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A Multiband Microwave Photonic Filter Based on a
Strongly Coupled Microring Resonator With

Adjustable Bandwidth
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Abstract—A bandwidth-tunable multiband microwave photonic
filter (MPF) using a strongly coupled microring resonator (MRR)
with optical phase modulation is demonstrated theoretically and
experimentally. Two notches of the MRR adjacent to the optical
carrier break the intrinsic balance of the phase-modulated signal
and then two sub-MPFs are formed thanks to the conversion from
phase modulation to intensity modulation (PM-IM). The frequency
responses of the two sub-MPFs are superimposed to form a pass-
band with a fixed center frequency. Due to the periodicity of the
MRR transmission spectrum, multiple passbands separated by
a certain spacing appear in the frequency domain and combine
to form a multiband MPF, whose bandwidth can be adjusted by
tuning the wavelength of the carrier. The tunable bandwidth and
shape factors ranging from 0.73 GHz to 2.73 GHz and 5.06 to 1.38
are experimentally performed. The number of passbands can be
reconfigured. The proposed multiband MPF has the potential to
be employed in modern multi-standard wireless communication
systems.

Index Terms—Microwave photonic filter, multiband filter,
comb filter, microring resonator, phase modulation to intensity
modulation conversion (PM-IM).

I. INTRODUCTION

W ITH the rapid development and increasingly widespread
application of wireless communication technology,

communication standards have emerged to adapt to different sce-
narios or applications, gradually integrating many communica-
tion function modules into one communication terminal [1], [2].
In most cases, one type of communication protocol is not limited
to only one frequency band (e.g., WLAN (2.4/5 GHz) and 5G
(3.3–3.6/4.8–5 GHz for China)) [3]. In designing future mobile
communication systems, the requirements of multi-standard and
multi-service systems need to be met, and more compact size
is preferred. Under such circumstances, multifunctional and
multiband devices are ideal choices, where microwave filters are
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key components for frequency selection. Nowadays, spectrum
needs are growing, but spectrum resources are limited, and the
electromagnetic environment has become increasingly complex.
Against this backdrop, research on wideband, high frequency,
anti-interference, and integrability multiband filters help meet
the urgent needs of various wireless communication systems,
including satellite communication, transceivers, radio frequency
identification (RFID), etc. [4], [5], [6], [7]. In addition, comb-
like multiband filters are also applied in spectrum processing,
signal generation, and removal of periodic noise and harmonic
interference [8], [9], [10], [11].

Microwave photonic filters (MPFs) are promising candidates
for RF signal processing due to their advantages, covering
wide operation bandwidth, excellent tunability, reconfigurabil-
ity/programmability, and electromagnetic interference immu-
nity. Most MPFs reported are single-band ones, because such
design is simpler and easier to realize tuning and reconfiguration
features than multiband filters [12], [13], [14]. In recent years,
reports on multiband MPFs have been more based on optical
spectral slicing, optical frequency combs, and phase modulation
to intensity modulation (PM-IM) [15], [16], [17]. However,
several kilometers of fiber are required as dispersion media or
delay lines in these schemes and some systems even require
multiple laser sources or optical filters, which enlarges the size
and complexity of the systems. Microring resonators (MRRs),
as an integrated optical component, are extensively employed in
many fields thanks to their small size, high Q value, and mass
production. Its loopback structure, enables it to support multiple
resonances, and the spacing between them, called free spectral
range (FSR, FSR = λ2/(L·ng)), is dependent on the loop length
[18]. However, relevant studies based on its periodic resonances
characteristics to form a multiband MPF are rare.

