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Tunable and Reconfigurable Bandstop
Microwave Photonic Filter Based on Integrated
Microrings and Mach–Zehnder Interferometer
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Abstract—A bandstop microwave photonic filter is experimen-
tally demonstrated with integrated optical processor fabricated on
silicon-on-insulator substrate. The optical processor consists of mi-
crorings and a Mach–Zehnder interferometer so that two bandstop
responses are produced for processing two sidebands separately.
With such a structure, tunable and reconfigurable bandstop MPFs
can be easily realized by thermally tuning the resonant wavelength
of microrings. According to the experimental results, the operating
frequency and 10-dB bandwidth can be tuned within the range of
7–34 GHz and 1.85–4.55 GHz, respectively.

Index Terms—Integrated optics, microwave photonic filters,
microring resonators, tunability, reconfigurability.

I. INTRODUCTION

M ICROWAVE photonic filters (MPFs) can perform the
microwave (even millimeter wave) signal processing

in the optical domain with photonic devices. So it could be
widely applied on radar, satellite or wireless communications
with some unique and attractive characters, including low loss,
wide bandwidth, and immunity to electromagnetic interference,
etc. [1]–[4]. In previous reports [5]–[8], the MPFs with fiber
devices are dominative and the operation principle is based on
beam splitting, time delay, and beam combining, which is sim-
ilar to so-called transverse filter. For such MPFs, the operation
frequency is determined by the time delay. Thus, rather long
fiber coil is usually adopted to achieve long time delay from hun-
dreds of picosecond to tens of nanosecond so that the operating
frequency could be within the range of megahertz–gigahertz.
Since the fiber coil suffers from ambient variation, most of such
MPFs operate under incoherent condition to improve stability.
As mentioned in [1], such incoherent MPFs also are restricted
in the responses due to positive filter coefficients and the typical
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periodic responses may cause cross-talk from undesired signal
within other transmission band [9].

Recently, owning to great progress on photonic integrated cir-
cuit [10], MPFs with integrated silicon optical processors were
also proposed and demonstrated [11]–[19]. The most straight-
forward advantages are low cost, small footprint, and poten-
tial for integration with other devices, including modulators
and photodetectors. For example, integrated delay lines were
adopted instead of long fiber coils [11]–[13]. In [11], with a
tunable photonic crystal waveguide, the operating frequency of
bandpass/notch MPF could be tuned from 10 to 40 GHz while
the length of delay line is only 1.5 mm. In [12], a notch MPF
with tuned bandwidth of 0.03-1 GHz was demonstrated by em-
ploying compact microring with radius of only 250 μm. Both
of the above two reports are still incoherent MPFs. Actually,
it is also possible to implement coherent MPFs with integrated
optoelectronic devices since the stability can be assured if all
components could be integrated on a small chip. With coherent
optical processor, more freedom could be utilized to achieve
more flexible MPF response as the field summations in terms of
both magnitude and phase shift.

For coherent integrable MPFs, a typical and pioneering work
was completed by B. Pile and G. Taylor. They presented the
operation principle of MPFs with microring and analyses of the
noise and distortion performance [14]. After that, there were sev-
eral experimental demonstrations of microring based MPFs with
tunability or reconfigurability [15]–[19]. In [15], a bandpass
MPF with single peak was demonstrated with tuning bandwidth
of 5–15 GHz and operating frequency of 18–40 GHz. In [18], an
MPF with a single notch is achieved with tuning bandwidth of
2–4 GHz and operating frequency of 3–18 GHz. These results in-
dicate that compact microrings provide an attractive platform to
improve performance and manipulation of an MPF. This is due to
two important characteristics of microring resonator: first, self-
response of microring is an assembled resonant response since
beam splitting, time delay, and coherent beam combining could
be accomplished within a single ring resonator. So microring
can be directly transplanted to process microwave signal in op-
tical domain independently; secondly, single resonant response
and high operating frequency can be obtained due to short cavity
length and small footprint. Thus there could be only one res-
onant peak within the microwave band and the crosstalk from
other transmission band could be avoided. Particularly, flexible
tuning could be readily achieved for MPFs implemented with
silicon microrings since both thermo-optic or plasma-dispersion
effect could be employed and easily realized [10].
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Fig. 1. (a) Schematic of a typical MPF and (b) the proposed optical processor
to achieve a bandstop MPF.

