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Abstract: A tunable microwave photonic notch filter with ultrahigh radio frequency (RF)
rejection ratio is achieved by using a dual-drive Mach—Zender modulator and a microring
resonator. In addition, we dedicated to clarify the mechanisms of the microwave photonic
notch filters based on a microring resonator under both overcoupled and undercoupled
states and the performance differences between these two situations are investigated in
detail. Furthermore, the experimental results show that the cancellation microwave photonic
notch filter with ultrahigh RF rejection ratio can be achieved with both undercoupled and
overcoupled microring resonators. Besides, an RF rejection ratio exceeding 50 dB was
achieved for a microring resonator with an optical extinction ratio of only 4 dB, where
a 46-dB enhancement from optical to RF response is obtained. Also, the bandwidth of
the microwave photonic filter can tuned from 0.65 to 2.2 GHz by adjusting the coupling
ratio of the ring resonator. Meanwhile, by tuning the wavelength of the optical carrier, the
filtering frequency can be tuned and a tuning range of about 25 GHz was achieved. The
implementation is much simpler and more economical compared with previous reports and
has great potential in monolithic integration of microwave photonic filters on chip.

Index Terms: Microwave photonics, Microring resonator, Optical filter, Integrated optics
devices.

1. Introduction

Microwave photonics (MWP) offers new methods of the transmission and processing of radio fre-
quency (RF) signals within optical domain with outstanding features as compared to the traditional
microwave technologies [1]. Among the microwave photonics signal processing subsystems, mi-
crowave photonic filter is one of the typical components and has been broadly studied and applied.
Compared with conventional electronic microwave filters, MWP filters have enormous advantages
for their large frequency tuning ranges, reconfigurability and immunity to electromagnetic interfer-
ence [2], [3]. It is widely used for numerous MWP applications and to form MWP signal processing
systems with more complex functionalities including arbitrary waveform generation, optical beam-
steering, analog-to-digital conversion, frequency measurement, etc. Among the MWP filters, the
MWP notch (or bandstop) filter is adopted to eliminate the unwanted RF signals. Removing inter-
ferers in some radio systems, such as cognitive or ultrawideband radios, requires a very high notch
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peak rejection usually larger than 50 dB. And such applications require the MWP notch filter to
have a high RF rejection ratio, a large frequency tuning range, and a tunable bandwidth in some
cases. MWP notch filters are usually implemented via sideband filtering using the stimulated Bril-
louin scattering (SBS) effect [4], [5] or optical filters based on optical delay lines [6], fiber Bragg
gratings [7], [8], Lyot loop filter [9], microring resonators (MRRs) [10]-[13]. Some studies combined
the nonlinear effects with silicon [14] and silicon nitride (SizN4) MRRs [15] to build MWP notch
filters. Among these schemes, MWP notch filters based on the MRRs are of the biggest concern
because MRRs can be monolithic integrated with other optical components conveniently. Further-
more, taking the advantage of electro-optic effect or thermo-optic effect, the extinction ratios and
resonance frequencies of MRRs can be tuned easily and quickly. Hence, such MWP notch filters
have tunability and reconfigurability that can be flexibly controlled.

A simple way to realize the MWP notch filter is combining the optical single sideband (OSSB)
modulation with an optical filter such as MRR, taking the advantage of one-to-one mapping between
the optical and radio frequency (RF) responses [3], [16]. However, the RF rejection ratio of such
MRR based MWP notch filter is limited by the optical extinction ratio of the MRR, which is typically
less than 30 dB due to the fabrication tolerances. To solve this problem, some MWP notch filters
with ultra-high peak RF rejection ratios based on optical double sideband (ODSB) modulation by
constructing destructive interferences between the mixing of the two optical sidebands with the
optical carrier were proposed. There are two ways to achieve such destructive interference. One
is to tailoring the amplitudes and phases of the two first order optical sidebands using special
designed optical filters, such as two cascaded MRRs, under conventional ODSB modulation [17]
which needs to precisely control the two rings simultaneously. This brings the difficulty in the
operation of such MWP notch filter. Another way is to control the optical sideband suppression ratio
(OSSR) of the modulated signal by varying the direct current (DC) biases of the modulator, such as
the dual-parallel Mach-Zehnder modulator (DPMZM) [4]. However, there are three biases needed
to be controlled in DPMZM when demonstrating the filter experimentally because the biases of
the modulator will drift over time. That makes the control system of the MWP filter complex and
costly. Besides, the effects of the over-coupled (OC) and under-coupled (UC) states of the MMR
on the MWP notch filter are not clarified. Shahnia et al. has proposed an MWP notch filter based
on a bias-free phase modulator and a Fourier-domain optical processor (FD-OP) [18]. An improved
solution is to use dual-drive Mach—Zehnder modulator (DDMZM), which has only one DC bias,
instead of the DPMZM. Assisted with a fiber Bragg grating (FBG), an MWP notch filter based on
DDMZM was proposed by Han et al. [19]. However, it is still hard to be monolithic integrated for
both FD-OP and FBG.