This paper theoretically and experimentally demonstrates a
bandwidth tunable multiband MPF. Due to the PM-IM con-
version and the periodic nature of the MRR spectrum, the
optical carrier is paired with notches on both sides of it to
form sub-MPFs. Multiple passbands separated by one FSR are
constituted by the overlapping RF response of them. The band-
width can be tuned by changing the wavelength of the optical
carrier to vary the center frequencies of the sub-MPFs. Unlike
conventional multiband MPF and MRR-based MPF schemes, it
is the first time to form passbands and change the bandwidth
of a multiband filter in this way. The multiband MPF consists
of a tunable laser source (TLS), a phase modulator (PM), an
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MRR, and a photodetector (PD). The application of a single laser
source benefits greatly from skirting optical power mismatches
between lasers and reducing the number of devices such as
optical couplers and wavelength division multiplexers (WDMs).
The introduction of a single MRR contributes to the integration
and the thermal crosstalk problem common in multiple-MRRs
MPF is eliminated. Because bias control is not required, phase
modulation can eliminate the bias drift problem. The system
stands out with a simple, compact and reliable structure, and
lower optical power budgets. Experimental evaluation showed
that the bandwidth tuning range of the proposed multiband MPF
is 0.73-2.73 GHz. During the tuning, the shape factor of the
passband was improved from 5.06 to 1.38. Experiments also
showed that compared with the traditional microwave multiband
filter, the proposed multiband MPF exhibited the following
advantages: high operating frequency, wide tuning ranges of
bandwidth and shape factor, good response consistency of each
passband, flat-top filtering, and the ability to reconfigure the
number of passbands [19], [20], [21].

II. PRINCIPLE

Fig. 1(a) illustrates the schematic diagram of the proposed
MRR-based multiple passbands MPF. The optical carrier from
the TLS with an angular frequency of ω0 is sent to the PM,
where it is phase modulated by an RF signal with an ωe angular
frequency. Only±1 sideband requires consideration under small
signal modulation, and the optical field after PM is expressed
as:

EPM =E0J0(β)·ej(ω0t)+E0J1(β)·
[
ej(ω0+ωe)t−ej(ω0−ωe)t

]
(1)

where E0 stands for the amplitude of the input light, Jn(n = 01)
the nth-order Bessel function of the first kind. β = πVRF/Vπ

is the phase modulation index, where VRF and Vπ serve as
the magnitude of the RF signal and the half-wave voltage of
the PM, respectively. Equation (1) confirms the generation of
the upper and lower sidebands with equal amplitude but 180°
phase shift. Therefore, the direct application of the PD to detect
the phase-modulated signal, generates only a direct current
(DC).

In order to break this anti-phase symmetry, an MRR is em-
ployed to tailor the optical phase-modulated signal. The optical
frequency response of MRR can change the amplitude and phase
of optical carrier and the two sidebands, as shown in Fig. 1(a)
point A. The transfer function of MRR at the through port,
which is derived from the transfer matrix method, is expressed
as follows [22]:{

T (θ) =
∣∣∣ t−αeiθ

1−αteiθ

∣∣∣
Φ(θ) = π + θ + tan−1

(
t sin θ

α−t cos θ

)
+ tan−1

(
αt sin θ

1−αt cos θ

)
(2)

where T(θ) and Φ(θ) refer to the amplitude and phase response
of the MRR at the loop phase shift θ, which is expressed as
θ = 2πneffLω0/c. Among them, neff and L denote the effective
index and perimeter of MRR, respectively, t and α the trans-
mission coefficient in the coupling region and the round-trip
transmittance (lossless: t2+k2 = 1, α = 1), while c the angular

Fig. 1. Schematic diagram of the proposed MRR-based MPF without grating
(a) and with grating (b).

frequency and the speed of light in vacuum, respectively. The
phase-modulated signal transmitted through the MRR can be
further described as

EPM−MRR = E0

{
T (ω0)J0(β)e

i[ω0t+Φ(ω0)]

+ T (ω0 + ωe)J1(β)e
i[(ω0+ωe)t+Φ(ω0+ωe)]

−T (ω0 − ωe)J1(β)e
i[(ω0−ωe)t+Φ(ω0−ωe)]

}
(3)

After considering the amplitude and phase response of the
MRR, the optical signal is fed to a high-speed PD and the pho-
tocurrent is sent to a vector network analyzer (VNA) for analysis.
The RF response of the sub MPFs formed by different notches of
strongly coupled MRR is superimposed to form multiple wide
passbands through PM-IM conversion. The passband bandwidth
depends on the relative position of the optical carrier and the two
notches, which is the spacing between the center frequencies of
the two sub-MPFs, as shown in Fig. 1(a) point B. The results
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can be presented as

iRF = 2ηT (ω0)|E0|2J0(β)J1(β)·
{T (ω0 + ωe) cos[ωet+Φ(ω0 + ωe)− Φ(ω0)]

−T (ω0 − ωe) cos[ωet+Φ(ω0)− Φ(ω0 − ωe)]} (4)

where η represents the responsibility of the PD. As seen from (4)
and points A and B in Fig. 1(a), the output of the PD is affected
by both the amplitude and the phase response of the MRR.