According to the application requirements, these reported
MPFs with microrings could be classed as bandpass and band-
stop (or notch) filters. For both of them, the central operating
frequency and bandwidth are in great need of tuning when the
signals or noises may be random and unpredictable. However,
it is difficult to simultaneously achieve tunability and recon-
figurability within wide range. In our previous work, a tunable
and reconfigurable bandpass MPF based on integrated optical
processor is proposed and experimentally demonstrated on a
silicon-on-insulator (SOI) substrate [15]. According to the ex-
perimental results, the operating frequency and 3-dB bandwidth
can be tuned from 18 to 40 GHz and from 5 to 15 GHz, re-
spectively. This is due to the novel integrated optical processor
based on microrings (MRs) and Mach–Zehnder interferometer
(MZI), which is utilized to produce two bandpass responses for
processing optical carrier and sideband separately. For a band-
pass MPF, the wanted signal can pass through the filter and be
processed. For a bandstop/notch MPFs, only the interference
signal or noise within a narrow bandwidth is filtered out. Ob-
viously, the designing and operation principles would be quite
different for such two types of MPFs.

In this study, a bandstop MPF with integrated microrings and
Mach–Zehnder interferometer is proposed and demonstrated in
succession. Due to the controlling flexibility, both tunability and
reconfigurability can be achieved by tuning resonance wave-
length of microrings. First, our designed optical structure and
the operating principle of the proposed MPFs are introduced.
Meanwhile, how to vary the operating frequency and bandwidth
of MPF are explained in detail. Second, the tunability and re-
configurability of such MPF are demonstrated with a series of
experiments. Then there are some discussions about improve-
ments of the performance and limitations of such kind of MPFs.
Finally, a summary is presented.

II. PROPOSED STRUCTURE AND OPERATING PRINCIPLE

Fig. 1(a) shows the typical scheme of an MPF. The microwave
signal is modulated on optical carrier, processed by an optical
processor and detected by a photodetector (PD). With intensity
modulation, the optical spectrum after Mach–Zehnder modu-
lator (MZM) includes two parts: carrier and two sidebands.

In our previous work about the bandpass MPF [15], it was
proved that carrier and sidebands can be processed separately
by an optical processor based on MRs and MZI with two narrow
bandpass responses, which takes the advantage of high quality
factor (narrow bandwidth). In this study, the optical proces-
sor is also based on MRs and MZI. The difference is that two
bandstop responses with different bandwidth are utilized. Thus,
as shown in Fig. 1(a), if the carrier is set at a proper position
between the two bandstop responses of the optical processor,
one of sideband is suppressed by the bandstop response with
wider bandwidth while the other sideband could be processed
fully by the narrower bandstop response (denoted as operation
channel). Then after photodetection, the processed signal in op-
tical domain could be converted back to microwave signal. With
such processing procedure in optical domain, a bandstop MPF
is obtained.

The proposed optical processor is shown in Fig. 1(b), which
consists of a MZI and four MRs (MR1–MR4). The whole pro-
cessor can be divided into two units. The first one is enclosed by
a rectangle on the left side of Fig. 1(b), which is denoted as two
MRs assisted MZI (MRAMZI) and used to obtain narrow band-
stop response (NBSR). The other one is a second-order series-
coupled microrings (SCMRs) at the right side, which is used for
generating wide bandstop response (WBSR). After such an op-
tical processor, there would be two bandstop responses, which
are denoted as WBSR and NBSR (marked in Fig. 1(b)). Here,
the optical carrier should be properly settled between WBSR
and NBSR so that unutilized sideband signal can be the sup-
pressed by WBSR while the other sideband could be processed
by NBSR. Thus, the operating frequency of MPF is determined
by the frequency interval between the carrier and the center of
the NBSR while the bandwidth is determined by the bandwidth
of NBSR. Thus, tunability and reconfigurability of MPF can
be achieved by tuning the frequency interval and bandwidth of
NBSR independently.