Although the cancellation MWP notch filters based on MRRs have been widely studied, the
former researches are mainly based on the nonlinear effects of MRRs or the over-coupled MRRs
to achieve such MWP notch filters with ultra-high rejection ratios. In this paper, we dedicated
to further clarify the mechanism of the MWP notch filter based on MRR under both OC state
and UC state and investigated its properties. Hence, we proposed an MWP notch filter using
a DDMZM assisted with a single MRR whose coupling state can be varied via thermo-optic
effects. By controlling the DC bias of the DDMZM, the OSSR was manipulated to realize different
modulation schemes. The phases of the mixing of the two optical sidebands and the optical carrier
are depended on the interactions between the MWP link and the MRR. Thus, the MWP notch
filters under different modulation schemes combined with MRR with different coupling states show
different RF features. We have theoretically analyzed the mechanism of the proposed MWP notch
filter and experimentally verified the filter's performances by employing an MRR based on SigNy
platform. By optimizing the DC bias and the extinction ratio of MRR, an RF peak rejection ratio
exceeding 55 dB under both OC and UC states have been obtained. Furthermore, we also found
that a RF rejection ratio of 50 dB can be achieved with an MRR whose extinction ratio is as low
as 4 dB. That means a twelve folds of rejection ratio enhancement were achieved when mapping
from optical field to RF field. Moreover, by varying the frequency of the optical carrier, the filtering
frequency of the MWP notch filter can be tuned with a tuning range over 25 GHz. Comparing with
the scheme based on DPMZM, there is only one DC bias to be controlled in the DDMZM scheme,
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Fig. 1. (@) The scheme of the proposed MWP notch filter. (b) The principle diagram of the MWP notch
filter in frequency domain.

that makes it easier to implement a more stable MWP notch filter. And making use of the SizNy4
MRR, it is convenient to be integrated monolithically for the MWP system on chip in the future.

2. Principle and Theoretical Analyses

The schematic diagram of the proposed MWP notch filter is shown in Fig. 1. Via a 90° hybrid
coupler, two RF signals with a phase difference of n/2 are generated by splitting the signal from the
RF source. Then, the two RF ports of the DDMZM are driven by the two split RF signals, respectively.
By controlling the DC bias of the DDMZM, we can modify the phase difference (denoted as Ag =
7Vpc/Vy.pc) between the optical signals of the two MZI arms.

The modulated optical signal can be expressed as [20]:

E(f) = %Ec exp (iwgh) {exp [i% cOs (wel) + iAgo} +exp [i% cos (e + g)} } (1)

Where g is the phase modulation index defined as 8 = #Vx/V,.«, Vi is the amplitude of the RF
signal and V,  is the RF half-wave voltage of the DDMZM. w; and w, are the angular frequency
of the optical carrier and RF signal, respectively. Making use of the Jacobi-Anger expansions, the
electric fields of the optical carrier and two first order optical sidebands after the ODSB modulation
are expressed as:

Eo = 1Ecdo (L) [1 + exp (iap) exp (i)
E_4 _5 E Jq %) exp (iAp+i%) + 1] exp[i (we — we) 1] (2)

Eiq = 1Eods %) exp (ing +i%) — 1] explli (ws + we) 1]

N—"
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Fig. 2. (a, b) The amplitudes and phases of the optical carrier and the two first order optical sidebands
vary with the DC bias of DDMZM. (c) The schematic diagrams of the three modulation schemes under
the three specific DC bias.

