and optical communication systems [6]. In this scenario,
reconfigurable filters play a key role in the development of
highly functional modules to meet the required system flexi-
bility. Beside technical features, cost issue and compatibility
with standard Integrated Circuits fabrication techniques must
be also considered. This fostered the silicon photonics platform
as the most promising technological fabrication approach.
Photonic integrated filters design has been deeply investigated
and many different techniques have been proposed for the
synthesis of the desired filter response [7]-[10]. However,
the capability to tune both the filter bandwidth and the filter
central wavelength is not straightforward. For example single
resonators with tuning of their coupling sections [11], [12]
offer limited bandwidth tunability range or poor off-band re-
jection. By embedding ring resonators (RRs) in an unbalanced
Mach-Zehnder Interferometer (MZI) it is possible to improve
the filter performance [13], [14]. The use of RRs in add drop
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Fig. 1. Schematic diagram of the tunable filter architecture.

configuration [13] can bring to a limited bandwidth tuning
range due to in-band ripples and insertion loss despite high
off-band rejection values. Better design flexibility, bandwidth
tunability, high off-band rejection and simple control can be
obtained using several all pass RRs [14]. All pass RRs com-
bined with MZI have also been used as unit cell of cascaded
filters with two [15] or more stages [3] to allow a wide
tunability of the filter characteristics. To achieve the described
performance a large number of actuators to control the phases
and the coupling coefficients of the RRs and of the MZI is
however required. We recently proposed a simpler solution
based on three actuators where wide bandwidth tunability can
be achieved preserving a good off-band rejection for all the
filter configurations [16].

In this work we provide an extended analysis of the filter
design and functionality as well as the demonstration of
improved flexibility through the realization of two tunable
coupling sections for the all pass RRs. The simultaneous and
correct tuning of many passbands and the filter robustness
against nonlinear effects is also investigated. All these features
make the device suitable for channel subset selection in WDM
systems, reconfigurable filters for gridless networking and
adaptive filtering of signals.

The paper is structured as follows. In Section II the device
functionality is illustrated through the Z transform formalism.
In Section III the filter performance are investigated providing
a tool for the design. In Section IV group delay and dispersion
are discussed in relation to the filter design. Section V shows
the realized devices performance and in Section VI the full
control over the device functionality is demonstrated through
the realization of tunable coupling sections for the RRs. In
section VII the simultaneous and correct passband tuning
over several device FSR is analyzed. In Section VIII we
demonstrate the robustness of the proposed device against
non linear two-photon absorption (TPA)/free carrier absorption
(FCA) induced thermal effects. Finally, in Section X, the



conclusions are drawn.

II. FILTER FUNCTIONALITY

The filter architecture is shown in Fig. 1. It is based on an
asymmetric Mach-Zehnder Interferometer (MZI) with 3 dB
input and output couplers. Two racetrack resonators (RRs) in
all pass configuration with the same geometric length L, and
power coupling coefficient K, load one of the MZI arms.
The length of the unloaded arm is set to have an optical path
difference equal to L, so that the Free Spectral Range (FSR)
of the RRs matches that of the MZI.

Bandwidth tunability is achieved by controlling the three
phase shifters represented by the gray boxes in Fig. 1. The
tuning of the RRs phase difference Ay = @9 — @1 allows
the control of the filter 3 dB bandwidth while the condition
Omz = m7 + (or1 + ©r2)/2 with m integer allows a filter
transfer function always symmetric with respect to the filter
central frequency fy.

The spectral response of the device can be described through
the Z transform approach [17] as
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where X; and Y; (¢ = 1, 2) represent respectively the complex
amplitudes of the optical fields at the input and at the output
of the system. In the following of the paper X; = 1 and
X5 = 0 will be assumed. It holds 2~ = ¢=727/T where f
represents the optical frequency and 7' is the unit delay. This
delay is given by T' = (n4L,/c) = (1/FSR), where n, is the
waveguide group index and c the speed of light in vacuum.
Hpr(%) represents the RRs cascade transfer function and can
be expressed as
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where p = /1 — K, is the coupler field transmission coeffi-
cient and a is the coupler loss factor. Moreover, 7 is the field
propagation loss factor associated to a propagation length L.
The ring resonator round trip loss factor is then defined by the
product ay = ,. Using (1) and (2) the through and the cross
port transfer functions (H11(z) and Ha1(2)) can be expressed

as the ratio between two third order polynomials N(z) and
D(z) as
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These two equations account for the behaviour of a general
filter. Its key parameters (3 dB bandwidth, off-band rejection
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Fig. 2. (Color online) (a) Filter through port intensity transmission for K, =
2/3 (ie. p = 1/+/3) and different Ag as a function of the normalized
frequency v = (f — fo)/FSR. (b) Relative pole-zero diagrams where poles
and zeroes are represented respectively by crosses and dots.