To design the proper structural parameters and demonstrate
the operation principles in detail, some numerical simulations
are carried out. The proposed optical processor is considered
as fabricated on SOI substrate, while the MZI and MRs are
formed by shallow ridge silicon waveguides with width of 1 μm,
total thickness of 220 nm, and ridge height of 60 nm. The
radius of all four microrings is 100 μm, and Si refractive index
of microrings is assumed to be tuned. Such parameters could
ensure that fundamental mode with TE polarization is excited at
wavelength around 1550 nm and the bending loss can be ignored
while the propagation loss is considered as 3 dB/cm.

To obtain the microwave response of the MPFs, the optical
response of optical processor should be deduced first. As shown
in Fig. 1(b), the whole processor is divided into two connected
units so that the assembled optical transfer function (HO(ω))
can be obtained from amplitude transmissions of the MRAMZI
(TMRAMZI) and second-order SCMRs (TSCMR) as:

HO(ω) = TMRAMZI · TSCMR (1)

where the expressions of TMRAMZI and TSCMR can be found in
the Appendix.
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Fig. 2. (a1) Power transmissions and phase responses of MR1 and MR2, (a2) Optical power response of MRAMZI based on responses of MR1 and MR2 shown
in (a1), (b1) Move the resonances of MR1 and MR2 oppositely with the same scale, (b2) Optical power response of MRAMZI corresponding to (b1), (c1) Move
the resonances of MR1 and MR2 in the same direction with the same scale, (c2) Optical power response of MRAMZI corresponding to (c1), (d1) Move the
resonances of MR1 and MR2 in the same direction but not the same value, and (d2) Optical power response of MRAMZI corresponding to (d1).

It has been mentioned that MRAMZI is used for processing
useful sideband signal so that the tuning and reconfiguration are
achieved by controlling this unit. For more clarity, the response
of MRAMZI is analyzed in detail. With equation (A2) in the
Appendix, TMRAMZI is calculated and shown in Fig. 2(a2),
which is obtained by adopting MR1 and MR2 with responses
shown in Fig. 2(a1). It could be seen that there is a bandstop
response with steep edge for the operation channel. From equa-
tion (A2) and Fig. 2(a1) and (a2), it can be found that the central
wavelength (λc) and bandwidth (BW) of TMRAMZI could be
varied by tuning the resonant wavelength of MR1 and MR2
(λMR1 and λMR2). Specifically, λc and BW denote the median
point and interval of λMR1 and λMR2 , respectively. Based on
such relationships, the central wavelength and bandwidth of re-
sponse of MRAMZI (corresponding to NBSR) can be tuned
separately or simultaneously by adjusting resonance of MR1
and MR2. When only tuning the BW, λMR1 and λMR2 are var-
ied with the same value but in the opposite direction. Fig. 2(b1)
and 2(b2) show the results for only tuning BW while λc is
nearly constant. Here, the BW is extended by decreasing λMR1
and increasingλMR2 . For tuning the λc , λ

,
MR1 and λMR2 are var-

ied with the same value and the same direction. Fig. 2(c1) and
2(c2) show the case of only tuning λc . It could be found that
the λc is increased by increasing λMR1 and λMR2 at the same
time. Moreover, λc and BW can be tuned simultaneously by
proper adjusting of λMR1 and λMR2 . Fig. 2(d1) and 2(d2) are
an example that the BW is extended and the λc is increased.

With the TMRAMZI for processed sideband and TSCMR for
suppressed sideband, the assembled transfer function could be
calculated. By proper setting the resonant wavelength of MR1–
MR4, two bandstop responses could be achieved and an example
is demonstrated in Fig. 3. Fig. 3(a) and (b) are the optical re-
sponses of MRAMZI and second-order SCMRs, respectively,
and optical response shown in Fig. 3(c) is the assembled re-
sponse. It could be found that there are two bandstop responses
in one free spectral region (FSR) marked in the dashed box.