Where Jop and J; are the Bessel functions of the first kind. According to Eq. (2), the amplitudes and
phases of the optical carrier and the two first order optical sidebands can be adjusted by controlling
the DC bias as shown in Fig. 2.

As seen in Fig. 2, when the DC bias is tuned to obtain A¢ = 0, the two first order sidebands
have the same amplitudes and the system is under the ODSB modulation (actually the equivalent
phase modulation). When the DC bias is set as quadrature bias (A¢ = 7/2), an OSSB modulation is
generated with the —1st order optical sideband suppressed completely and the OSSR tends to be
infinity. Furthermore, when the DC bias is tuned to realize A¢ = 7, the optical carrier is suppressed,
while the two first order sidebands have equal amplitudes. This condition is known as the double
sideband with suppressed carrier (ODSB-SC) modulation.

First, the MWP link without optical filter is analyzed. The modulated signal is fed to the photode-
tector directly and the optical signal is converted into the RF photocurrent expressed as [20]:

IrF(we) o< Eo*E 41 + EoE 1" 3)

Vol. 11, No. 1, February 2019 5500313



IEEE Photonics Journal Performances of Microwave Photonic Notch Filter

1 . : -
— Mixing of Ec and E-1 g3/
b — Mixing of Ec and E+1 e}
2 Sos 1 9
3 B o 2
o 9 o))
0.6
T 0o £
Q o X
= o4} =
© X “= 0
E S .
S w02} 3
Z © g -4 b ——Mixing of Ec and E-1
0 o ( ) ——Mixing of Ec and E+1
0 w4 2 3mn/4 m 0 2 m
Phase Difference Ag Phase Difference A

Fig. 3. The normalized powers (a) and phases (b) of the two mixing products vary with the phase
difference induced by DC bias.

The two terms on the right side of Eq. (3) are the mixing products of the two first order sideband
and the optical carrier, respectively. According to Eq. (2), the amplitudes and phases of the two
mixing products are dependent on the phase differences induced by DC bias of the DDMZM. The
mixing products of the two first order sideband and the optical carrier are illustrated in Fig. 3.

When A¢ = 0, the mixing products have a phase difference of n. In this case, the ODSB
modulation has the same properties as a phase modulation [19]. When 0 < Ag¢ < 7/2, the phase
difference of the two mixing products is 7, whereas, when n/2 < A¢ < 7, the two mixing products
have the same phase. As introduced in the last part, to obtain an MWP notch filter with ultra-high
rejection, the mixing products of the two first order sidebands and the optical carrier should fulfill the
cancellation condition, i.e., the mixing products should have the same amplitudes and should be
antiphase. When 0 < Ag < n/2, the antiphase condition is naturally met. Hence, by suppressing the
mixing product with the larger amplitude without changing its phase, the cancellation condition can
be matched. Meanwhile, when 7/2 < A¢ < m, both amplitudes and phases of the mixing products
should be controlled. So MRR under both the UC and OC states is adopted in this work to meet
the amplitude and phase requirements of RF cancellation and construct the MWP notch filters.

The transfer function of the MRR is expressed as [21]:

_ Eout _ rrpa—te™™
H(w) = En © 1—atei¢() “)

Where a and t are the round trip transmission coefficient and the self-coupling coefficient of the
MRR, respectively. ¢ is the round trip phase shift of optical signal traveling around the resonator,
which is expressed as:

o Ne(w)L

o) = ——— (5)

C

Where w is the angular frequency of light, c is the light speed in vacuum, L is the perimeter of
the MRR, ngx is the effective index of the waveguide mode, which is frequency dependent if the
modal dispersion is taken into consideration. Among those parameters, a and t are the two vital
parameters that determine the transmission spectra of the MRR. The MRR is inserted between the
DDMZM and the photodetector to tailoring the optical sidebands of the modulated signal. Then, the
processed optical signal is converted into RF photocurrent by the photodetector and is given by [20]:

Irr(we) o Eo™H (we)"E 41H (we + we) + EoH () E—1"H (we — we)” (6)

Assuming that the resonance frequency of MRR is set at the —1st order sideband as w.—we and
the MRR has no effect on the optical carrier and the +1st order sideband, which means H(w.) =
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H(we + we) = 1. Then, Eq. (3) can be approximate as:
Ire(we) o< Eo*E 11 + EoE _1"H (we — we)” (7)

