
RESEARCH ARTICLE

Bandwidth-tunable optical filter based on microring resonator
and MZI with Fano resonance

Xia Li1 • Chen Shen1 • Xiaohan Yu1 • Yanqiong Zhang1 • Chao Chen1 •

Xiaoxu Zhang1

Received: 12 January 2018 / Accepted: 1 August 2020 / Published online: 30 September 2020

� The Author(s) 2020

Abstract A bandwidth-tunable optical filter is fabricated

by combining Mach–Zehnder interferometer (MZI) and

microring resonator. Both bandwidth red-shift and blue-

shift are observed in the experiment. The bandwidth can be

tuned from 0.46 to 3.09 nm by controlling two phase

shifters. The device also shows an extinction ratio higher

than 25 dB. Potential applications are integrated optical

signal processing such as reconfigurable filtering and

channel selecting in wavelength division multiplexer.
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Introduction

Wavelength division multiplexing systems play a more and

more important role in the next generation telecom net-

works [1]. In this scenario, the bandwidth-tunable optical

filters are one of the basic components. They can be used in

the implementation of the gridless paradigm in wavelength

division multiplexing systems. To obtain such bandwidth

tunability, many solutions have been researched. The recent

development of optical ring becomes more and more

attractive due to a variety of functionalities such as compact

structure, high Q-factor and compatible with mature silicon

microelectronics [2–4]. Taking the huge advantages of

microring resonators, lots of devices have been used in high

sensitive sensors, all optical switching and reconfigurable

add–drop filters [5–7]. In previous works, many bandwidth-

tunable devices have been fabricated utilizing the charac-

teristic of symmetric resonance in microring resonators

(MRRs) [8–12]. For example, one is the filter based on a

single microring resonator. Its coupling coefficient of the

resonator is tuned by micro-electronic-mechanical-system.

However, a high actuation voltage of nearly 40 V should be

applied to realize the MEMS tunability [5]. Another one is

also a filter based on a single microring resonator [13]. Its

coupling coefficient of the resonator is tuned by the thermo-

optic phase shifters. The disadvantage of this filter is that it

offers limited bandwidth variation range and poor off-band

rejection. There is also a filter combining a MZI and ring

resonator, the ring resonators are embedded in the MZI

arms, and its bandwidth tuning is limited due to in-band

ripples and insertion loss [14].

In this letter, we demonstrate a bandwidth-tunable

optical filter based on the ring resonators and MZI with

Fano resonance. It consists of two single MRRs and a MZI

structure constituted by two 1 9 2 multi-mode interfer-

ences (MMI). The coupling coefficients of the two single

MRRs are both tuned by the thermo-optic phase shifters. In

this new design, the two MRRs, controlled by two TiN

heaters, are available to produce an extra phase to break the

symmetric Lorentz shape of normal MRRs. Fano resonance

can be observed through the superposition of two asym-

metric Lorentz shapes, and the 3 dB-passband was obvi-

ously broadened. By means of thermo-optic (TO)

properties of silicon, the bandwidth ranges from 0.46 to

3.09 nm, wider than that of previous devices. The extinc-

tion ratio of output port is more than 25 dB, and the free

spectrum range (FSR) is 9.2 nm, which is suitable for the

transmission in optoelectronic integrated circuits. It is

known that through port 3 dB, bandwidth is an important
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parameter which may require tuning in optical waveform

generation [10, 15].

Theoretical analysis and device structure

Many previous models and theories show that the coupling

coefficient between microring and straight waveguide can

determine the 3 dB bandwidth of the filters [13]. So the

passband of filters can be tuned by changing this equivalent

coefficient [12, 14]. The 3 dB bandwidth of the filter is

decided by the coupling coefficient between microring and

U-bend arm; therefore, we can alter this equivalent coef-

ficient so as to tune the passband of filters. Figure 1 shows

the theoretical model which we construct. We derive the

following expression by the transfer matrix method.

I0 ¼ E0j j2¼ a1=2k2e�i h=2þpð Þ þ ct2e�ih1 þ ace�i hþh1þpð Þ

1� at2e�ih � a1=2ck2e�i h1þh=2þpð Þ
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where t, k are the transmission and the coupling coeffi-

cients, respectively, t = t1 = t2, k = k1 = k2.The insertion

losses of the couplers are assumed to be zero in the cal-

culation, k2 þ t2 ¼ 1. And the parameters a and c represent

the transmission loss coefficients in the whole microring

and U-bend waveguide, respectively. While the parameters

h0 and h1 are the changes of phase during the transmission

in both two pathways.

