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Abstract

A reconfigurable microwave photonic filter based on parallel-cascaded silicon microrings is
proposed and demonstrated with numerical simulation. A Mach—Zehnder interferometer
(MZI) is introduced between two adjacent microrings. Through tuning the MZI, the feedback
ratios of adjacent rings can be tuned so that both the bandwidth and shape of filter response
can be adjusted while the central wavelength remains constant and the sidelobes can also be

remarkably suppressed.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Microwavephotonic filters (MPFs) could process microwave
signals in the optical domain with attractive characteristics,
such as low loss, wide bandwidth, immunity to electromag-
netic interference, as well as high operating frequency. It
has been proposed that MPFs can be applied in the fields
ranging from radar, satellite to wireless communications [1].
For such applications, reconfigurable MPFs are desired. As
demonstrated, most reconfigurable MPFs are implemented
with discrete photonic devices such as WDM couplers,
LiNbO3 modulators, fibers coils or fiber gratings as phase
delay elements and an array of tunable lasers [2] or a
spectrum-sliced broadband source as light source [3]. With
such implementation, the footprint is rather large and the filter
response is hard to control or tune.

Recently, a new kind of MPFs based on microrings
(MRs) has attracted more and more attention. They are
fabricated on a silicon-on-insulator (SOI) substrate and can be
integrated with other optoelectronic components [4]. Pile et al

2040-8978/12/065502+05$33.00

investigated the operation principle of MR-MPF in theory,
and the noise and distortion performance were analyzed as
well [5]. Rasras et al demonstrated a notch MR-MPF with a
size of 5 x 0.35 mm? for an optical processor [6], and Palaci
et al realized a band-pass MPF based on a single MR with
a size of 50 x 50 um? for the optical processor [7]. In our
previous work [8], the application of MR—-MPFs on 60 GHz
millimeter wave wireless personal area networks (WPAN)
was investigated with numerical simulation.
Parallel-cascaded silicon MRs serving as optical filters
have been widely studied because of unique characteristics
including simple design and sharp edges [9, 10]. Generally,
the parallel-cascaded microrings are simultaneously coupled
to the input and output bus waveguide but are not coupled to
themselves. Because the feedbacks of adjacent rings are like
Fabry—Perot resonators, the response of filters relies on the
feedback ratios. To synthesize the rational response of filters,
apodization of the feedback ratios was proposed to suppress
the sidelobes, and there are several algorithms to obtain
optimum spectrum shapes [11]. However, the feedback ratios

© 2012 IOP Publishing Ltd Printed in the UK & the USA
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Figure 1. (a) Schematic setup of the filter based on MZI assisted
parallel-cascaded MRs. (b) Comparison between MZI and an
ordinary waveguide. (c) An arbitrary ring in (a).

are hard to tune after the device has been fabricated. In [12],
a method of varying the coupling coefficients was proposed
to tune the feedback ratios. But the resonance wavelength of
microrings would also be changed with variation of coupling
coefficients and the spectrum shape would consequently be
distorted. In order to solve such a problem, we propose a new
method to tune the feedback ratios with constant resonance
wavelength.

In this paper, the reconfigurable MPF is based
on Mach—Zehnder interferometer (MZI) assisted parallel-
cascaded silicon MRs. The MZI is introduced between MRs
so that the feedback ratio of adjacent rings could be tuned
independently by controlling the phase shifters of MZI. As a
result, a reconfigurable MPF with constant central wavelength
can be achieved.

2. Structure and principle

Figure 1(a) shows the schematic setup of the proposed
parallel-cascaded MRs assisted by MZI. As marked in the
solid line box, a unit-cell of such a cascaded structure contains
an MR with two buses, a Mach—-Zehnder interferometer,
and two heaters (or p-n junctions) on each arm serving

as tuning elements. In contrast to general parallel-cascaded
MRs, a MZI is introduced to tune the feedback ratio at the
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output bus in each unit-cell. For more clarity, the unit-cell is
divided into two parts marked by boxes using dotted lines in
figure 1(a). The enlarged figures of two such parts are depicted
in figures 1(b) and (c), respectively.