As known, when a < t, the MRR is under the UC state and a phase shift of zero is obtained at
the resonance frequency. While for a > t, MRR is under the OC state, a 7 phase shift is existed at
the resonance frequency. So according to Fig. 3, when 0 < A¢p < /2, MRR under the UC state
can meet the cancellation condition while MRR under OC state can fulfill the cancellation condition
when /2 < Agp < m. Then by well tailoring the two first order optical sidebands, a cancellation
MWP notch filter with ultra-high RF rejection ratio can be realized for the MRR working on both the
UC and OC states theoretically. And experiments were carried out to demonstrate the cancellation
MWP notch filters based on these two cases.

3. Experimental Results and Discussion

In this part, experiments were implemented to verify the proposed MWP notch filter without an EDFA
and the properties of the MWP notch filter were investigated. An optical carrier from a tunable laser
(Santac WSL-100), with 15 dBm output power, is modulated by a DDMZM (Fujitsu 40 Gbps LN
Modulator) with an RF half-wave voltage of 3.8 V and optical insertion loss of 7 dB. The DDMZM is
driven by the RF signals from a vector network analyzer (Agilent N5242A) with a 90° hybrid coupler
(Krytar MODEL 3017360K). Then, the optical output of the DDMZM is sent to the SizNs MRR
fabricated using the TriPleX low-loss waveguide technology. The structure of the MRR is shown in
Fig. 4.

As seen, there is a heater (Heater 1) over the MZI structure and the coupling coefficient t is
tunable through thermo-optic effect of SisN4 under different heating power. Hence, the extinction
ratio of the MMR can be controlled. Another heater (Heater 2) was designed to realize the tuning of
resonance frequency. The coupling loss between the fiber and the chip is about 5 dB by the edge
coupling method. Then, a photodetector (Finisar XPDV2120RA), whose responsivity is 0.65 A/W,
was adopted to retrieve the RF output signal. Finally, the RF output signal was sent back to the
vector network analyzer to obtain the response of the system.

Before inserting the MRR into the MWP link, we have measured the optical transmission spectra
using Agilent Lightwave measurement system (81640) and investigated the ERs of the MRR under
different driven voltages applied upon the heater and we have figured out the OC state and the
UC state of the MRR. The dependence of the ERs on the driven voltage is illustrated in Fig. 5(a).
When the driven voltage is set near 10.4 V, the maximum of ER of about 22 dB was obtained and
the MRR is close to the critical coupling state. When the driven voltage is smaller than 10.4 V, the
ER is positively correlated to the driven voltage and the MRR is under the OC state. While the
ER is negatively correlated to the driven voltage that is larger than 10.4 V and the MRR is under-
coupled. By fitting the spectra of the MRR under different driven voltages using Eq. (4) and Eq. (5),
we obtained the relationship between the coupling efficient f and the driven voltage as shown in
Fig. 5(b). We found that the round trip transmission coefficient a is about 0.95 (corresponding to
the loss of the waveguide of about 0.48 dB/cm). When the driven voltage is 10.4 V, the coupling
coefficient tis about 0.95 and the critical coupling condition (a = {) is fulfilled. Hence, by controlling
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Fig. 6. The RF spectra of the MWP notch filters with different DC bias voltages of the DDMZM for the
(a) OC MRR and (b) UC MRR.

the heater’s driven voltage, the OC and UC states of the MRR can be easily switched. We should
note that the dependence of coupling coefficient on the driven voltage will be affected by the
fabrication deviation of the MRR. Hence, for different MRR, the properties of MRRs will be different
our measured results here.

Then, by inserting the MRR into the MWP link, we have investigated the dependence of the RF
spectra of the MWP notch filter on the DC bias of the DDMZM. A frequency sweep signal was
generated to drive the DDMZM with an RF power of 0 dBm and the RF spectra responses were
obtained. As is discussed in the last part, under different DC biases, the modulation schemes are
different and can lead to the different RF spectra responses. Fig. 6 shows the RF spectra of the
MWP notch filters with different DC biases of the DDMZM for the OC MRR and UC MRR.