There are two coupling resonant cavities, namely MRR

and racetrack-like resonator formed by a semi-ring and the

U-bend waveguide, as shown in the proposed device. The

Fano resonance originates from interference between a

discrete state and a continuum state [16]. The term 1�
at2e�ih of the denominator in Eq. (1) is the resonance of the

MRR, which can be regarded as discrete resonant states; the

term 1� a1=2ck2e�iðh1þh=2þpÞ�
�

�
� � 1 (assuming that the

coupling coefficient is small and the cavity length is long) is

the resonance of the racetrack-like resonator. There are

three paths of the modes propagating from the input to the

output. The first one is the mode propagating from the input

to the output via MRR. The second one is the mode prop-

agating from the input to the output via U-bend waveguide.

The third one is the mode propagating from the input to the

output via the modes interaction between the MRR and the

U-bend waveguides. The three paths can be represented by

a1=2k2e�iðh=2þpÞ, ct2e�ih1 and ace�iðhþh1þpÞ of the numerator

in Eq. (1), respectively. When a ¼ c ¼ 0:95 � 1, this

means the U-bend approaches lossless, then the resonant

system is equivalent to the notch filter, of which the trans-

mission spectrum is shown in Fig. 2a. When

a ¼ 0:95; c ¼ 0, this means the light signal cannot transmit

through the U-bend waveguide, then the resonant system

can be equivalent to the add-drop filter, whose transmission

spectrum is in contrast to Fig. 2a. As is known to all, the two

transmission spectra are both symmetrical Lorenz shape.

When a ¼ 0:95; 0\c\1 ðc ¼ 0:9Þ, the transmission

spectrum will be a Fano resonance, as is shown in Fig. 2b.

The extinction ratio gets smaller as k grows down.

According to Eq. (1), as k grows down, the denominator

gets bigger, the numerator gets smaller, and then the output

power E0j j2 becomes smaller. The extinction ratio will be

along with becoming smaller.

To widen the tunable bandwidth, the transmissions of

two single ring resonators are combined together in the

MZI structure, as we can see from Fig. 3. One microheater

is placed over the U-bend arm to change u1. Another

microheater placed over the ring is proposed to change u2.

The output port will combine the two resonance waves, and

then, it will generate the Fano resonance as long as the two

waves are not exactly the same. The total transmission can

be obtained by transfer matrix method as follows:

Fig. 1 Schematic of single ring resonator with the U-bend waveguide
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where ti, ki (i = 3,4) are the transmission and the coupling

coefficients of two MRRs, respectively. T1 and T2 mean

transmission 1 and transmission 2, respectively. The other

parameters are the same with the single MRR. Figure 4

exhibits the principle of our device: the MRR1 and MRR2

in Fig. 3 separately propagate the coherent wave with

different coupling coefficient k3 = 0.1 and k4 = 0.4.

Although in each channel there is a symmetric Lorentz line

figured by transmission 1 and transmission 2, the final

transmission is an asymmetric Fano-resonance waveform.

The reason is that the resonant points of the two MRRs are

different. Then, the interfering between two different

Lorentz shapes will break the balance of themselves. As we

can see from Fig. 4b, the phase shift of the two MRRs are

symmetric, while the symmetry of the phase shift in the

total transmission is broken. And the total 3 dB bandwidth

of final output is wider than that of single MRR and the

extinction ratio is much larger. We also obtain that the total

waveform broaden toward the smaller extinction ratio of

transmission 1.

The reason why we set k3 = 0.1 and k4 = 0.4 is that the

bandwidth of the optical filter is the largest under this

condition when the heaters have not been applied the

electric power. The radii of the two rings are both 10 lm,

and the length of U-bend arm is 30 lm, more than half of

the perimeter of MRR. The parameter a equals 0.9928 and

c equals 0.9. After calculation, it shows that the larger

difference between k1 and k2 is, the wider the bandwidth

becomes. By the limit of linewidth in manufacturing crafts,

the coupling coefficient cannot exceed over 0.405 with

above conditions, so we set k3 = 0.1 and k4 = 0.4.

The rib Si waveguides with a cross section of

450 nm 9 220 nm and a 60 nm-thick-slab are employed.

The coupling coefficient of k3 and k4 is designed to be 0.1

and 0.4, as mentioned above. The coupling coefficients are

decided by the gaps between the bus waveguides and the

ring waveguides. The relationship between them can be

calculated by using the finite-difference time-domain

Fig. 2 Simulated transmission

spectra of single MRR a with

same amplitude attenuation

factors b with different

amplitude attenuation factors

Fig. 3 Schematic of the tunable bandwidth filter with beam combiner

Fig. 4 a Transmissions of the two MRRs, as well as total transmission of the microring-MZI filter b phase shift of the two MRRs, as well as total

phase shift of the microring-MZI filter. Here, parameters a = c=0.95, k3 = 0.1 and k4 = 0.4
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method. According to the relationship, the gaps are chosen

to be 400 nm and 180 nm.