Figure 1(b) shows an ordinary waveguide (marked as
WG) and an MZI with heaters (or p—n junctions) on each arm
to serve as a phase shifter. The length of the ordinary WG
and the two arms of MZI are identical, so the phase delays
from the ‘input’ port to the ‘output’ port of ordinary WG and
MZI are equal without tuning, where such a normal phase
delay is denoted as ¢, and the output amplitude of ordinary
WG (ENS) and the MZI (EMZ) are the same as Ej "
with input amplitude Ej,. Here, the phase delay of the upper
(lower) arm (¢ (2)) with a phase shift (A¢j(2)) due to thermal
tuning is defined by ¢1(2) = ¢L + A¢1(2). Then, the output of
MZI is given by EMZl = (E; el @L+A00 4 [y el(@+862)y 1o,
Moreover, the output amplitude of MZI can be written as

jAG JAD: . .
EML _ o0 (%) = By eifA el (1)
where Aagq and Ag,qq are additional amplitude and phase
shift, respectively. Equation (1) shows that a complex
amplitude Auqqe/®?d is added on the output amplitude of
MZI after thermal (or electrical) tuning. Meanwhile the
term AyqgelA%ad g directly related to A¢j > as shown in
equation (1), so that an arbitrary value can be obtained by
proper setting of A¢j . Figure 2 shows the relationships
between normalized Auqqe/®%d and A¢12. Because of
such additional complex amplitude, the feedback ratios can
be tuned and the filter response can be reconfigured in
succession.

In figure 1(a), the terms of RY or T! represents the net
forward reflection or transmission coefficient (defined as the
amplitude ratio between the ‘drop’ or ‘through’ port and the
‘input’ port) for all n rings and the terms Rg or T,l,’ represent the
net backward reflection or transmission coefficient (defined as
the amplitude ratio between the ‘through’ port or ‘drop’ and
‘add’ port) for all n rings. Figure 1(c) depicts the nth ring
in the device of figure 1(a) and the terms of rf and # are
reflection and transmission responses of the nth ring compared
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Figure 2. Relationships between A,qqel®%add and A¢io.
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Figure 3. (a) Optical response of the device in figure 1(a). (b) The microwave response corresponds to (a). (¢c) The microwave response
with appended phase tuning; (d) and (e) microwave responses with appended amplitude tuning based on (b) and (c), respectively.

to the ‘input’ port and the terms of 7 and ® are related
to ‘add’ port importation, respectively. The terms of E,’;(") or
/c,il(o) represent self- or cross-amplitude coupling coefficients
between the ring and input (output) bus. The overall reflection
response RIf\I of the full proposed structure with N rings can be
deduced with recursive formulae

T};_ 1 r’t:l Tn_lej(ﬁ+]a)2AAaddeJA¢ddd

Rl = Rf 2
" =t rrflRE_lej(ﬁ+ja)2AAaddejA¢add (2a)
Tf Trfz—l tfle]'(ﬁ-i-jd)/\ o
"L RO i(BHi02D A el AP ()
j j j R

b _ Krl;"r(:e](ﬂﬂa)ﬂ 20

" T ] = gigoelBrim2R

) KO is0 o,iej(ﬁJrjot)ZnR

ti,b — srll,o + n “n g:n (2d)

1 — é:}ié:rtl)ej(ﬁ+ja)2nR

where B8 and « are the propagation constant and attenuation
coefficient of the light wave mode, which are assumed to have
a constant value both in waveguides and rings. R is the ring
radius and A is the spacing between the adjacent rings. To
keep the output amplitudes of all rings in phase, the spacing
should satisfy the relation of A = (m + 0.5)7/B(m > 1) [9].
RP and TP can be deduced with the same method as R
and T7.