The frequency of the optical carrier is tuned to be 10 GHz larger as relative to resonance frequency
of microring resonator. Thus, the filter frequency of the MWP notch filter is set as 10 GHz and the
optical ER of the MRR is adjusted to be about 15 dB for both the UC and OC cases. Under both the
OC and UC states of MRR, the MWP notch filter turns to be a bandpass filter when DC bias is near
zero. In this case, the MWP link is under an equivalent phase modulation scheme [22]. When the
bias voltage is set near the half-wave voltage V, (about 4.8 V), the MWP link is under the ODSB-SC
modulation scheme, and the RF response of the MWP notch filter has a low RF gain due to the
suppression of the optical carrier. When the bias voltage is set about 3 V for the OC MRR and about
1.7 V for the UC MRR, the proposed MWP notch filter is optimized to obtain the largest rejection
ratios over 55 dB and the cancellation conditions are fulfilled. We also measured the optical spectra
under the OSSB modulation, the optimized modulation, the equivalent phase modulation, and the
ODSB-SC modulation. The simulated and experimental results of the MWP notch filter and their
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Fig. 7. The experimental and simulation results of the MWP notch filter and their corresponding mod-
ulated optical spectra before passing the MRR under (a, b) OSSB modulation, (c, d) the optimized
modulation, (e, f) equivalent phase modulation, and (g, h) ODSB-SC modulation. An RF signal with
10 GHz frequency was applied on the DDMZM when measuring the optical spectra.

corresponding optical transmission spectra before passing the MRR were illustrated in Fig. 7. The
optical spectra were measured with a 10 GHz frequency RF signal applying on the DDMZM to
modulate the optical signal. The experimental results match well with the simulation results. There
is a deviation of RF gain between the experimental and simulation results especially at the high
frequency. It is mainly resulting from the responsibility decreasing of the photodetector at the higher
frequency. Also, the experimental filter frequencies are not aligned exactly at 10 GHz and leads to
the frequency shift with respect to the simulation results.

Then, we studied the impact of optical ER of the MRR on the RF response of the MWP notch
filter. By tuning the heating power applied on the heater of MRR, the transmission coefficient t of
MRR is modified to control the extinction ratio of MRR. By varying the extinction ratio of MRR from
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Fig. 8. The RF response under MRR with different extinction ratio, (a) for the OC state and (b) for the
UC state. (c—d) the comparison of FWHM of MRR spectra and RF spectra of the proposed MWP notch
filter with different ERs under OC and UC states.

4 dB to 22 dB and controlling the DC bias simultaneously, we have observed that the RF rejection
ratio of the MWP notch filter can be achieved over 50 dB with an ER of only 4 dB under both the OC
and UC states of MRR as illustrated in Fig. 8(a) and Fig. 8(b), respectively. When the optical ER is
larger than 4 dB, the optimized RF rejection ratio can be further improved to 55 dB. Moreover, the
RF gain is increasing when enlarging the ER under both OC and UC states. For the OC state, a
smaller optical ER is corresponding to a larger DC bias needed for the cancellation condition. The
mixing products of optical carrier and the two first order sidebands are decreasing as the increasing
of DC bias, and results in the decreasing of the RF gain. While switching the MRR to the UC
state, a smaller DC bias is required to realize a cancellation under a smaller optical ER, so the
mixing products are increasing. However, the phases of the two mixing products are opposite at
the non-resonance region of MRR. Hence, a more intense destructive interference between them
is occurred and leads to the decreasing of the RF gain when the extinction ratio is small. Although
the cancellation MWP notch filter can be realized with different ERs, when considering the RF gain
of the filter, a larger optical ER is preferred. On the other hand, a larger optical ER requires a larger
OSSR to match the two mixing products between optical carrier and the two first order optical
sidebands, which is harder to be achieved in experimental implements.

We also noticed that the full width at half maximum (FWHM) of the MRR’s resonance peak is
also changed with the varying of extinction ratio. And the changing of the MRR’s FWHM leads to
the variation of MWP’s FWHM. The FWHM is determined by the properties of the MRR and is
related to the Q-factor of the MRR. Eq. (8) reveals the relationship between FWHM, Q-factor and
the properties of the MRR [21].

