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Abstract—To meet the requirement of radio frequency signal
processing tasks among various frequency bands, here we have
demonstrated a reconfigurable microwave photonic bandpass filter
by flipping the optical notch spectrum of a cascaded microring
resonator (MRR) filter pool chip through phase modulation. We
experimentally characterize the cascaded MRR filter pool chip on
the Si3N4 platform and evaluate the system performance of the
established microwave photonic filter (MPF). In the demonstrated
microwave photonic filter system, the center frequency can be tuned
within 5.8-18.2 GHz and the bandwidth can be tuned within 2.1-3.5
GHz. In particular, the MPF system features a response with a
shape factor of ~2.2. With the advantages of reconfigurability and
good shape factor, the demonstrated reconfigurable RF bandpass
filter shows a potential application in future software-defined RF
frontends.

Index Terms—Microwave photonic filter, reconfigurability.

1. INTRODUCTION

ADIO frequency (RF) frontends with broad operation

bandwidth are of growingly need for processing numerous
signal processing tasks over various frequency bands, such
as satellite communication systems [1], arrayed radar signal
receivers [2], and electronic warfare [3]. Recently, software-
defined RF frontends [4], [5] with high flexibility and tunability
are preferred due to their reconfigurability for complicate and
dynamic environments. To realize the tunable RF frontend,
reconfigurable RF bandpass filters are required, which select
the expected operation frequency band [6]. However, achieving
wide operation bandwidth is hard for traditional microwave
devices, and their frequency range is typically restricted to
several gigahertz [7], [8]. Therefore, it is challenging for elec-
tronic methods to construct reconfigurable RF bandpass filters
operating over large frequency range.

Microwave photonic technologies, with various advantages
of wide operation bandwidth, significant reconfigurability and
immunity to electromagnetic interference [9], [10], [11], provide
a potential method to overcome the limitations of RF filters
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in tunability. Furthermore, the response of bandpass MPF is
preferred to have good shape factor, which can increase the
frequency selectivity and the out-of-band suppression [12].

Numerous studies have been conducted on reconfigurable
bandpass MPFs, which can be broadly divided into two types.
The first one is directly mapping the response of a single optical
bandpass filter to the RF domain. In this method, the reconfig-
urability and the shape factor (defined as the ratio of bandwidth
at20 dB to 3 dB) of the MPF are decided by the employed optical
bandpass filter. Typical schemes of the required reconfigurable
rectangular optical filters include series microring resonators
(MRRs) [13], [14], [15], [16], ring-assisted Mach-Zehnder in-
terferometer (RAMZI) [17], [18], [19] and optical lattice filter
[20], [21], all of them face the problem of complicated structure
and high optical loss. In the second type, the response of the
RF bandpass filter is obtained by flipping that of optical notch
filter with the help of the phase modulation. This method can
realize a compact MPF with low cost and low consumption [22].
However, the optical notch filters, which are the key components
in this method, are lack of bandwidth reconfigurability [23]. A
promising structure to solve this problem in the second type is
cascaded MRR filter pool [24], [25]. Cascaded MRR filter pool is
composed of several independent MRR notch filters, of which
the responses can be combined to construct a notch spectrum
with good shape factor. Moreover, this combined optical notch
spectrum is flipped to obtain a RF bandpass response with the
second MPF system. This proposed optical notch filter also fea-
tures much less optical loss and simpler structure [26], compared
with the employed optical rectangular bandpass filter in the
first type. Besides, since the optical loss of the pool is barely
irrelevant to the number of cascaded MRRs, this scheme shows
a potential for further extension to improve the reconfigurability.
Another way to realize MPF system with cascaded MRR notch
filters is to introduce 7 phase shift with over coupling MRRs
in dual sidebands after phase modulation [27], [28]. The phase
difference in two sidebands brings a RF passband after pho-
todetection. This scheme provides great reconfigurability and
low optical loss, but the ripple in passband might be large in part
of those works. A multiband MPF is also realized in this way
with a single MRR [29], which exhibits simple structure and
great bandwidth reconfigurability, but the rejection ratio needs
improve. Except of the methods stated above, alternative solu-
tions for the reconfigurable bandpass MPF, such like stimulated
Brillouin scattering (SBS) [30], are difficult to be integrated, and
the control of them is complex.
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Fig. 1. Schematic of the reconfigurable bandpass MPF. (a) Optical spectrum
of the phase modulation signal. (b) The phase modulation signal after the EDFA.
(c) Optical spectrum of the phase modulation signal after filtering. (d) The
RF response of the MPF. CWL: Continuous wave laser, PM: phase modulator,
EDFA: Erbium-doped fiber amplifier, PD: Photodetector.

