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Abstract—We demonstrated, for the first time, an integrated
microwave photonic (MWP) circuit exhibiting simultaneous tun-
able notch filtering and linearization, leading to a high perfor-
mance filter with enhanced linearity and spurious free dynamic
range (SFDR). We unlock this unique feature by manipulating
the phase and amplitude of multi-order RF modulation sidebands
using a versatile MWP spectral shaping circuit. Through a series
of experiments, we show a linearized notch filter that exhibits
a stopband rejection of 53 dB, more than 32 dB reduction of
third-order intermodulation distortion in the passband, and an
enhanced SFDR of 119 dB ·Hz2/3. Our demonstration breaks
the conventional and fragmented approach of functionality and
linearization in integrated circuit and will potentially stimulate
the implementation of integrated MWP system with advanced
functionalities and high performance in the future.

Keywords—integrated microwave photonics, notch filter, lin-
earization, spectral shaping

I. INTRODUCTION

With the convergence of photonic integrated circuits (PICs)
and microwave photonics (MWP), integrated MWP becomes a
fast growing technology to process high frequency microwave
signal, which enables complex advanced functionalities with
reduced footprint and improved stability [1]. Plenty of MWP
signal processing subsystems have been demonstrated on chip,
like phase shifting [2] beamforming [3] and filtering [4]–
[6], which are promising counterparts to break the electronic
bottlenecks in microwave engineering.

While advances in integrated MWP are encouraging, the
field now is still largely fragmented. Many approaches look
only at providing functions in integrated devices, but entirely
neglect the system RF performance [2]–[4]. Recent works have
focused on combining functions with reduction of noise figure
through optical carrier processing [7], [8], but linearization
methods, which are critical for achieving high spurious free
dynamic range (SFDR), are largely absent in integrated MWP
devices. We have recently demonstrated that linearization can
be done in a photonic chip through advanced MWP spectral
shaping [9]. The basic idea is tailoring the phase and amplitude
of optical carrier and multi-order sidebands to make the third-
order intermodulation distortion (IMD3) terms from different
beating products destructively interfered [9], [10].
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With this work, we aim to show that it is possible to
combine MWP functionalities and linearization in the same
PIC, demonstrating for the first time an integrated MWP filter
with enhanced linearity and SFDR. This linearized MWP filter
is achieved by vectorially manipulating the modulated optical
spectrum using a novel integrated MWP spectral shaper [11].
The proposed MWP notch filter shows a rejection ratio of 53
dB, and an improved SFDR of 119 dB ·Hz2/3.

II. OPERATION PRINCIPLE

The schematic of the proposed MWP notch filter is depicted
in Fig. 1. The key component for signal processing is the in-
tegrated MWP spectral shaper which consists two main parts,
the modulation transformer (MT) and the tunable all-pass ring
resonator. The MT is composed of a spectral de-interleaver
implemented as MZI loaded with 3 ring resonators, a tunable
attenuator, a phase shifter and a combiner[11]. This circuit can
be used to manipulate the phase and amplitude of modulated
optical spectrum to create various modulation formats, such as
single sideband (SSB) modulation, phase modulation, intensity
modulation, and asymmetric double sideband modulation with
arbitrary phase relation [8], [11]. The all-pass ring resonator
can be configured in different coupling states and resonance
frequencies to precisely tailor the phase and amplitude of the
optical spectrum for functionalities [12].

We first explain the operation principle of the notch filter
and linearity enhancement separately and then describe the
entire working flow of the linearized MWP notch filter. The
notch filter is based on the destructive interference between
upper sideband and lower sideband at designated frequency[4],
as shown in Fig. 2 (a). In this case, only first order sidebands
are taken into account. Ideally, the MT processes the phase
modulated spectrum to generate asymmetric double sidebands
with π-phase difference. An all-pass ring resonator at under
coupling (UC) state is aligned at the stronger sideband to
equalize these sidebands amplitudes and maintain the anti-
phase relation at resonance frequency, as the UC ring im-
poses zero phase shift to the spectrum at resonance. After
photodetection, a high rejection RF notch filter is achieved,
as the signal from upper sideband and lower sideband are
destructively interfered at the resonance frequency of ring
resonator.
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Fig. 1. Schematic of the proposed linearized MWP notch filter and the optical spectra at different positions of the system. PM, phase modulator; PC,
polarization control; EDFA, erbium-doped fiber amplifier; TA, tunable attenuator; PS, phase shifter; PD, photodetector.

The linearization, on the other hand, is achieved by ma-
nipulating the power ratio between the optical carrier band
(OCB) and the multi-order optical sidebands (OSB) in a phase
modulation spectrum to make all the IMD3 contributors add
up destructively, as shown in Fig. 2 (b). OCB contains the
optical carrier and even order nonlinear distortion. ±1 OSBs
are composed of fundamental signal and odd order nonlinear
distortion. ±2 OSBs contain the second order harmonics and
even order nonlinear distortion. In the proposed scheme, the
OCB is attenuated together with the lower sideband to meet
the power ratio condition for linearization and generate the
asymmetric double sidebands simultaneously.