With the optical response, the microwave response of MPF
based on the proposed optical processor could be deduced.

Fig. 3. (a) Optical transmission of MRAMZI, (b) Optical transmission of
second-order SCMRs, (c) Optical transmission of the whole optical processor,
(d) Microwave response of MPF based on optical processor with response shown
in (c). The dashed box in (a)–(c) shows the region of an FSR.

According to [14], a microwave transfer function HM(ωm) with
double-sideband plus carrier (DSB + C) modulation is given by:

HM(ωm) ≈ �PcRL

vm
J0

(
πvm

Vπ

)
J1

(
πvm

Vπ

)

× (HO(ωc)H∗
O(ωc − ωm) + H∗

O(ωc)HO(ωc + ωm)) (2)

where ωc and ωm are optical carrier and microwave signal fre-
quency, respectively, � is the responsivity of an ideal photode-
tector, Pc is the input laser power, RL is the load resistance, vm is
the amplitude of microwave signal, Vπ is the half-wave voltage
of modulator, Jn(·) is the nth-order Bessel function of the first
kind, and HO(ω) is the optical response of optical processor,
which could be calculated by equation (1). Fig. 3(d) shows the
calculated microwave response with the optical response shown
in Fig. 3(c). Here, the adopted carrier wavelength is marked
in Fig. 3(c) and the other simulation parameters of MPF are
set as � = 0.5 A/W, Pc = 10 mW, RL = 50Ω, Vπ = 5 V, and
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Fig. 4. (a) Tuning MRAMZI from the assembled initial optical response (in
black line) to wider bandwidth [in red line, according to MR responses in
Fig. 2(b1) and (b2)] or longer resonance wavelength (in blue line, according to
MR responses in Fig. 2(c1) and (c2)), (b) and the corresponding response of
MPF is tuned from the initial response (in black line) to response with wider
bandwidth (in red line) or higher operating frequency (in blue line).

vm = (0.5/π) V. Due to the double- sideband modulation and
residual band of WBSR, the shape of MPF response is a little
different to that of NBSR, especially in the slope of flat range
of responses, which could be found in Fig. 3(c) and (d).

As shown in Fig. 2(a1)–(d2), the bandwidth and central oper-
ating wavelength of MRAMZI filter can be tuned independently
or simultaneously. For the MPFs, the operating frequency is
determined by the frequency interval between the central fre-
quency of optical carrier and that of MRAMZI filter, while
the bandwidth is determined directly by the response shape of
MRAMZI filter. Thus, if the optical carrier is kept constant, the
operating frequency can be tuned by adjusting the central wave-
length of MRAMZI filter (tunability) and the bandwidth can be
varied by adjusting the bandwidth of MRAMZI filter (recon-
figurability). Here, simulation results for two typical cases are
shown in Fig. 4 .When the optical response [see Fig. 4(a)] is
tuned from black-curve to red-curve with wider bandwidth or
blue-curve response with larger resonant wavelength, the cor-
responding response of MPF [see Fig. 4(b)] is tuned to wider
bandwidth of 9 GHz (shown by the red-curve) or higher op-
erating frequency of 20 GHz (shown by the blue-curve) while
the initial bandwidth is 7 GHz and central frequency is 15 GHz
(shown by the black-curve), respectively. These results indicate
that both the central frequency and filter shape could be varied
with our proposed optical processor.

III. FABRICATION AND EXPERIMENTAL RESULTS

The proposed optical processor was fabricated on an SOI
wafer (220-nm top silicon layer and 3-μm buried oxide layer)
with electron-beam lithography, inductively coupled plasma
etching, and depositing a 600-nm-thick SiO2 cladding layer by

Fig. 5. (a) Optical micrograph of the proposed optical processor and the inset
is an enlarged image of MR1. (b) Schematic of the measurement system.

plasma-enhanced chemical-vapor deposition. The heaters for
tuning Si refractive index and pads for probe were sequen-
tially patterned with photo-lithography, evaporation, and lift-
off processes. The heaters are composed by 100-nm-thick Ti
and electrical contact pads are composed by 100-nm-thick Ti
and 200-nm-thick Al. The structural parameters of the shallow
ridge waveguide are the same as those used in numerical simu-
lations. The gap widths between the MR1(2) and arms of MZI
are 400 nm while that are 25/50/25 nm for the second-order
SCMRs. Only part of the microrings and one arm of the MZI
are covered by heaters for thermal tuning. An optical micro-
graph of fabricated sample is shown in Fig. 5(a) and an enlarged
image of MR1 is shown in the inset.