The coupling coefficient k serves as a critical parameter of
the MRR, which directly affects the transmission spectrum of
MRR. In general, a larger coupling coefficient leads to wider
notch bandwidth of MRR. However, the FSR of the MRR is im-
mune to the coupling coefficient, indicating the direct proportion
between the coupling and the ratio of the notch bandwidth to the
FSR [23]. When the coupling coefficient k of the MRR is large
enough, the bandwidth of the notch is only slightly smaller than
FSR and the phase start to change gently at 0.5 FSR below the
resonance frequency, as shown in the inset of Fig. 2(b) (The
optical frequency at a notch is assumed to be ω0n). That means
the amplitude and phase response induced by MRR cannot be
ignored even if the optical carrier and the two sidebands are
far away from resonances. The above-mentioned factors break
the symmetry of the sidebands outside the resonance, so that
the frequency response of the sub-MPFs are no longer directly
mapped from the transmission of the MRR through the PM-IM
conversion, which leads to the change in their bandwidth and
shape, and the contribution to the formation of the proposed
MPF wide passbands. Owing to the periodic arrangement of
MRR notches at the interval of the FSR, the S21 response of the
MRR-based MPF is periodic with the FSR, and the analysis of
the S21 response of MPF in one FSR helps to elaborate the
working principle of the multiband MPF. Fig. 2(a) and 2(b)
demonstrate the simulation results of the proposed MPF. When
the ωe ranges from 0 to an FSR, the bandpass envelopes of
two sub-MPFs are superimposed to form a wideband bandpass
MPF with a center frequency of 0.5 FSR. The bandwidth of
the MPF is influenced by the relative position of the optical
carrier and the two adjacent notches. Specifically, the optical
carrier located at the midpoint of two notches (ω0 = ω0n−0.5
FSR) fails to obtain RF signal from the PD because of the
symmetry of the MRR spectrum. In contrast, the optical carrier
that moves toward one of the notches brings about the further
separation of the center frequencies of the above-mentioned two
sub-MPFs, which enlarges the passband bandwidth formed by
their superposition. The RF response on the PD continues to exist
until the optical carrier moves to the notch (ω0 = ω0n). Given
the symmetry of the MRR spectrum, the variation of the MPF
passband is symmetrical with that in the range of ω0n−0.5FSR
to ω0n when the frequency of the optical carrier lies in the ω0n

to ω0n + 0.5FSR range.
Fig. 2(a) verifies the absence of RF response on MPF both

at ωe = 0 and FSR. When the RF frequency ωe = 0 or FSR,
the amplitude response and phase response of the MRR re-
ceived by the carrier and the two bands are equal, which are
T(ω0) = T(ω0±ωe) and Φ(ω0) = Φ(ω0±ωe). According to (4),
the iRF �0, which indicates that the frequency pointsωe = 0 and

Fig. 2. Simulation results of RF response of MPF when the frequency offset
of the optical carrier is different. The result of amplitude response (a) and phase
response (b) Within an FSR range whenα=0.65, t=0.7. The result of amplitude
response within 4 FSR range when α = 0.65, t = 0.7(c). Inset: (b) The optical
spectrum of MRR in an FSR range.

ωe = FSR are within the stopband of the MPF. Such property
results in a high out-of-band rejection ratio of the proposed MPF.