and shape factor), besides Ay, depend also on the coupling
coefficient p (or K,.) and the loss factors a and ~y. To rapidly
highlight how Ag influences the system poles and zeros
location and consequently the filter performance, a lossless
device can be considered (i.e. a = v = 1) with a given value
of K,. Using (1) and (2) it is thus possible to write:

Nui(2) =p* + [1 = 2pcos(Ap/2)] 2
+[1 —2pcos(Ap/2)] 22
+p%27, 5)
Noi(z) =p* — [1 + 2pcos(Ap/2)] 27
+[1 4+ 2pcos(Ap/2)] 272
—-p?z7? (6)
and
Di1(2) = Da1(2) = 1 — 2pcos(Ap/2)z" + p?272 ()
where 0 = —@,1 = ¢, and ¢,,,, = 7 has been considered to

simplify the notation without lack of generality. In fact adding
a phase ¢ to the three phases produces just a rigid shift of the
filter characteristic while a 7 variation of ¢,,,, produces just
a swap between the through and cross port transfer functions.
Moreover to analyse the filter response, it is more convenient
to consider the complex variable z~! as a function of the
normalized frequency v = (f — f5)/FSR. In this case 2! =
eIy,

Assuming for example K, = 2/3 (ie. p = 1/V/3), the
filter through port transfer functions for different Ay and the
corresponding pole-zero diagrams are illustrated in Fig. 2. The



upper left diagram of Fig. 2b shows that when Ay = 0 the

filterhas three zerosin z = — 1 and t wo p urely imaginary
complex conjugated poles. The filter t ransfer function (green

trace in Fig. 2a) shows then two nulls at v = +£0.5 and
a spectral behaviour similar to the symmetric interleaver

presented in [18]. The 3 dB bandwidth is equal to FSR/2
and a flat passband is obtained [ 17]. Varying A ¢ from 7 to 0
induces a rotation of two zeros towards z = 1 on the unitary
circle and of two poles towards the positive real axis on a
circle of radius equal to p (see the upper part of Fig. 2b). This
changes the filter t ransfer f unction r educing t he fi lter 3 dB
bandwidth from FSR/2 to its minimum (see Fig. 2a).
Instead, by varying Ay from 7 to 27 it is possible to
increase the filter 3 dB bandwidth from FSR /2 to its maximum

(see Fig. 2a). In this case two zeros move apart from z = —1
along the real axis in reciprocal positions respect to the unit

circle, while two poles are rotated toward the negative real
axis always on the circle of radius p (see the lower part of
Fig. 2b). It can be shown that for any K, a perfectly flat
passband response can be obtained only for one value of A.
For different values some in-band ripples appear but they are
always below 0.3 dB, which is not too detrimental.

The through port has been considered so far. The behaviour
of the cross port is complementary. The minimum (maximum)
bandwidth is obtained for Ap = 27 (A = 0). Inspection of
equations (5), (6) and (7) also shows that for given spectral
characteristics, the pole zero plot is that of the through port
rotated by .

Once the main characteristics of the filter b ehaviour have
been introduced, in the next section its design process will be
illustrated evidencing the role of the parameters that have been
kept constant in this analysis.

III. FILTER DESIGN AND LOSS EFFECT

In this section the effect of the RRs coupling coefficient K,
as well as that of the losses (a and ) will be discussed in view
of the filter design. The effect of K , will be studied first, with
fixed 1 osses. T hen, o nce t he d esired v alue o f K ,.h as been
found, the impact of the losses on the overall performance
is studied. Before illustrating the results it should also be
noticed that the off-band rejection has been defined differently
depending on the presence or not of sidelobes (see Fig. 2).
In particular the off-band rejection is calculated with respect
to the maximum of the filter sidelobes or, if no sidelobes are
present, with respect to the filter absolute minimum. Moreover,
the shape factor is defined as the ratio between the 1 dB and
the 10 dB filter bandwidth.

This study has been performed doing extensive numerical
simulations varying K, from 0.65 to 1 (the reason of this
choice will be discussed later) and Ay from 0 to 27 and
calculating the corresponding values of 3 dB bandwidth,
off-band rejection and shape factor. Coupler insertion loss
A = —20log;y(a) = 0.06 dB and ring resonator round trip

loss I'r = —20logio(yr) = 0.2 dB/turn have been chosen
in accordance with typical silicon-on-insulator (SOI) platform

figures [19].
The results of these simulations are summarized in the maps
of Fig. 3. The off-band rejection (Fig. 3a) and the shape
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Fig. 3. (Color online) Map of the (a) filter off-band rejection and (b) shape
factor (color bar and contour lines) for the 3 dB bandwidths obtained for
0 < Ap < 27 (y axes) as a function of K, (z axes).

factor (Fig. 3b) are shown as a function of K, and of the 3
dB bandwidth normalized to the filter FSR. Level curves are
drawn to help reading the different values of the colormap.