Fig. 5(b) is a schematic of the employed measurement system,
which consists of a tunable laser source (TLS, 1350–1620 nm),
two polarization controllers (PCs), a 40-Gbps LiNbO3 Mach–
Zehnder modulator (MZM, Codeon, Mach-40TM-005), two
erbium-doped fiber amplifiers (EDFAs), and a high-precision
auto-align optical testing system (SURUGA SEIKI, C7214-
9015) with two tapered fibers. At the output ends, a power meter
(PM, Agilent, 81624A) and a 50-GHz photodetector (PD, U2T,
XPDV2120R) with a 40-GHz vector network analyzer (VNA,
Agilent, E8363B) were used to measure the spectra.

By carefully tuning the heaters, proper resonances of micror-
ings and required response of optical processor can be achieved.
Fig. 6(a) is a measured optical spectrum with two bandstop re-
sponses in one FSR of about 120 GHz (shown in the dashed box).
They are corresponding to the WBSR and NBSR in Fig. 1(b)
and generated by the second-order SCMRs and MRAMZI, re-
spectively. For microwave measurement, the optical carrier is
settled at 1550.47 nm between WBSR and NBSR, and Fig. 6(b)
is the measured microwave response. It could be seen that the
bandstop MPF is operated at central frequency of 16.3 GHz and
10-dB bandwidth of 2.4 GHz.
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TABLE I
COMPARISON OF THE FIGURES OF MERIT FOR SOME OTHER MPF IMPLEMENTATIONS

Fig. 6. (a) Measured optical response of the proposed optical processor and
dashed box shows the region of a FSR. (b) Corresponding measured microwave
response of MPF based on proposed optical processor.

As mentioned above, the operating bandwidth can be varied
by changing the refractive index of MR1 and MR2 with heaters.
In the measurement, opposite variation of thermal tuning power
(proportional to the square of the voltage) are applied on MR1
and MR2 with the same value so that equal resonance shift of
MR1 and MR2 is introduced in opposite directions. Then the
bandwidth could be varied with constant operating frequency.
As shown in Fig. 7(a–d), with the constant operating frequency
of about 16 GHz, the 10-dB bandwidth could be varied from
2.40 to 4.55 GHz.

For tuning operating frequency of MPF, equal variation of
thermal tuning power is applied on both MR1 and MR2. As a
result nearly equal resonance shift (both value and direction) is
introduced on both MR1 and MR2. Then operating frequency

Fig. 7. The operating bandwidth is varied from 2.40 to 4.55 GHz with constant
operating frequency of ∼16 GHz.

Fig. 8. Operating frequency is tuned from 7 to 34 GHz with the 10-dB band-
width of ∼2.2 GHz.
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Fig. 9. (a) Operating frequency of MPFs is tuned to higher frequency with
increased bandwidth. (b) Operating frequency of MPFs is tuned to higher fre-
quency with decreased bandwidth.

of MPF is tuned while the MPF bandwidth keeps constant.
As shown in Fig. 8, the operating frequency is tuned from 7
to 34 GHz while the 10-dB bandwidth is nearly constant at
frequency of about 2.2 GHz.

Actually, the resonance of MR1 and MR2 could be tuned
independently so that multiple combinations of operating fre-
quency and bandwidth could be achieved by proper setting the
thermal power applied on MR1 and MR2. In Fig. 9(a), the op-
erating frequency is tuned to from 7.5 to 33.5 GHz and the
10-bandwidth is increased from 1.85 to 3.83 GHz. As a com-
parison, a reverse case is presented in Fig. 9(b), in which the
10-bandwidth is decreased from 3.83 to 1.85 GHz within the
operating frequency range from 7.5 to 27.8 GHz.