Owing to the periodic distribution of the MRR notches,
the growth of the ωe gives rise to the periodical presence of
the passband in the frequency domain with a period of FSR.
The center frequency of the Nth passband is (N-0.5)×FSR.
Fig. 2(c) illustrates the simulation results. The analysis of each
passband and stopband is the same as above.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A proof-of-concept experiment is performed according to the
setup in Fig. 1(a). A continuous-wave (CW) light from TLS
(EXFO FLS-2800) is injected into the PM (ixblue MPZ-LN-40)
with electro-optical bandwidth and insertion loss of 33 GHz and
2.5 dB, respectively. The optical carrier is first phase modulated
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Fig. 3. The transmission spectrum of MRR.

by the RF signal from the VNA (Anritsu MS46322B) port 1 with
an RF power of 5 dBm, and then is input into a SiO2 MRR. After
that, the optical carrier is beaten with two tailored sidebands
on a high-speed PD (KG-PD-50G) with 3 dB bandwidth and
responsibility of 50 GHz and 0.65 A/W. Finally, the photocurrent
is sent to port 2 of the VNA and the transmission spectrum of
the proposed MPF is obtained.

A strongly coupled MRR, which is essential for the proposed
MPF as an optical filter, is designed and fabricated with a
diameter 18 mm in order to complete the experiment. A core
made of GeO2+SiO2 is embedded into the SiO2 cladding. The
refractive index of the cladding is 1.4442 at 1550 nm wavelength,
and the relative refractive index difference between waveguide
and cladding is 0.75%. In order to reduce the loss coupled with
single-mode fiber and ensure the waveguide’s sole support of
single-mode transmission, both the width and height of the
waveguide are designed to be 6 μm, which guarantees the
insensitivity of waveguide to polarization. The insertion loss
is about 4 dB. A 50:50 power division design is adopted in the
coupling region, which means that a relatively large coupling
coefficient k (about 0.7) is obtained due to the relation t2+k2 = 1
under ignoring coupling loss. The round-trip transmittanceα can
be written as [24]

α ≈
[
1− π × (

1 +
√
T0

)×Δf

FSR× L

]L/2

(5)

where T0 represents the fraction of transmitted optical power,
and Δf the 3 dB bandwidth of notches. The optical spectrum
analyzer (OSA, Yokogawa AQ6317C) in the laboratory fails
to characterize the accurate bandwidth of MRR owing to its
maximal resolution bandwidth of 0.01 nm, so the transmission
spectrum of the MRR is measured by tuning the wavelengths
of laser in a step of 1pm and recording the optical power
through optical power meter. The transmission spectrum and
the photo of the coupling test with red light of MRR are shown
in Fig. 3. The FSR, T0, and Δf stand at 3.45 GHz, 0.18, and
0.65 GHz, respectively, thus α is estimated to be 0.65 and the Q

Fig. 4 The transmission spectrum of the MPF with different optical carrier
wavelengths (a). The phase shift of MPF with different optical carrier wave-
lengths by experiment (b) or simulation (c).

factor(Q = λΔf/c) is about 300000. The MRR is fabricated by
plasma-enhanced chemical vapor deposition (PECVD).

To show the changing process of passband more clearly,
Fig. 4(a) illustrates the normalized transmission spectrum of
the proposed MPF for one passband. The wavelength of the
optical carrier is tuned from 1549.997 nm to 1550.006 nm, with
the minimum tuning step of 1 pm. When the wavelength of the
optical carrier is set to 1549.997 nm, the optical carrier is closed
to the center of two notches with a relatively narrow bandwidth
of the MPF (0.73 GHz). The normalized amplitude of the MPF is
−5 dB and the shape factor is 5.06 where the shape factor is the
ratio of the 40 dB bandwidth to the 3 dB bandwidth. When the
optical carrier further deviates from the center of two adjacent
notches, the amplitude of the MPF gradually climbs and the
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bandwidth increases in a step of around 0.25 GHz, resulting
in a sharper transition band and the presence of flattop. When
the wavelength of the optical carrier moves to 1550.006 nm, the
optical carrier approaches one of the notches, and the bandwidth
and normalized amplitude of the MPF mount to 2.73 GHz and
0 dB, respectively. The mechanism of PM-IM conversion is
the main cause of monotonically increasing filter amplitude in
tuning the wavelength. The shape factor is improved to 1.38. The
experimental results share the simulation results in Fig. 2(a).