Fwpy = PSR 1-at (8)
T Jat
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Where the FSR is the free spectra range of the MRR. The round trip transmission coefficient a
and FSR are constants and the FWHM can be modified by controlling the coupling coefficient &
According to Eq. (8), the larger tis, the narrower FWHM will be. A comparison between the FWHM
of MRR’s optical spectra and RF spectra of the proposed MWP notch filter with different optical
ERs is shown in Fig. 8(c) and Fig. 8(d). The theoretical and measured FWHMSs of the RF spectra
have the same trends as the FWHM of the optical spectra when tuning the ER of MRR. And the
MWP notch filter based on UC MRR has a narrower FWHM than that of OC MRR theoretically and
experimentally.

As known, the FWHM of MRR’s optical spectrum is correlation to the Q-factor of the resonator
as expressed by Eq. (9).

Q= Fwhm ©)

Where f; is the resonance frequency of the MRR. The Q-factor is formally defined as the ratio of
the stored energy circulating inside the resonator to the energy lost per optical cycle. For an MRR
optical filter, the energy loss in the resonator is determined by two factors: the round trip loss a of
the resonator and the coupling loss from the resonator to the straight waveguide (that is +/1 — 2
here). Eq. (9) can be derived from the formal definition of Q-factor [23]. The round trip loss a is
a constant for a certain fabricated MRR. Thus, the energy loss of the resonator is determined by
the coupling loss +/1 — 2. Therefore, a larger self-coupling coefficient t leads to a smaller power
loss and a larger Q-factor of the MRR and finally results in a narrower FWHM under both OC and
UC states. The self-coupling coefficient t of UC state (a < 1) is always larger than that of OC state
(a > 1), so the FWHM of UC state is always narrower than that of OC state as shown in Fig. 8(c)
and Fig. 8(d). Besides, under the OC state, a larger ER corresponding to a larger t and leads to a
narrower FWHM. While for the UC state, a larger ER corresponding to a smaller t and that results
in a wider FWHM. On the other hand, the Q-factor has no impact on the frequency tuning range of
the microwave photonic notch filter, which is determined by the FSR of MRR. By controlling f via
modifying the heating power applied on the heater over the MRR, the bandwidth of the proposed
MWP notch filter can be manipulated. According to the experimental results, the tuning range of
the FWHM is from 0.65 GHz to 2.2 GHz. We also note that the filter frequencies under different
ERs are not perfectly aligned at 10 GHz resulting from the thermal crosstalk of the heater, thus it
needs a more precise control.

Then, we have focused on the tunability of the filter frequency of the MWP notch filter. As men-
tioned before, the frequency of the proposed MWP notch filter is equal to the frequency difference
between the optical carrier and the resonance of the MRR. Thus, the frequency of the MWP notch
filter can be tuned by adjusting either of them. Firstly, we adjust the optical carrier’s frequency while
keeping the resonance frequency of the MRR as a fixed value. The filter frequency of the proposed
MWP notch filter tuned under OC and UC MRR are illustrated in Fig. 9(a) and Fig. 9(b). We have
found that, when the frequency is larger than 2.5 GHz, a RF rejection ratio exceeding 55 dB can
be achieved. Whereas, the RF rejection ratio and the RF gain will decrease when the filtering
frequency is lower than 2.5 GHz. This is because as the optical carrier’s frequency is getting close
to the resonance frequency of the MRR, both the amplitude and phase of the optical carrier will
be affected by the MRR and leads to the performance degradation of the MWP notch filter. Thus,
the MWP notch filter has a lower limit of frequency tuning range and is not suitable for filtering the
low frequency RF signals. Moreover, the FSR of the MRR studied in this work is 37.5 GHz, hence
the filter frequency of the proposed MWP notch filter has a potential upper limit which is half of the
FSR (18.75 GHz) theoretically. This upper limit can be extended to several hundred gigahertz by
enlarging the FSR. When the optical carrier’s frequency is set as half of the FSR larger or smaller
than the resonance frequency of the MRR, both the two first order sidebands will be suppressed
by the MRR and the cancellation condition is then broken. So in this frequency point, the rejection
ratio of the MWP filter is much smaller than other frequencies. In addition, when the filter frequency
is larger than 18.75 GHz while smaller than 37.5 GHz, the MWP notch filter can also work with an
ultrahigh rejection ratio. However, there is a small notch at the frequency smaller than 18.75 GHz,
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Fig. 9. The frequency responses of the MWP notch filter with tuning optical carrier’s frequency under
(a) OC state MRR and (b) UC state MRR. And the frequency responses of the MWP notch filter with
tuning the resonance frequency of MRR under (c) OC state MRR and (d) UC state MRR when optical
carrier’s frequency was set as a constant.