In the front part of this section, the filter responses in
the optical domain are obtained. Then after concerning the
modulation format, the filter responses in the microwave
domain could be obtained. Here, double-sideband plus carrier
(DSB + C) modulation and symmetry carrier placement
are assumed and the optical response Rf\I is adopted for
a band-pass filter. By applying the formula in [5], the
microwave response of our proposed MPF could be obtained

J2RP,

Hy(wm) ~ Jo(m)J1 ()R (0 )RS (w¢ + om)  (3)

Vm
where w. and wy, are optical carrier and microwave signal
frequency, respectively, vy, is the amplitude of the microwave
signal, m is the modulation depth, fR is the responsivity of an
ideal photodetector, P, is the input laser power, and J,(-) is
the nth-order Bessel function of the first kind.

3. Simulation results

In the simulation, the MPF is considered as a five stage-
cascaded structure and is assumed to be fabricated on an SOI
substrate with a shallow-ridge waveguide. The dimensions
of the waveguide are 1 um wide, 220 nm in height, 50 nm
in etching depth, and the radii of all five microrings are
I mm. These parameters ensure that the fundamental mode
with TE polarization could be excited at wavelength around
1550 nm and the bending loss can be ignored while the
propagation loss caused by imperfect fabrication is considered
as a typical value of 0.5 dB cm™' [13]. The free spectral range
(FSR) of such an MPF is 12 GHz, which is determined from
the microring circumference of 6283.185 um. It should be
mentioned that the central frequency of MPF could be varied
by appropriately designing the radius of the MR. The spacing
between adjacent rings is 3141.737 um, which satisfies the
condition of all rings responses being in-phase and the gaps
between the input (output) bus and all microring waveguides
is 500 nm. Other parameters of MPFs are set as P. = 10 mW,
MR=05AW' V, =1V, v,=0.05V, and the optical
carrier wavelength is 1550.049 nm.

With equations (2) and (3), the optical spectrum and cor-
responding microwave spectrum were calculated. The results
are shown in figures 3(a) and (b), respectively. Figure 3(b)
depicts the microwave response with uniform feedback ratios,
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Figure 4. (a) The fabrication process of the proposed parallel-cascaded MRs assisted with an MZI. (b) Optical micrograph of the MR
structure after ICP etching and the inset is a SEM image of the cross section of the waveguide. (c) Optical micrograph of MZI with heaters

after the entire fabrication process.

Table 1. Summary of filter responses shown in figures figure 3(b)—(e).

Aadd> Apada (X7T)

BW_3 4g (GHz),

[1,1,1,1],[2, 2,2, 2]
[1,1, 1,11, [1, 1,1, 1]
[0.54,0.10, 0.81, 0.13], [2, 2, 2, 2]
[0.80, 1.00, 0.80, 0.60], [1, 1, 1, 1]

Ay 2(XTT) SMSR (dB), SF
[2.2,2,2],[2,2,2,2] 0.45, 10, 0.54
[1,1,1,1],[1,1, 1, 1] 2.33,21,0.61
[1.68, 1.53, 1.80, 1.54], [2.32, 2.47, 2.20, 2.46] 0.52, 18, 0.48
[0.80, 1.00, 0.80, 0.70], [1.20, 1.00, 1.20, 1.30] 1.92,24,0.54

which means that additional complex amplitudes for each
MZI is uniform as [1e/27, 1e/27, 1e/27 1e27] (the corre-
sponding A¢q 2 are [2n, 2m, 27, 2x] and [2m, 27, 27, 27 ]).
As described above, the additional amplitude and phase can be
tuned independently by proper setting of the phase shift of the
two arms of the MZI. Figure 3(c) shows the response with the
vector of Apgqel2%ud = [1e/7, 1ei™, 1ei7, 16/7], where only
additional phase is introduced. It is clear that the bandwidth
(BW) becomes wider compared to the uniform case (see
figure 3(b)). So additional phase tuning can be used to obtain
large-scale bandwidth adjustment, which is consistent with
reported result in [10]. In spite of the bandwidth being
adjusted through additional phase tuning, the sidelobes of