In this paper, we report a reconfigurable bandpass MPF with
good shape factor, which is constructed with a cascaded MRR
filter pool and flipping the notch response of optical notch filter
based on the phase modulation. The cascaded MRR filter pool
is composed with six MRRs and fabricated on the silicon nitride
(Si3Ny) platform, with a micro-heater deposited on each MRR.
By adjusting the voltages on the micro-heaters to change the
center frequencies of the MRRs, and thus control the spectrum of
the notch filter pool, we realize a reconfigurable bandpass MPF
with tunable center frequency from 5.8 GHz to 18.2 GHz. The
bandwidth can also be reconfigured within 2.1-3.5 GHz. This
MPF exhibits a filter response with a shape factor of ~2.2 despite
the change of the center frequency and the bandwidth. Besides,
the passband ripples are limited under 2.5 dB. Furthermore,
this work provides a robust framework where the number of
cascaded MRRs can be arbitrarily extended due to the low optical
loss of this notch filter pool. The demonstrated reconfigurable
bandpass MPF may help in future establishment of satellite
communication systems, arrayed radar signal receivers, and
electronic warfare.

II. OPERATION PRINCIPLE

Fig. 1 shows the structure of the proposed reconfigurable
MPEF. The input RF signal is introduced to the optical path
through a phase modulator (PM) and generates a double side-
band signal. Under small signal condition, the phase modulation
signal can be described as

Jo (m) cos (27 fe.t)
Epy (t) =Py +J1 (m)cos (27T(fc+fRF)t+g) s
—Ji (m)cos (27 (fe — frr)t — %)

(D
where P; is the power of the laser source, J,, (n =0,1) is
the n-order Bessel function of the first kind, f; is the carrier
frequency, and frp is the frequency of the input RF signal. The
spectrum of the phase modulation signal illustrated by (1) is
shown in Fig. 1(a), where the two symmetric sidebands with the
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same amplitude and a 180° phase difference are located on either
side of the carrier. The phase modulation signal is then amplified
with an erbium-doped fiber amplifier (EDFA) and processed by
the cascaded MRR filter pool. Here, the center frequencies of all
the MRRs are designed to be tunable. The optical spectrum of
the processed phase modulation signal is displayed in Fig. 1(c).
To simply explain the principle, we suppose that the number
of cascaded MRRs is 2N. The center frequencies are properly
tuned to ensure that each sideband is processed with N MRRs.
This symmetry of the number of MRRs can enable nearly full
anti-phase cancellation between the two sidebands, and thus
increase the rejection ratio and reduce the shape factor of the
RF bandpass response [31]. Furthermore, to obtain a single flat
RF passband in following steps, the center frequency of the ig},
(i= 1,2,...,2N) MRR are required to be described as

f' {fc_f()_(i_l)Af, xS [1, N} 2)
T e+ fo+ (i—1)Af, i€ [N+1, 2N]

where fj) is the distance between carrier frequency and the center
frequency of the nearest MRR in frequency domain, and Af
is the separation between the center frequencies of MRRs. (2)
describes that the MRRs are combined into two notch filters
with the same shape of response and different center frequency
f. — fp, and f. + fR, as shown in Fig. 1(c). The two sidebands
are processed by the combined two notch filters, respectively. In
case that the center frequencies are set as (2), 1, and fr can be
expressed as

N -1

fr.=Jo +TAJC7 3)
3N —1

fr=fo + 5 Af. 4

Afterwards, the signal is fed into the photodetector (PD) and
down converted to radio frequency. The variation of the output
photocurrent can be expressed as

JoJ1H (fo) H (fe + frr)cos (2m fret + 5) +
Aipp < JovH (fe) H (fe — frr) cos (2m frrt — 5) + ¢,
J12H (fc+fRF) H (fc — fRF) cos (47TfRFt + 7T)
(5)
In (5), H(f) expresses the notch response of the filter. The

terms with frequency beyond RF range are omitted. Consider
that Jo(m) >> J;(m), (5) can be simplified as

AipD 0.8
(H (fe+ frr) — H (fe — frF)) (6)
cos (27rfRFt+ %),

or in frequency domain,

Hpp (frr)
|H (fe+ frr) — H (fe — frF)|.