The device is fabricated on an 8-inch silicon-on-insu-

lator (SOI) wafer with 220-nm-thick top Si layer and 2-lm-

thick dioxide layer, and 248-nm-deep UV photolithography

is used to define the device pattern. Grating couplers are

integrated to couple light into and out of the device. The

SiO2 layer is deposited on the Si core layer, and then, the

TiN heater is sputtered on the SiO2 layer. Figure 5 is

optical micrograph of the filter.

Experimental results and simulation comparison

First, the spectrum of single MRR is measured by applying

different voltage on the heaters as shown in Fig. 6. The

linear fit line of the phase shifts illustrates that it approxi-

mately increases linearly with the increase in the applied

electric power on the heater. The 3 dB bandwidth becomes

wider. Applying voltage on the heaters will lead the center

wavelength shift (\ 0.4 nm) [13]. In the future work, we

will do some work to prevent the wavelength shift.

Then, the spectra of the bandwidth-tunable optical filter

are measured. Figure 7 is the spectrum of the filter without

applying the electric power. The red circle note and the

blue circle note represent different MRR. We can see that

the resonant wavelengths of the two MRRs are different.

When applying different electric power on the heaters of

two U-bend waveguides, the resonant wavelengths will

both shift and close to each other. Then, the two trans-

missions will be combined together which will lead to the

change of 3 dB bandwidth. The resonant wavelengths in

the same MRR are not identical, as shown in Fig. 7. It is

because that the coupling coefficient between the bus

waveguide and the ring is wavelength related. It is not

identical in different resonant wavelength when the critical

coupling occurs. The different resonant wavelength will

lead different Fano resonance. What we choose to expose

in the paper is the largest bandwidth with Fano resonance.

If we adjust the voltage adequately, it will reach the largest

bandwidth in every resonant wavelength.

The measurements can be obtained by applying the

electric power on the heaters of two U-bend waveguides

(H1 and H2). When the electric power on H1 is lower than

H2, the bandwidth is broadening toward the larger wave-

length similar as red-shift, as shown in Fig. 8a. Figure 8b is

the calculated spectra when the extra phase of H1 is lower

than that of H2. When the electric power on H1 is higher

than H2, the bandwidth is broadening toward the smaller

wavelength similar as blue-shift, as shown in Fig. 8c.

Figure 8d is the calculated spectra when the extra phase of

H1 is higher than that of H2. The phenomenon can be

analyzed as follows: when the voltage on H1 is lower than

on H2, which means the extra phase u1 is smaller than u2,

the extinction ratio in transmission 1 is relatively larger

than that in transmission 2, so the waveform broadens

toward the smaller extinction ratio of transmission 2

according to Fig. 4 and finally generates the forward Fano-

resonance wave. The same analysis is the backward Fano-

resonance wave. As is shown in Fig. 8, we can easily find

that the bandwidth broadens apparently both in forward

and backward waves and all of those shapes agree with

theoretical simulations. The largest bandwidth in forward

Fig. 5 Optical micrograph a tunable bandwidth filter b amplifying of

the 1 9 2MMI splitter c amplifying of the ring resonator with U-bend

arm d the grating

Fig. 6 The spectrum of single MRR with U-bend caused by TO

effect

Fig. 7 The spectrum of the device without applying the electric

power
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Fan-resonance shape is 3.09 nm when H1 is applied on

2.5 V and H2 is applied on 7.5 V. It is a little smaller than

3.6 nm which is obtained in the simulated spectrum

(Fig. 8b). The largest bandwidth in backward Fan-reso-

nance shape is 2.82 nm when H1 is applied on 8 V and H2

is applied on 2.5 V. It is also a little smaller than 3 nm

which is obtained in the simulated spectrum (Fig. 8d).

When there is no voltage on two MRRs, the bandwidth is

0.46 nm. In this scenario, the bandwidth of tunable filter is

from 0.46 to 3.09 nm in our experiment, and the extinction

ratio is more than 25 dB, which achieving the functions of

tunable bandwidth filter.

Conclusion

In conclusion, we demonstrate a bandwidth-tunable optical

filter based on microring resonator and MZI with Fano

resonance. The device is fabricated on SOI wafer by

complementary metal–oxide–semiconductor (CMOS)

compatible process. By tuning the phase shifts, we can get

bandwidth red-shift and blue-shift. The tunable bandwidth

from 0.46 to 3.09 nm is obtained and the extinction ratio is

higher than 25 dB. Our wider bandwidth filter can be

compatible with SOI platform and apply for high-speed

and intensive communication channels. It is also a good

candidate for the next generation optical network systems.
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