IV. DISCUSSION

In some previous works, tunable and reconfigurable band-
stop/notch MPFs have been reported with cascaded microrings,
integrated optical delay line, and fiber based devices. Table I
shows the comparison between this study and them in terms
of 10-dB bandwidth, operating frequency, and ratio between
operating frequency tuning range and FSR. It could be found
that our demonstrated MPF presents flexible tunability and re-
configurability within rather wide frequency range, especially
comparing to incoherent integrable MPF and incoherent com-
mon MPF. It is due to the design of two bandstop responses
and the fact that the response of microring is more sensitive to
the thermal tuning than that of a waveguide or grating. While
the ratio between operating frequency tuning range and FSR
is still behind some of reported data of incoherent integrable
MPF and incoherent common MPF, however, if single sideband
modulation is adopted, this figure can be doubled in theory. In
short, the proposed MPF has great potential in tunability and
reconfigurability.

Still due to the resonant nature, microring is also very sensi-
tive to ambient temperature variation. So the thermal stability
for all microring devices is a crucial issue that must be consid-
ered. Till now, several approaches have been proposed to im-
prove the thermal stability of microring, such as using feedback
control [23] or special waveguide structure which is insensitive
to temperature [24]. Thus, following with the development of
these advanced technologies or novel methods, we believe that
the stability could be solved in the near feature.

Since the filter shape of our proposed MPF is assembled by the
response of MR1 and MR2, the bandwidth of MPF is determined
by optical response of microrings. It is well known that the
response of single microring is Lorentz’s lineshape and then the
band-edge of assembled response of NBSR is also Lorentz’s
lineshape-like. Thus the minimum bandwidth of our proposed
MPF is ultimately limited by the Q-factor of microrings, which
is determined by the coupling dissipation and intrinsic loss of
microrings. If narrower bandwidth is needed, high accuracy
fabrication process is required to reduce the scattering loss due
to roughness of waveguide sidewall. Meanwhile, there is also
a maximum value for achievable bandwidth. When the interval
between the two resonances of MR1 and MR2 is increased, the
interference would be weakened and the bandstop response of
NBSR cannot be maintained so that the filter response of MPF
may be split, which could be observed in Fig. 7(d). Specifically,
there is a little split peak in the spectrum as the bandwidth is
increased to 4.55 GHz. Thus this value is considered as the
maximum bandwidth in our experiment. Otherwise, the filter
shape would be deteriorated much more. If higher bandwidth is
needed, the coupling coefficients between MR1(2) and arms of
MZI should be increased.

For the operating frequency, there are also the minimum and
maximum values. As aforementioned, the operating frequency
is determined by the frequency interval between the central fre-
quency of optical carrier and that of MRAMZI filter. Thus the
minimum operating frequency is determined by the interval be-
tween WBSR and NBSR. In principle, the minimum value could
approach zero if the band-edges of both WBSR and NBSR are
sharp enough. However, the actual band-edges of our demon-
strated MPF are Lorentz’s lineshape-like so that the operating
frequency cannot work well at the frequency range of 0.1 to
7 GHz. This can be improved by enhancing Q-factor of mi-
crorings with methods of increasing ring number of SCMR and
decreasing ring coupling coefficients in MRAMZI [25]. On the
other hand, the maximum operating frequency is limited by the
FSR of optical processor. If the two signal sidebands of modu-
lated light are within a FSR response (2ωm ≤ FSR), the signal
processing would not be affected by adjacent FSR responses
so that the maximum operating frequency could be evaluated
as half of the FSR (ωm ≤ FSR/2). Generally, due to the short
circumference of microrings, the FSR of the overall optical re-
sponse is rather large (typically, for a silicon microring with
radius of 10 μm, the FSR is about 1.3 THz around wavelength
of 1550 nm). In this study, the FSR is about 120 GHz (according
to the microring radius of 100 μm) so that the maximum oper-
ating frequency is about 60 GHz. However, in the experiment,
the highest operating frequency is only about 40 GHz, which is
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limited by bandwidth of VNA. As a reasonable perspective, we
believe that if smaller radius of microrings is adopted, the pro-
posed MPFs possess the potential in application of high fre-
quency signal processing such as millimeter-wave signal of
spectra of V-band (50–75 GHz) and W-band (75–110 GHz)
[26]–[28].