The two maps show that the bandwidth tunability due to
a variation of Ay from 0 to 27 reduces as the coupling
coefficient increases. The limit case is represented by K, = 1
where the two RRs act as pure delay lines and the filter transfer
function is that of an unbalanced MZI independently of Ap.

Focusing the attention on the off-band rejection, Fig. 3a
shows that an overall increase of this figure of merit can be
obtained increasing K,.. A trade off is thus needed to obtain
both wide bandwidth tunability and a reasonable off-band
rejection for all the filter configurations. In this trade off the
filter shape has also to be taken into account. Increasing the
RRs coupling coefficients smoothes the shape of the filter thus
reducing the shape factor (see the map of Fig. 3b). An upper
limit for K, can be thus given by this parameter depending
on the required performance.

These maps allow the designer to choose the value of K,
corresponding to desired performance providing at the same
time a general view of the mutual effect of the parameters. A
good compromise can be obtained for K, within 0.7 and 0.8.
With K, = 0.7 a large bandwidth tunability, from 90% to 10%
of the FSR, can be obtained with an off-band rejection always
larger than 12.7 dB. With K, = 0.8 an off-band rejection



larger than 20 dB for all the filter c onfigurations is achieved
but the bandwidth tunability is reduced by about 7% (i.e.

0.86 — 0.13 FSR). With K, = (.75 an off-band rejection
always larger than 20 dB can be obtained for bandwidths

larger than FSR/5 maintaining an overall larger value of
the shape factor. This is why we limited the lower value
of K, to 0.65 although K, can decrease down to 0, value
which corresponds to an unbalanced MZI transfer function,
independently on the choice of Ap.

The analysis of the maps of Fig. 3 can also be useful to
define the filter robustness against fabrication tolerances. This
property strongly depends on the filter working point as well
as on the considered figure of merit. In the following of this
section this issue will be discussed, focusing in particular on
the regions of the maps within K, = 0.7 and K, = 0.8.

Considering first b andwidth t unability, t he d evice s hows a
good robustness to fabrication tolerances. For K, between
0.7 and 0.8, bandwidth tunability varies by about 0.7% for
every 1% of K,. However its sensitivity to a K, variation
increases as K, increases. High values of the RRs coupling
coefficient are then not the best design choice if a device with
low sensitivity to fabrication tolerances is desired.

For what concerns the off-band rejection, Fig. 3a shows
that larger bandwidths (> 0.5 FSR) have lower sensitivity to
coupler values variations than the smaller ones (< 0.5 FSR).
If, for example, K,, = 0.75 and a 3 dB bandwidth equal to
0.2 FSR is considered, a 5% change of K. causes a variation

of £3.5 + 5.5 dB in the off-band rejection from its design
value (i.e. 20 dB). If this figure o f meritis e xpected t o be

critical for the considered application it is then convenient to
use coupling coefficients with higher valuesor, asit will be
shown in section VI of this paper, add a control on the RRs
couplers to set K, precisely.

Regarding finally the shape factor, it can be observed from
the map of Fig. 3b that in general this figure of merit varies
slowly with K, (especially for small 3 dB bandwidths) and
can be thus considered less critical: the slope of the isolevel
curves is in fact low almost everywhere in the map.

A fixedvalueofthelosses(I',= 0.2dB/turnand A =
0.06 dB) has been considered so far. It is now interesting to
see how the losses influence t he fi Iter be haviour. As a test
case, we consider K, = 0.8 and varying v and thus ~,. As
expected, losses have a detrimental impact on the considered
filter fi gures of me rit an d on th e de vice in sertion lo ss. The
effect on these figures also depends on A ¢ as shown in Fig.
4, where three values of Ay (i.e. 0,m,27) are plotted as a
function of the ring round trip losses I',.

Fig. 4a shows that the insertion loss increases more for the
minimum bandwidth condition (Ay = 0) than for the maxi-
mum one (Ay = 2m). This can be explained noting that while
fo matches the RRs antiresonance frequency when Ay = 27,
it matches the RRs resonance frequency when A = 0. In the
minimum bandwidth condition the wave will then experience
more round trips into the RRs and consequently a higher
insertion loss as well as a higher sensitivity to I, variations
(larger insertion loss vs. I'. slope). The difference between
the insertion losses of this two bandwidth conditions reaches
3 dB for values of I, around 1.7 dB/turn.
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Fig. 4. (Color online) (a) Insertion loss, (b) off-band rejection, (c) shape

factor and (d) 3 dB bandwidth as a function of I';. for A = 0 (minimum
bandwidth), Ap = 7 and Ap = 27 (maximum bandwidth).