the two former cases (see figures 3(b) and (c)) are quite
high. In order to suppress the sidelobes, one method is
to change the amplitude of feedback ratios by tuning the
additional amplitude of the MZI output, which is similar to
the apodization of grating filters. Figures 3(d) and (e) show
the responses with suppression of sidelobes on the base of the
two former cases respectively, and the corresponding vector
of Aaaa®2%¢ are [0.54e/27, 0.016/7, 0.81€/*7, 0.13¢/27] and
[0.8¢/7, 106”7, 0.8¢/, 0.6e/™]. Tt could be found that the
sidelobes are suppressed by apodization so that a box-like
spectrum shape is obtained. Table 1 summaries the relevant
parameters of —3 dB bandwidth (BW_34p), side-mode
suppression ratio (SMSR), and shape factor (SF) (defined as
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BW_348/BW_1g gB) of the filter responses shown in figures
3(b)—(e). These results indicate that the filter response can
be reconfigured to meet the requirement of flexible signal
processing with our proposed structure and tuning method.

4. Fabrication method and discussion

To illustrate the feasibility of fabricating the proposed
structure, the fabrication process as shown in figure 4(a)
could be employed, which is similar to [14]. In our proposed
structure, the basic elements are MRs and MZIs. Both of them
can be fabricated on SOI wafers with a 220 nm thick top
silicon layer. Firstly, a CAD-drawing must be prepared as the
designed parameters. Then the drawn pattern is transferred
to an SOI wafer with electron-beam lithography (EBL) and
inductively coupled plasma (ICP) etching with etching depth
of 60 nm. Figure 4(b) is an optical micrograph of our
fabricated MR after ICP etching and the inset is a scanning
electron microscope (SEM) image of a cross section of
waveguide. Here the radius of MR is 0.1 mm and the width
and height of the waveguide are 1 and 0.22 pum respectively.
Actually, MRs with other sizes and MZIs could also be
fabricated according to such a process.

After the proposed structure with MRs and MZIs
on SOI is obtained, thermal or electrical tuning elements
would be fabricated. Here, micro-heaters are considered as
the tuning elements. Firstly, an appropriately thick SiO;
cladding layer (typical 1-2 pm thick) is deposited by
plasma-enhanced chemical-vapor deposition (PECVD) for
isolating the heaters and waveguides. Then, heaters and
electrical contact pads were sequentially patterned with
photolithography, evaporation, and lift-off processes. The
materials of titanium (Ti) and aluminum (Al) are usually
chosen for heaters and electrical contact pads, respectively.
Following the entire fabrication process, the proposed
structure with thermal tuning elements can be prepared. An
optical micrograph of an MZI with micro-heaters is shown
in figure 4(c). In this work, thermal tuning is proposed due
to the simpler fabrication process and wide tuning range. It
has been demonstrated that the thermal tuning speed could
achieve tens of kilohertz [15], which may be enough for
most reconfigurable MPFs. If higher tuning speed is required,
p—n junctions could be employed as the tuning element; the
fabrication process can be found in [16].

5. Conclusion

In summary, we propose a new structure of reconfigurable
MPFs based on MZI assisted parallel-cascaded silicon MRs.
With the help of MZISs, the filter response can be reconfigured
by changing the feedback ratios. The simulation results
indicate that the BW of filter response could be varied from
0.45 to 2.33 GHz by controlling the phase shifter of the
MZI and the SMSR can be enhanced from 10 to 18 dB
by additional amplitude apodization. As the optoelectronics
integration technology matures, it can be expected that MPFs
based on MZI assisted parallel-cascaded silicon MRs will be
realized and applied to communication systems.
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