From aspect of application, the insertion loss is also a critical
parameter. The insertion loss of the integrated optical processor
in our demonstrated MPF can be divided into three parts. The
first one is from transmission loss at carrier wavelength due to
not very sharp band-edge [sited at the band-edge of WSBR as
shown in Fig. 3(c)], which can be improved by increasing ring
number of SCMR and decreasing intrinsic loss of microrings.
The second is from the Y-branch between WBSR and NBSR,
which is used to monitor the signal after the NBSR in our
fabricated sample. Actually, such Y-branch is not necessary for
a practical device so that 3 dB insertion loss can be removed.
The last part is the coupling loss between tapered fibers and
chip. In our experiment, the averaged coupling loss is about
7 dB/facet. If optimization taper structures of Si waveguide are
adopted, such loss can be greatly reduced and the typical value
of coupling loss is only about 2 dB/facet [29]–[31]. Moreover, if
the proposed optical processor is integrated with modulators and
photodetectors, this part of insertion loss can also be removed.

V. CONCLUSION

In this study, a bandstop MPF with integrated optical proces-
sor is proposed and demonstrated experimentally. According
to the experimental results, the operating frequency and 10-dB
bandwidth of MPF can be tuned from 7 to 34 GHz and from
1.85 to 4.55 GHz, respectively. Since the modulator and detec-
tor could be integrated with our proposed optical processor on
one SOI chip in principle, we believe that such kind of MPFs
paves the way to all-optical integration on compact tunable and
reconfigurable MPF.

APPENDIX

For MRAMZI, there are two through-output MRs (MR1 and
MR2) with little difference on resonant wavelengths and over-
coupled to each arm of MZI. To obtain optical response of
MRAMZI, the microring resonator is analyzed by Fabry–Perot
resonator model and the amplitude transmission TMR1(2) of
through-output of the MR1 (2) can be deduced as

TMR1(2) =
tMR1(2) − a · e−j (ωn e f f L/c)

1 − tMR1(2)a · e−j (ωn e f f L/c) (A1)

where ω is optical frequency, c is the light speed in vacuum,
L is microring circumference, a is the single-pass amplitude
transmission, neff is the effective refractive index of ring wave-
guide, and tMR1(2) presents self-coupling amplitude coefficient
between the arm and MR1(2). Fig. 2(a1) shows the typical in-
tensity and phase responses of MR1 and MR2, the solid and
dashed line correspond to MR1 and MR2, respectively. Then,
the optical transfer function of MRAMZI can be written as

TMRAMZI = (TMR1 + TMR2)/2. (A2)

The bandstop response of SCMR can be deduced by the followed
expressions:

TSCMR = TMR3 +
DMR3D

′
MR3td-MR4a · e−j (ωn e f f L/c)

1 − T
′
MR3td-MR4a · e−j (ωn e f f L/c)

(A3a)

TMR3(4) =
ti-MR3(4) − td-MR3(4)a · e−j (ωn e f f L/c)

1 − ti-MR3(4)td-MR3(4)a · e−j (ωn e f f L/c)

(A3b)

DMR3(4) = −
κi-MR3(4)κd-MR3(4)

√
a · e−j (ωn e f f L/c)/2

1 − ti-MR3(4)td-MR3(4)a · e−j (ωn e f f L/c)

(A3c)

where ti(d)-MR3(4) and κi(d)-MR3(4) present self- and cross-
coupling amplitude coefficients between the input (drop) wave-
guide and the waveguide of MR3(4), respectively, and they
should satisfy t2i(d)-MR3(4) + κ2

i(d)-MR3(4) = 1, and D′
MR3 and

T ′
MR3 represent the inverse response of MR3 when light is in-

jected from drop-port, which can be deduced referring to equa-
tions (A3b) and (A3c).
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