Fig. 4b shows the dependence of the off-band rejection on
the losses. In this case the increase in the loss factor affects
more the maximum bandwidth condition (Ay = 27) than
the minimum one (Ag = 0). This comes from the method
of calculation of the off-band rejection. Increasing the losses
brings the zeros of the filter away from the unit circle affecting
more the filter nulls than the filter sidelobes. Increasing T,
from 0.06 to 1.8 dB/turn the minimum bandwidth condition
off-band rejection reduces from more than 20 dB to around 16
dB while the maximum bandwidth condition reduces of more
than 20 dB. off-band rejection values larger than 20 dB for
every filter configuration can be obtained for I', lower than
0.4 dB/turn.

To increase the filter performance for large round trip loss
cases it is possible to design filters with a higher value of K,
at the cost of bandwidth tunability and shape factor reduction.
It should be noticed that this reduction will add to that caused
by the losses. From Fig. 4c and 4d it is possible to see that
the larger the round trip loss the smaller the filter shape factor
(mostly for the maximum bandwidth condition) as well as the
bandwidth tunability. These figures of merit show however a
low sensitivity to loss variation.

It can be now pointed out that the value of I', can be
interpreted in two ways. A large value of I', may correspond
either to higher values of the ring losses with a constant L,
or a longer L, for a given loss figure. The balance between
these two constraints affects the achievable values of FSR.

IV. GROUP DELAY AND DISPERSION

Before discussing the results obtained on the fabricated
devices, it is convenient to briefly discuss the general filter
behaviour, evidencing the effect of Ay in terms of group delay
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Fig. 5. (Color online) Filter through port normalized group delay 7, for
Ay = 0,04m,0.57, 7,27, K, = 08, A = 0.06 dB and I, =
0.2 dB/turn.

and dispersion. A device with a fixed value of the coupling
coefficient K. and of the losses will be considered.

The group delay of the proposed filter varies with the
amplitude of the filter transfer function. Fig. 5 shows an
example of the normalized group delay characteristic 7,, of
a lossy filter (A = 0.06 dB and T', = 0.2 dB/turn) for
different values of Ay and K, = 0.8. The curves are thicker
in the frequency range within the filter 3 dB bandwidth. The
normalized group delay 7, is related to the absolute group
delay 74 through the unit delay T' (defined after (1)) by the
equation 7, = 7, T [17].

In the minimum bandwidth condition, at fj, the light passes
through both the resonances of the ring resonators experienc-
ing thus the maximum group delay and high values of the
dispersion at the edges of the 3 dB bandwidth. Increasing
the phase shift between the RRs, the filter group delay and
dispersion decrease and a minimum dispersion value in the
3 dB bandwidth (for Ay € [0.47,0.57]) is found. The peaks
appearing close to the frequency FSR edges are related to the
presence of coupler losses. The further increase of Ay reduces
then the group delay at f; increasing the dispersion. For
Ay = 7 the group delay is minimum at f; and maximum at
about the 3 dB bandwidth edges. In the maximum bandwidth
condition (Ag = 2), the filter exhibits an almost constant
delay in the center of the 3 dB bandwidth and a maximum
dispersion close to the edges larger than that occurring for
Ay = 7. The working points close to the filter maximum
and minimum bandwidth conditions can be critical for signal
degradation. This problem can be reduced increasing the
FSR which is inversely proportional to 7,. In general, for
different values of attenuation or K,, the described group
delay evolution between minimum and maximum bandwidth
conditions still hold.

After describing the general features of the filter and
discussing its design issues, in the next section fabrication
and measurements of some devices will be presented and
discussed.

V. DEVICE FABRICATION AND PERFORMANCE

The filter architecture illustrated so far has been exploited
to realize devices with 200, 100 and 25 GHz FSR on a
silicon platform [19]. Due to the strong birefringence of SOI
waveguides, device geometry depends on polarization. The
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Fig. 6. (Color online) Optical microscope photograph of a fabricated filter.

fabricated structures, of which an example is shown in Fig.
6, were designed to operate with TE polarized exciting fields.
The waveguides were fabricated patterning a 220 nm thick
silicon layer on a 2 pm buried oxide sample of SOI using
electron beam lithography and spinned and baked HSQ resist,
subsequently dry-etched with an optimized process [20]. The
final width of the realized waveguides is w = 480 nm
providing single mode operations with a resulting group index
of the fundamental guided quasi-TE mode n, ~ 4.22. The
mask was designed using constant bend radii (= 20 pm)
and constant coupler gaps in the directional couplers of the
MZI and of the RRs (= 300 nm). These choices also ensure
respectively negligible bending losses and good couplers gap
filling maintaining a compact footprint size (< 0.2 mm? for
the device in Fig. 6). Fabricated devices were then embedded
in a 900 nm thick buffer layer formed as a bilayer of spinned
and baked HSQ and PECVD SiO,. Phase shifters were then
realized with a metallic NiCr/Ti-Au circuit deposited onto the
waveguides and patterned by an optimized lift-off technique
to exploit the thermo-optic effect [19].