Equation (7) reveals that the RF response of the MPF system
depends on the combination of the notch filtering spectrum in
the two sidebands. Hence the two notch filter spectrums applied
on the two sidebands are flipped and combined into a single
passband filtering spectrum. As shown in Fig. 1(d), the center

(N



LU et al.: RECONFIGURABLE RF FILTER BASED ON CASCADED MICRORING RESONATORS

Hunar s = 4.45 dB

= Ripple |5 12.88 d

Transmission/dB
RF Transmission/dB

20 -20

Normalized Frequency/GHz Frequency/GHz

(a) (b)

Fig.2. (a) The theoretical optical transmission spectrum of the cascaded MRR
notch filters. The bandwidth of each MRR is 0.8 GHz, and Af is 2 GHz. (b)
The corresponding theoretical RF transmission spectrum. The passband ripple
is compressed to 1.93 dB.

frequency of the constructed MPF is decided by fr, and fR,
and the bandwidth depends on Af. The center frequency can
be expressed as

2N —1
fupr = w TAf' ¥

Since fr,, fg and Af in (8) are all tunable through chang-
ing the thermal voltages, the RF response exhibits promising
reconfigurability. Meanwhile, the combination of several notch
filtering spectrums induces good shape factor. Hence, we realize
a reconfigurable MPF with small shape factor.

To obtain a flat passband response, Af is required to be
below the 3-dB bandwidth of the MRR to limit the ripple of the
notch spectrum. Moreover, the proposed scheme shows great
performance in compressing the ripple in the transformation
from optical notch spectrum to RF bandpass spectrum. The RF
passband ripple could be described as:

=fo +

1-H min
RRF,dB = ].0 log — Hmax. (9)
according to (7), where Hy,.x and H,,;, are the maximum
and minimum transmittance in the stopband of the notch filter,
respectively. In case that Hy, .« equals to 0.36 and the ripple in
notch spectrum is 12.83 dB (i.e., Hy,i, = 0.01), the RF passband
ripple is simulated to be 1.93 dB, as shown in Fig. 2.

We further evaluate the ripple compressing performance by
changing the maximum transmittance of the notch spectrum. As
shown in Fig. 3, the ripple could be compressed logarithmically
from optical notch spectrum to RF bandpass spectrum. This
shows a potential for realizing limited passband ripple with
proper H,,,,x in this scheme.

III. CHIP FABRICATION AND EXPERIMENTAL RESULTS

Fig. 4 displays the experimental construction of the proposed
reconfigurable bandpass MPF. A continuous wave laser with
14.2 dBm output power at 1552.28 nm is connected to a PM.
The output phase modulation signal is then amplified with an
EDFA to compensate the optical loss induced by the PM and
reaches 16 dBm power. The amplified phase modulation signal
is subsequently coupled into the fabricated cascaded MRR filter
pool chip. The chip is demonstrated on the SisN, waveguide
platform, and the fabrication process has been stated in a previ-
ous paper [32]. The MRR filter pool are cascaded by six MRRs,
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Fig. 3. The relation between RF passband ripple and optical notch spectrum
ripple with different Hy,ax.
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Fig.4. Experimental construction of the MPF. A micrograph of the fabricated
Si3Ny4 chip is also displayed. PC: Polarization controller, TEC: thermo electric
cooler, VNA: Vector network analyzer.

occupying an area of 6.5 x 1.8 mm, as shown in the inset of
Fig. 4. Here, the diameter and the coupling gap of all the MRRs
are set to be 210 um and 1.1 um, respectively. Besides, micro-
heater is employed on each MRR to control the corresponding
center frequency. Furthermore, we place a thermo-electric cooler
(TEC) under the SigNy chip for stabilizing the center frequencies
of this filter pool in fluctuating environmental conditions. The
optical coupling loss of the SisN, chip is measured to be about
4.5 dB/facet, while the fibre-to-fibre optical insertion loss is 10.3
dB. A PD is applied after the chip to down convert the signal
to the electrical domain. A vector network analyzer (VNA) is
employed to measure the RF bandpass response of this MPF
link.