which results from the suppression of —1st order sideband by the MRR. And for the UC state, the
small notch turns to be a small passband but they have no significant impact on the passband.
Hence, the MWP notch filter can be used in the frequency range of 2.5 GHz to 37.5 GHz. We
also measured the MWP notch filter’s responses with tuning the MRR’s resonance frequency when
keeping the optical carrier's frequency as a constant. Fig. 9(c) and Fig. 9(d) were the frequency
responses under OC state MRR and UC state MRR, respectively. The results indicate that the
tuning of optical frequency and the tuning of the MRR’s resonance frequency have the same effect
on the proposed MWP notch filter.

Finally, we have worked on improving the RF gain of the passband of the filter. As seen in
the RF spectra above, the RF gain of the MWP notch filter is relatively low. The simplest way to
solve this problem is to enlarging the optical power of the source or to amplify it. Besides, a low
biasing technology was adopted to improve the RF gain with a low photocurrent and can also
reduce the noise figure of the MWP link as is reported in Ref. [17]. However, the low biasing
technology requires a much larger optical power and the link will suffer from a severe second order
intermodulation distortion. In our experiment, an EDFA was inserted between the DDMZM and the
MRR. The modulated signal was amplified for about 10 dB and the overall RF gain is improved
for about 20 dB as is illustrated in Fig. 10. However, the maximum optical power applied on the
photodetector is limited by the saturation photocurrent of the photodetector. Thus, by adopting
photodetector with a larger saturation current, the RF gain can be further improved.
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Fig. 10. The RF spectrum without EDFA and with EDFA, the RF gain is obviously improved.

4. Conclusion

In conclusion, we have proposed an MWP notch filter using the ODSB modulation with tunable
OSSR realized by a DDMZM assisted by both OC MRR and UC MRR. By matching the OSSR with
the optical extinction ratio of the MRR, an ultra-high peak RF rejection ratio can be achieved. The
experimental results show that it can be optimized to obtain the RF rejection ratio exceed 55 dB.
Moreover, an ultrahigh RF rejection of 50 dB can be reached when the optical extinction ratio of
MRR is only 4 dB. And the FWHM can be tuned by controlling the self-coupling coefficient t of the
MRR. Furthermore, by adjusting the wavelength of the optical carrier, the filter frequency can be
tuned and a tuning range larger than 25 GHz was achieved. The structure of the proposed MWP
notch filter is very simple, low cost and easy to implement. This work provides a new way for the
applications of integrated MWP systems.

References

[1] J. Capmany, J. Mora, |. Gasulla, J. Sancho, J. Lloret, and S. Sales, “Microwave photonic signal processing,” J. Lightw.
Technol., vol. 31, no. 4, pp. 571-586, Feb. 2013.

[2] J. Capmany, B. Ortega, and D. Pastor, “A tutorial on microwave photonic filters,” J. Lightw. Technol., vol. 24, no. 1,
pp. 201-229, Jan. 2006.

[3] J. S. Fandifio, P. Mufioz, D. Doménech, and J. Capmany, “A monolithic integrated photonic microwave filter,” Nature
Photon., vol. 11, no. 1, pp. 124—130, 2016.

[4] W. Zhang and R. A. Minasian, “Switchable and tunable microwave photonic Brillouin-based filter,” IEEE Photon. J.,
vol. 4, no. 5, pp. 1443—-1455, Oct. 2012.

[5] D. Marpaung et al., “Low-power chip-based stimulated Brillouin scattering microwave photonic filter with ultrahigh
selectivity,” Optica, vol. 2, no. 2, pp. 76-83, 2015.

[6] J.Yao, “Photonics to the rescue: A fresh look at microwave photonic filters,” IEEE Microw. Mag., vol. 16, no. 8, pp. 46-60,
Sep. 2015.