An example of the realized filters thermal tuning is shown
in Fig. 7a for a 25 GHz FSR filter with K, = 0.79. As
described in the previous analysis, the minimum bandwidth
condition at the through port of the filter is reached when
the two RRs resonate at the same frequencies (Ay = 0)
and there is a relative difference of m between the phase
of the RRs and that of the MZI unloaded arm. To make
the ring resonate at the same frequencies, different values of
electrical power have to be dissipated over the two nominally
identical RRs because of fabrication tolerances [21]. In Fig. 7b
Ap = pro—pr1 = 01s in fact obtained for a power dissipated
difference AP = P, — P,y = —7.8 mW, being respectively
P = 8 mW and P.; = 15.8 mW the power dissipated
over the two RRs. A power of 0.2 mW is dissipated over the
MZI to obtain the minimum bandwidth at the through port,
resulting in a total power dissipated of around 24 mW. The
tuning of the bandwidth has been then obtained cooling down
one of the RRs (i.e. decreasing P,1) and heating up the other
(i.e. increasing P,5) in a push-pull confiugration, increasing
consequently the value Ay up to 27 and keeping constant
the total power dissipated as in [16], where the reader can
find more details on the bandwidth tuning experiment. The



TABLE I
DESIGNED AND MEASURED PARAMETERS OF REALIZED DEVICES

DESIGN MEASURED PARAMETERS
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Fig. 7. (Color online) (a) Through port spectral characteristic tuning from
the minimum (Ap = 0) to the maximum (A¢ = 27) bandwidth condition
for a 25 GHz FSR filter with K. = 0.79. (b) Measured and simulated 3 dB
bandwidth values normalized to the FSR as a function of Ay (upper x axis)
and of the required RRs power dissipated difference AP (lower x axis).

simulation results were obtained from fitted parameters where
a ring loss of 1.77 dB/turn and an input/output MZI couplers
value of 0.53 has been found. This deviation from the nominal
3 dB condition gives rise just to small asymmetries between
the through and the cross port. Fig. 7b shows also, as expected,
that the bandwidth at the cross port decreases as we increase
Ap.

The presented filter performance is illustrated in the first row
of Tab. I, where different realized devices are compared. To
simplify notation, the minimum bandwidth condition (Ap =
0) is indicated with the letter L while the maximum bandwidth
condition (Ap = 27) is indicated with the letter U. To obtain
a 25 GHz FSR device, L, ~ 2.9 mm must be designed.
This implies an high value of I', and, as formerly described,
reduced performance. However the filter shows an off-band

rejection always larger than 10 dB and an off-band rejection of
15 dB for the minimum bandwidth condition. The maximum
bandwidth condition shows the minimum insertion loss (IL)
value that is of about 2.2 dB. This value increases as the band-
width reduces. An increase in the insertion loss (IL EXCESS)
of about 3.1 dB is observed when the filter is tuned from the
maximum to the minimum bandwidth condition. Bandwidth
tunability is still wide, allowing to tune the device bandwidth
from 21 to 4 GHz (i.e. from 83% to 16% of the FSR).
For applications of the presented filter that require smaller
3 dB bandwidths (i.e longer RRs cavity lengths) such as,
for example, in the microwave photonics field, the losses can
be easily reduced designing RRs with larger waveguides [3],
[4] increasing however the device footprint size. In this case
an improvement in the performance is expected as previously
discussed and illustrated in Fig. 4.

The best results are obtained, as expected, for the 200 GHz
filter (third row of Tab. I) because of the reduced size of
L,.. The filter 3 dB bandwidth can be tuned from 173 to 23
GHz (i.e. from 87.5% to 11.5% of the FSR) showing a low
insertion loss value for all the bandwidths (maximum 1.35 for
the minimum bandwidth condition). The largest improvement
in terms of off-band rejection and shape factor with respect to
the 25 GHz FSR filter has been obtained, in agreement with
the theory, for the maximum bandwidth condition. We can also
notice from the 100 GHz FSR filter (second row of Tab I) that
wider bandwidth tunability (from 89% to 9% of the FSR) can
be easily obtained reducing the value of K, to 0.67. However,
in this case, the off-band rejection at the minimum bandwidth
condition becomes lower than 10 dB. Finally it can be noticed
that the reduced number of actuators required by the proposed
geometry allows for a low electrical power consumption (i.e.
the total dissipated power Py is always lower than 30 mW).