In Section III-A, we measure the optical transmission of the
fabricated SigNy chip, and the FSR and bandwidth of each
MRR are evaluated. Besides, we analyze the thermal-optical
tuning characteristic of the MRRs. In Section III-B, we measure
the RF response of the MPF based on this chip. Furthermore,
we experimentally exhibit the reconfigurability of its center
frequency and bandwidth.

A. The Measuring of the Fabricated SigN; Chip

We measure the transmission spectrum of the fabricated
cascaded MRR filter pool chip through an advanced optical



5501006

Transmission (dB)

MRR 2

20 :
193.3 193.305 193.31 193.315 193.32 0 50 100 150 200 250 300
Frequency (THz) Heating Power (mW)

(a) (b)

MRR 3

Normalized Frequency Tuning (GHz)

Fig.5. (a) The optical transmission spectrum of the cascaded MRR notch filter.
Thermal voltages are applied to divide the six MRRs and construct a uniformly
distributed center wavelength. (b) The thermo-optical tuning characteristic of
the chip.
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Fig. 6. (a) The normalized transmission spectrum of the cascaded MRR notch
filter and the normalized laser spectrum. (b) The corresponding RF filtering
response.

spectrum analyzer (OSA, APEX, AP2081B) with a built-in
tunable laser, as shown in Fig. 5(a). The free spectrum ranges
(FSRs) of all the MRRs are measured to be 260.8 GHz, and
their bandwidths are 880 MHz. Besides, the extinction ratios of
all the six MRRs are all below —13 dB. By applying voltage
on the micro-heater, the temperature of the corresponding MRR
increases, which leads to the change of the refractive index. In
this way, the center frequency of the MRR is tuned. We measure
the center frequencies of the six MRRs under increasing heating
power through the monitor ports. The thermo-optical tuning
characteristic of the MRRs are displayed in Fig. 5(b), and we
observe a good linear correlation between the frequency tuning
and heating power of about 0.15 GHz/mW. Meanwhile, each
MRR shows an over 30 GHz tuning range with a heating power
of up to 240 mW, which induces great flexibility to the notch
spectrum of the chip.

B. System Performance

We establish the reconfigurable bandpass MPF with the cas-
caded MRR filter pool chip stated above. Firstly, we adjust
the thermal tuning voltages on the six MRRs to meet the
requirements of the center frequencies stated in (8), and the
corresponding tuning powers are 50.9 mW, 28.2 mW, 4.8 mW,
68.7 mW, 39.2 mW, and 22.0 mW, respectively. The obtained
normalized optical spectrum of the cascaded MRR filter pool
and the normalized spectrum of the laser source are shown in
Fig. 6(a). Here, the difference between the center frequency of
the left notch filtering spectrum and the laser is 5.23 GHz, and the
difference of the right one is 6.42 GHz. Besides, the separation
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Fig. 8. (a) Bandwidth tuning of the MWP bandpass filter from 2.1 GHz to 3.5
GHz. (b) The shape factor and the passband ripple of the filtering spectrum in
(a).

between the center frequencies of MRRs is about 510 MHz.
Hence, a RF bandpass response with a center frequency of 5.82
GHz is obtained as shown in Fig. 6(b). The 3-dB and 20-dB
bandwidth of the RF response are 2.58 GHz and 5.68 GHz,
respectively. Thus, the shape factor of the RF bandpass response
is determined to be 2.2. Besides, the rejection ratio of the RF
response is 32.07 dB.

We then evaluate the reconfigurability of the MPF system. We
fix the Af and change the f; of the optical filtering responses to
evaluate the center frequency tunability of the proposed MPF.
The obtained normalized optical spectrum is characterized in
Fig. 7(a). Hence, the corresponding center frequency tuning
within 5.8-18.2 GHz is shown in Fig. 7(b). The RF responses of
the MPF at different center frequencies exhibit approximately
the same bandwidth of ~2.5 GHz and shape factors of ~2.2.