Given the effect of the linear phase response of VNA, a method
for calibrating is required to establish reference planes for phase
response measurement, which is usually realized with calibra-
tion kits. A simpler method is to take the MPF phase response
at a certain optical carrier frequency as the reference plane and
make a difference between the MPF phase response measured
at other optical carrier frequencies and the reference plane to
obtain the phase shift (the MPF phase response at 1550.006 nm
serves as the reference plane), thus clarifying the changing trend
of the MPF phase shift response with the optical carrier changes,
as shown in Fig 4(b). According to the theory in the second part,
the MPF phase response under the optical carrier frequency
offset of −0.05 FSR is taken as the reference plane and the
phase shift simulation results of the MPF under different carrier
frequencies are obtained, as shown in Fig. 4(c). The experiment
results support the simulation results.

Fig. 5 illustrates the multiband MPF electrical spectrum.
The center frequency of the Nth passband records 3.45×(N-
0.5) GHz, and the frequency of the Nth 0 response point is
3.45×(N-1) GHz. The movement of the optical carrier is fol-
lowed by the synchronous change of the bandwidth of each
passband, which supports the simulation results in Fig. 2(c).
The experimental data and the fitting curve of each passband
verify good consistency between passbands. The amplitude of
the passband dips at high frequency due to the degradation of the
S21 response of electrical and optoelectronic devices (including
PM, PD, and cables) with growing frequency. This also means
that the number of passbands can be reconfigured by utilizing the
above-mentioned devices with appropriate working bandwidth.
In addition, adding an optical filter to the link can also recon-
figure. The stopband of the grating can filter out the repeated
notches of MRR, as shown in points A and B in Fig. 1(b). Fig. 6
experimentally shows the normalized transmission spectrum of
the MPF after adding a circulator and a grating with 3 dB
bandwidth of 0.08 nm in the link where the inset shows the
optical spectrum of the grating. The wavelength of laser is set at
1549.928 nm which is also the center wavelength of the grating.
A single passband filter is achieved and the bandwidth is tuned
by changing the temperature of MRR. The experimental results
confirm the reconfigurability of the multiband MPF. However,
limited by the fabrication deviation, the out-of-band rejection
ratio (<25 dB at 0.25 nm away from the center wavelength) and
roll-off of the grating does not perform as expected, which means
that the excess passbands cannot be deeply suppressed. Besides,
the spectral asymmetry of grating introduces interference for
phase-modulated signal so the out-of-band frequency response
of MPF is improved. The two mentioned factors degrade the
out-of-band ratio of MPF.

Fig. 5. Experimental result of multiband MPF transmission spectrum.

Fig. 6. Realization of single-band MPF by adding optical filter with narrow
bandwidth in the link. Inset: The optical spectrum of the grating.

Moreover, the center frequency of each passband of the
multiband MPF only determined by the FSR of MRR, so it is not
susceptible to the external interference, which makes it suitable
for multi-frequency scenarios with fixed operating frequencies.

IV. CONCLUSION

In conclusion, a photonic-based bandwidth tunable multiband
filter is proposed and experimentally demonstrated. Theoretical
analysis has been carried out to describes the implementation of
a strongly coupled MRR, acting as an optical spectrum tailored
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to achieve multiband MPF by PM-IM conversion. The optical
carrier and its two adjacent notches form a bandpass filter
superimposed by two sub-MPFs, where the center frequency
is 0.5 FSR and zero frequency response at DC and FSR. The
relative position of the optical carrier and the two notches can
be adjusted to change the overlapping frequency response of
the two sub-MPFs, thus converting the bandwidth. Owing to
the periodicity of the MRR transmission spectrum, multiple
passbands arranged on the spectrum with FSR as the period
are combined into a multiband MPF. The experiment performed
a bandwidth reconfigurability of 0.73–2.73 GHz, and the shape
factor was improved from 5.06 to 1.38. The number of passbands
can be reconfigured by an optical filter. The proposed multiband
MPF has the advantages of simple structure, high reliability, and
integrability, which makes it have a broad application prospect
in wireless communication and signal processing.
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