The filter central wavelength Ao = ¢/ fo can be also tuned.
Adding the same positive (negative) phase ¢o to the three
phase shifters it is possible to obtain a red (blue) shift of \g
and thus span the whole FSR. This can be done increasing
(reducing) by the same amount the power dissipated over the
three phase shifters of the device. In Fig. 8 the tuning over the
whole FSR has been measured for the device with 200 GHz
FSR keeping the 3 dB bandwidth always around 44 GHz (i.e
Ay between 7/2 and 27/5). As shown in Fig. 8b, 60 mW is
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Fig. 8. (Color online) (a) Central wavelength tuning of a 44 GHz 3 dB

bandwidth filter with 200 GHz FSR and (b) corresponding total power
dissipated (Ptot) versus the frequency shift (A f).

required to cover the whole FSR (i.e. 3.3 GHz/mW or 0.017
FSR/mW). An average of 20 mW is in fact required by the
fabricated actuators to add a 27 shift to each phase shifter.

VI. FULL CONTROL VIA TUNABLE COUPLERS

It has been previously shown how it is possible to tailor
the performance of the filter through the suitable selection of
the RRs coupling coefficient during the design process. The
active control of K,. would allow to have the full control over
the filter functionality shown in the maps of Fig. 3 as well
as to counteract the unavoidable fabrication tolerance effects,
adding another degree of freedom at the device reconfigurabil-
ity. This allows to better adapt the characteristics of the filter
to a variation in the system requirements.

To demonstrate the possibility of obtaining this desirable
feature, compact tunable couplers realized with an heater
asymmetrically placed with respect to the coupler gap [22]
have been designed for a filter with K, = 0.95 and 25
GHz FSR without changing the geometry illustrated so far. A
schematic of the proposed filter with tunable couplers is shown
in Fig. 9a, where K, is shown as a function of Prc. The
value of K, can be reduced detuning the directional coupler
by increasing the electrical power dissipated over the heater
Prc. When the two tunable couplers are switched off the
filter shows bandwidth tunability from about 70% to 28% of
the FSR, shape factor values between about 0.53 and 0.28
and the off-band rejection is larger than 16 dB for every
filter configuration. The filter cross port minimum bandwidth
condition (A = 27) for Pro = 0 is illustrated by the dashed
line in Fig. 9b. Keeping Ay = 2 fixed and increasing Prc
it is possible to reduce the minimum bandwidth from 7 to 1.8
GHz. This corresponds to a ~ 35% reduction of K, obtained
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Fig. 9. (Color online) (a) Schematic diagram of the tunable filter with tunable
coupling sections. The RRs coupling coefficient K- is illustrated as a function
of the dissipated power on the tunable coupler Prc. (b) Filter cross port
characteristic variation due to RRs couplers detuning (i.e. increasing values
of Pr¢) maintaining Ay = 27 (minimum bandwidth condition). (c) 7 GHz
3 dB bandwidth filter for different values of Pr¢ (and thus K) obtained
slightly adjusting the value of Ay for each case. Insets in (b) and (c) show
the off-band rejection map of Fig. 3a with the red dashed lines to evidence
qualitatively the locus of the filter working points.

with a maximum Pre = 26.2 mW. Referring to the maps of
Fig. 3, this moves the filter working point along the minimum
bandwidth edge (the lower one). This variation is qualitatively
depicted by the red dashed line in the inset of Fig. 9b over
the off-band rejection map of Fig. 3a.

Full control over the maps of Fig. 3 can be then demon-
strated maintaing the same 3 dB bandwidth of the filter and
changing its spectral characteristics. For example in Fig. 9c the
same bandwidth has been maintained around 7 GHz (e.g. 0.28
FSR) for each configuration of the tunable couplers adjusting
the value of Ap. The shape factor increases from 0.28 to
0.49 while the off-band rejection decreases from 38 to 15
dB. Referring to the maps of Fig. 3 this moves the filter
working point over the horizontal line defined by the value
of the 3 dB bandwidth equal to 0.28 FSR. This variation is
again qualitatively depicted in the inset of Fig. 9c over the
off-band rejection map of Fig. 3a. The price to pay to obtain
the full control over the device is an increase in the overall
power consumption. This value can be reduced if lower K,
tunability is required (e.g. to counteract fabrication tolerance



effects) and asynchronous couplers are designed [22].