[7] E. Xu and J. Yao, “Frequency- and notch-depth-tunable single-notch microwave photonic filter,” IEEE Photon. Technol.
Lett., vol. 27, no. 19, pp. 2063-2066, Oct. 2015.

[8] Y. P. Wang, M. Wang, W. Xia, and X. Ni, “High-resolution fiber Bragg grating based transverse load sensor using
microwave photonics filtering technique,” Opt. Exp., vol. 24, no. 16, pp. 17960—-17967, 2016.

[9] J.Ge and M. P. Fok, “Passband switchable microwave photonic multiband filter,” Sci. Rep., vol. 5, 2015, Art. no. 15882.

[10] A. Perentos et al., “Using a SizgN4 ring resonator notch filter for optical carrier reduction and modulation depth
enhancement in radio-over-fiber links,” IEEE Photon. J., vol. 5, no. 1, Feb. 2013, Art. no. 5500110.

[11] D. Zhang, X. Feng, X. Li, K. Cui, F. Liu, and Y. Huang, “Tunable and reconfigurable bandstop microwave photonic filter
based on integrated microrings and Mach-Zehnder interferometer,” J. Lightw. Technol., vol. 31, no. 23, pp. 3668—-3675,
Dec. 2013.

[12] J. Dong et al., “Compact notch microwave photonic filters using on-chip integrated microring resonators,” IEEE Photon.
J., vol. 5, no. 2, Apr. 2013, Art. no. 5500307.

[13] J. Palaci, G. E. Villanueva, J. V. Galan, J. Marti, and B. Vidal, “Single bandpass photonic microwave filter based on a
notch ring resonator,” IEEE Photon. Technol. Lett., vol. 22, no. 17, pp. 1276-1278, Sep. 2010.

Vol. 11, No. 1, February 2019 5500313



IEEE Photonics Journal Performances of Microwave Photonic Notch Filter

[14] J. Wang and Y. Long, “All-optical tuning of a nonlinear silicon microring assisted microwave photonic filter: Theory and
experiment,” Opt. Exp., vol. 23, no. 14, pp. 17758-17771, 2015.

[15] Y. Liu, D. Marpaung, A. Choudhary, and B. J. Eggleton, “Lossless and high-resolution RF photonic notch filter,” Opt.
Lett., vol. 41, no. 22, pp. 5306—-5309, 2016.

[16] X. Liu, Y. Yu, H. Tang, L. Xu, J. Dong, and X. Zhang, “Silicon-on-insulator-based microwave photonic filter with
narrowband and ultrahigh peak rejection,” Opt. Lett., vol. 43, no. 6, pp. 1359-1362, 2018.

[17] Y. Liu, J. Hotten, A. Choudhary, B. J. Eggleton, and D. Marpaung, “All-optimized integrated RF photonic notch filter,”
Opt. Lett., vol. 42, no. 22, pp. 4631-4634, 2017.

[18] S. Shahnia, M. Pagani, B. Morrison, B. J. Eggleton, and D. Marpaung, “Independent manipulation of the phase and
amplitude of optical sidebands in a highly-stable RF photonic filter,” Opt. Exp., vol. 23, no. 18, pp. 23278-23286, 2015.

[19] X. Han and J. Yao, “Bandstop-to-bandpass microwave photonic filter using a phase-shifted fiber bragg grating,” J.
Lightw. Technol., vol. 33, no. 24, pp. 5133-5139, Dec. 2015.

[20] P. S. Devgan, D. P. Brown, and R. L. Nelson, “RF performance of single sideband modulation versus dual sideband
modulation in a photonic link,” J. Lightw. Technol., vol. 33, no. 9, pp. 1888-1895, May 2015.

[21] W. Bogaerts et al., “Silicon microring resonators,” Laser Photon. Rev., vol. 6, no. 1, pp. 47-73, 2012.

[22] M. Wang and J. Yao, “Optical vector network analyzer based on unbalanced double-sideband modulation,” IEEE
Photon. Technol. Lett., vol. 25, no. 8, pp. 753-756, Apr. 2013.

[23] J. Heebner, T. Ibrahim, and R. Grover, Optical Micro-Resonators: Theory Fabrication and Applications. New York, NY,
USA: Springer-Verlag, 2007.

Vol. 11, No. 1, February 2019 5500313




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