On the other hand, the bandwidth reconfigurability of the
MPF system is evaluated. By adjusting Af of the optical filtering
responses with fixed fy, the 3-dB bandwidth of the RF response
is demonstrated to be tunable from 2.1 GHz to 3.5 GHz, as shown
in Fig. 8(a). The shape factors of the bandpass MPF responses
are maintained around 2.2 with the bandwidth tuning, as shown
in Fig. 8(b). Besides, the passband ripples of the RF responses
are kept below 2.5 dB.

We investigate the RF link performance of the proposed MPF
system with the method of two-tone test [33]. Two tone signals
centered at different frequencies with a frequency interval of
20 MHz are generated by two synthesized signal generators.
We feed the two-tone signal into the MPF system and measure
the output powers of fundamental tones and intermodulation
distortion (IMD) tones with different RF input powers. The
measured RF gain, noise factor (NF) and SFDR are evaluated
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Fig.9. (a) Measured RF spectrum after being processed by the proposed MPF
system. (b) Measured RF Gain, NF and SFDR with the two-tone test signal
centered at 6.005 GHz and the MPF centered at 6 GHz.
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Fig. 10. RF Gain, NF and SFDR of the MPF system measured as functions at
different frequency.

by fitting the measured powers and the input RF powers as
functions, which are shown in Fig. 9(b).

Fig. 10 displays the RF Gain, NF and SFDR with the two-tone
test signal centered at different frequencies. Within the center
frequency tuning range (5.8-18.2 GHz), the proposed MPF
system maintains good RF link performance: the RF Gain ranges
from —42.13 dB to —40.25 dB, the NF ranges from 73.95 dB to
76.03 dB, and the SFDR ranges from 82.15 dB-Hz? to 83.62
dB-Hz?3.

Furthermore, we repeat the experiments stated above with
only four of the six cascaded MRRs to evaluate the robustness
of the MPF system, where the center frequencies of the other
two MRRs are tuning 20 GHz away from the optical sideband.
Here, by fixing the Af and change the f; of the optical filtering
responses, the center frequency of the proposed MPF can be
tuned within 2.0 GHz-18.1 GHz, as shown in Fig. 11(b). In
Fig. 11(a), we characterize the normalized optical spectrums of
the applied four cascaded MRRs corresponding to the displayed
RF responses in Fig. 11(b). The RF responses of the MPF
at different center frequencies exhibit approximately the same
bandwidth of ~1.8 GHz and shape factors of ~2.1. In this
way, the tuning range of the bandwidth of the proposed MPF
system could be further extended by changing the number of
the cascaded MRRs, which demonstrates the scalability of the
scheme. Besides, as mentioned before, the fibre-to-fibre optical
insertion loss is 10.3 dB and the optical coupling loss is 9 dB,
which indicates that the on-chip optical loss of the cascaded
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Fig. 11. (a) The optical spectrum of the notch filter in different working
frequency in the case that four MRRs are cascaded to form the notch filter. The
spectrum of the laser source is shown with black line. (b) The corresponding RF
filtering response tuning from 2 GHz to 18 GHz.

MRRsis 1.3 dB, oran average of 0.2 dB per MRR. Therefore, the
optical loss is barely irrelevant to the number of cascaded MRRs,
and this scheme shows a potential to integrate more MRRs into
the filter pool and achieve broader tuning bandwidth.

IV. CONCLUSION

In conclusion, we have demonstrated a reconfigurable RF
bandpass filter with good shape factor based on a cascaded MRR
filter pool on SizNy platform. The demonstrated microwave
photonic filter system shows reconfigurabilities of both center
frequency and bandwidth with a good shape factor of ~2.2 and
a high rejection ratio of ~32 dB. The center frequency can be
tuned from 5.8 GHz to 18.2 GHz and the bandwidth can be
tuned from 2.1 GHz to 3.5 GHz. Comparing to the works based
on cascaded MRRs before, we directly apply the combination
of the optical notch spectrum to control the sidebands rather
than introduce 7 phase shift. Therefore, our scheme provides
an optimized passband ripple in broadband usage, which could
reduce the distortion of RF signal. Moreover, with only part of
MRRs in the working band, the proposed could offer a reduced
bandwidth of ~1.8 GHz for different RF applications. Besides,
this scheme exhibits a significant potential for further extension.
The proposed scheme is expected to play an important role in
future broadband RF applications.
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