Up to now the filter b ehaviour h as been discussed consid-
ering the spectral response around the central frequency. One
may wonder if the filtercanbeused alsoin cases, such as
DWDM, where multiple carriers are present at a time. The
next section will discuss this item showing that the filter can
be successfully applied also in this case allowing different
operations.

VII. MULTIPLE BANDWIDTHS SIMULTANEOUS TUNING

As just mentioned, one of the possible application of the
presented filter is in DWDM systems. In these systems one can
face different needs: for example, that of filtering periodically
spaced subsets of carriers (interleaver function) or of selecting
a single subset of carriers. Considering the first case, the use
of the 200 GHz FSR filter with 3 dB bandwidth tunable from
23 to 173 GHz, would enable the periodic selection from 1
to 7 channels from a 25 GHz spacing wavelength division
multiplexing optical system. In this case the device should
select all the same number of channels in the same way, no
matter of the central frequency.

This is in effect possible as shown by Fig. 10a where
the spectral response the 200 GHz FSR filter over 20 nm
wavelength span is plotted for three bandwidth conditions
(Ap = 0,7, 27). The filter bandwidth is correctly tuned for all
the passbands once the required filter configuration is selected
for one wavelength (\g = 1547.26 nm in the considered
case). This is shown more clearly in Fig. 10b where the 3
dB bandwidth at the minimum and at the maximum condition
are plotted showing small variations across the considered 20
nm wavelength span. Minimum bandwidth varies of about
from +4.5 GHz to —1.5 GHz (i.e. max 2.3% of the FSR)
while the maximum bandwidth varies of about +3 GHz to
—2.5 GHz (i.e. 1.5% of the FSR). This change occurs because
of the directional couplers wavelength dependence (~ 6% of
absolute variation over the considered span). This impacts also
on the off-band rejection values as shown in Fig. 10c where
the value of the minimum off-band rejection varies for both
the bandwidth. This value is however maintained always larger
than 15.7 dB for the maximum bandwidth (Ap = 27, blue
dashed dotted curve of Fig. 10a) and than 11 dB for the
minimum one (Ap = 0, red dashed curve of Fig. 10a). For
the minimum bandwidth the optimum value is at the design
wavelength and degrades far from it of about the same amount
mainly because of the phase tuning which had been optimized
for the central wavelength. The larger is the bandwidth the less
it is affected by this effect. The maximum bandwidth off-band
rejection varies in fact monotonically mainly because of the
wavelength dependence of all the filter couplers.

In the other mentioned case, where a single passband
is meant to be used to select the desired WDM channels,
a much larger FSR than the one presented in this work
would be required. Silicon ring resonators with a few microns
bending radius and FSR with more than 2 THz [23] can be
exploited for the realization of the proposed architecture. With
this design choice tunability from 200 GHz to 1.8 THz is
expected.
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Fig. 10. (Color online) (a) 200 GHz filter spectra over 20 nm wavelength
span. (b) 3 dB bandwidth and (c) off-band rejection variation over the
anlayzed wavelength span for the minimum (A¢ = 0) and the maximum
(Ap = 27) bandwidth condition.

The simultaneous presence of many channels may lead to
high values of aggregate optical power. This requires to check
if non linear effect arise with a negative impact on device
behaviour. The next section will address this issue.

VIII. IMPAIRMENTS DUE TO NON LINEAR EFFECTS

The dominant non linear phenomena in silicon devices
are two-photon absorption (TPA) and free-carrier absorption
(FCA) [24] which cause an intensity-dependent extra-loss and
refractive index change. Free carrier recombination generated
by TPA [25] induces a local heating of the waveguide that
depends on the local optical power. This thermal effect pro-
duces an increase of the refractive index and can alter the
beahviour of RRs based optical filters. The local power inside
the resonators is in fact enhanced with respect to the device
waveguides [26]. Different red shifts are thus induced, causing
a distortion of the filter characteristic which is not simply a
rigid shift. In the following it will be shown that the presented
device, being based on resonators with a small value of the
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Fig. 11. (Color online) 200 GHz FSR filter (a) through port characteristic
and (b) cross port characteristic for A = 0 and increasing values of the
power on chip Pj,.

enhancement factor (i.e. strongly overcoupled resonators), is
robust against TPA induced distortions.

Fig. 11 shows the spectral characteristics at the two port of
the 200 GHz FSR filter of Tab. I for Ay = 0, obtained through
single source measurements for increasing values of the optical
power on chip (P;,). Measuring both the through port (Fig.
11a) and the cross port characteristics (Fig. 11b) allow the
evaluation of the minimum and the maximum bandwidth filter
configuration with the same exact value of P;,. The filter RRs
power enhancement factor is about 3 (i.e. the local power
inside the RRs is ~ 4.8 dB higher than F;,).

TPA effects start to be visible for P;,, > 9 dBm. The
difference between the filter characteristics for P;,, = —2 dBm
(blue solid traces in Fig. 11) and for P;,, = 9 dBm (red dashed
traces in Fig. 11) are in fact negligible. For P;,, = 14 dBm
(black solid traces in Fig. 11), an almost rigid shift of around
30 pm occurs. This value is less than 1/5 of the minimum
filter 3 dB bandwidth and can be thus considered negligible
as it appear also from Fig. 11 looking at the difference between
the black solid line and the blue solid line. For P;,, = 19 dBm
the different shifts between the RRs resonances and the MZI
waveguides slightly distort the filter response at the through
port (green solid line in Fig. 11a). The cross port characteristic,
due to the larger value of the bandwidth, is instead more robust
and shows an almost rigid shift of around 110 pm. Moreover
a maximum of just 0.22 dB of extra-loss due to the TPA has
been detected.

We can then conclude that the characterized filter is just
slightly affected by impairments due to TPA/FCA for values
of the aggregate optical power in a WDM system up to 19
dBm. Moreover, we showed that the wider is the bandwidth
the less the filter is sensitive to NL effects. It is thus reasonable
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Fig. 12. (Color online) 25 GHz FSR filter (a) through port characteristic and
(b) cross port characteristic for Ay = 0 and increasing values of the power
on chip Py,

to expect from devices with the same geometry but wider FSR
to be even more robust. Note also that the TPA/FCA induced
effect is thermal and can be easily compensated as shown
in [27] if more channels and consequently higher aggregate
power enters the filter.

To test the TPA/FCA effect on filters that operates on
smaller bandwidths we have performed the same experiments
for the 25 GHz FSR filter of Tab. 1. Results are illustrated
in Fig. 12 where, as before, the through port (Fig. 12a) and
the cross port (Fig. 12b) characteristics are reported when
Ay = 0 is set. The power enhancement factor of the filter
RRs is around 2 (i.e. the local power inside the RRs is ~ 3
dB higher than P;,).

TPA effects start to be visible as before for P;,, > 9
dBm. At P;,, = 14 dBm (black solid traces in Fig. 12)
the characteristics of the filter are almost rigidly shifted of
around 17 pm. The value of this shift is more than a half
of the minimum 3 dB bandwidth and consequently cannot be
considered negligible. The filter starts to be slightly distorted
in the minimum bandwidth condition at P;,, = 16.5 dBm
(violet dashed trace in Fig. 12b) while the distortion is clearly
visible for both filter configuration at P;,, = 19 dBm (green
solid traces in Fig. 12). With this optical power on chip a shift
of about 54 pm is registered for the cross port characteristic
nulls and the through port characteristic absolute maximum.
The same maximum induced extra-loss as in the 200 GHz FSR
device has been observed. Comparing the described results
with the ones obtained for the 200 GHz FSR filter it is clear
that TPA/FCA induced detrimental effects affect more filters
that work with smaller bandwidths. The same induced shift
becomes in fact more important as the bandwidth and the FSR
decreases. The impairment is however still not dramatical for



the considered case confirming t he fi Iter ro bustness an d, as
previously discussed, can be easily compensated.

IX. CONCLUSIONS

In this paper we have provided an extended theoretical
and experimental analysis of a compact and widely tunable
silicon photonic filter w here s imple ¢ ontrol a nd 1 ow power
consumption are allowed by only three actuators. It has been
shown that wide bandwidth tunability (from about 90% to 10%
of the device FSR) can be obtained maintaining the off-band
rejection always higher than 15 dB for devices with a footprint
size always lower than 0.6 mm?. Moreover the reduced
number of actuators allows to obtain the bandwidth tunability
with electrical power consumption always lower than 30 mW.
Filter central wavelength can be also easily tuned over the
whole FSR by adding a maximum of 60 mW of dissipated
power. Since the filter p rincipal fi gures of me rit strongly
depend on the resonator coupling coefficient and a trade off is
generally needed, filters w ith c ompact t unable ¢ ouplers has
been realized maintaining the geometry unchanged. In this
way the full control over the device characteristics at the
cost of a reasonable increase in the power dissipated has
been demonstrated. The filter c an b e s imultaneously tuned
over 20 nm of the C-band and relying on strongly coupled
resonators it has been shown to be robust against TPA/FCA
effects. The presented characteristics make this filter suitable
for reconfigurable W DM s ystem t o s elect c hannel s ubsets or
to adapt its characteristic to the channel requirements.
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