To find the proper attenuation at the lower sideband and
OCB for linearization, we analyze the relation between the
frequency components after photodetection. When a two-tone
RF signal with angular frequency of ω1, ω2, and voltage of
VRF is modulated to the optical carrier via a phase modulator
(PM), the modulated optical spectrum can be expressed as

Eout (t)=
√
Pie

jωct
+∞∑

n=−∞

+∞∑
k=−∞

Jn (m)Jk (m)ej(nω1+kω2)t (1)

where ωc, Pi, Jn, m = π · VRF /Vπ,RF , and Vπ,RF is the
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Fig. 2. (a) Operation principle of the notch filter. (b) Operation principle of
linearization.

angular frequency of the optical carrier, input optical power,
the n-th order Bessel function of the first kind, the modulation
index of PM, and the RF half-wave voltage of the PM
respectively. Under small signal condition, only zero to second
order sidebands are taken into account for approximation.

The optical spectrum after processing can be written as

Ep (t)=
√
Pie

jωct

·



√
A · J0J0

+
√
A · J−1J1

[
e−j(ω1+ω2)t + ej(ω1+ω2)t

]
+J0J1

(
ejω1t + ejω2t

)
+J−1J2

[
ej(2ω1−ω2)t + ej(2ω2−ω1)t

]
+
√
A · J−1J0

(
e−jω1t + e−jω2t

)
+
√
A·J−2J1

[
e−j(2ω1−ω2)t+e−j(2ω2−ω1)t

]
+J0J2

(
ej2ω1t + ej2ω2t

)
+J1J1e

j(ω1+ω2)t

+
√
A · J−2J0

(
e−j2ω1t + e−j2ω2t

)
+
√
A · J−1J−1e

−j(ω1+ω2)t



(2)

where Jn = Jn(m)(n = 0,±1,±2), J−n = (−1)nJn. A is
the power attenuation to the lower sideband and the OCB.

The RF signal retrieved from the processed optical field can
be expressed as

IPD(t) = RPD|Ep(t)|2

= I1 cosω1,2t+ I3 cos (2ω1,2 − ω2,1) t
(3)

where RPD is responsivity of photodetector, I1 and I3 are
the coefficients for fundamental signal and IMD3 components,
which can be expressed as

I1 ∝ (
√
A−A)J3

0J1 + (1−
√
A)J0J

3
1 + (1−A)J2

0J1J2 (4)

I3 ∝ (A−
√
A)J0J

3
1 + (1−

√
A)J2

0J1J2 (5)

When m � 1, Jn(m) ≈ mn/(2nn!), I1 and I3 can be
written as

I1 ∝ (
√
A−A)m (6)
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I3 ∝ (2A− 3
√
A+ 1)m3 (7)

To minimize the IMD3 distortion while maximizing the
fundamental RF signal, the attenuation imposed to the lower
sideband and OCB need to satisfy the condition:{ √

A−A 6= 0

2A− 3
√
A+ 1 = 0

(8)

The first condition in (8) guarantees that the fundamental
RF signal can be detected after photodetection. The second
condition gives the processing imposed to the modulated
spectrum for IMD3 terms cancellation. There are two solutions
in the second condition in (8), A=1 and A=1/4. The solution
A=1 means no processing is imposed to the phase modulated
spectrum, where neither fundamental signal nor IMD3 terms
can be detected after photodetection. The other solution A=1/4
is the linearization condition we need, which means the
optical power of lower sideband and optical carrier should be
attenuated for 6 dB. In this case, the IMD3 terms are greatly
reduced while the fundamental signal can still be detected.

Finally, we describe the entire working flow of the linearized
MWP notch filter. The RF signal is modulated into optical
domain through a phase modulator, generating an OCB and
multi-order OSBs, as depicted in Fig. 1 point A. The ±1
OSBs are out of phase with equal amplitudes. The ±2 OSBs
have equal phases and amplitudes. The modulated optical
signal is coupled into an integrated MWP spectral shaper for
signal processing. The spectral de-interleaver in MWP spectral
shaper separates the upper sideband and lower sideband with
optical carrier into two paths. The lower sideband and the
OCB are processed by the tunable attenuator and phase shifter
connected to one output port of the de-interleaver, as shown
in Fig. 1 point B. The attenuator adjusts the power ratio
between the OCB with the lower sideband and the upper
sideband to meet the linearization condition and generates
the asymmetric double sidebands for notch filter. The phase
shifter maintains the phase relation of the lower sideband and
the upper sideband as phase modulation, when the signals
in two paths are recombined. A ring resonator at under
coupling state is used to process the stronger sideband, as
shown in Fig. 1 point C. When the equal amplitude and anti-
phase requirements at two first order sidebands are satisfied,
a linearized notch filter is achieved after photodetection.

III. EXPERIMENT RESULTS

A proof of concept experiment is performed to verify the
feasibility of the proposed linearized notch filter. The setup is
illustrated in Fig. 1 (a). An optical carrier with the power of 18
dBm and wavelength of 1550.054 nm from a continuous-wave
(CW) laser (Pure Photonics PPCL550) is modulated by a phase
modulator (PM, EOSpace 20 GHz). The sweeping RF signal
with -3 dBm power from vector network analyzer (VNA,
Keysight P9375A) is used to drive the PM for filter response
measurement. The two-tone RF signal located at frequency of
9 GHz and 9.01 GHz with power of 3.5 dBm from signal
generators (Wiltron 69147A and Rohde-Schwarz SMP02) is

modulated to the optical carrier via the PM for linearity
measurement. After amplified by a low noise erbium-doped
fiber amplifier (EDFA, Amonics), the modulated optical signal
is coupled to a programmable silicon nitride chip (LioniX
International) for processing. The chip has a coupling loss of
1.5 dB per facet and propagation loss of 0.1 dB/cm in straight
waveguide. The de-interleaver has a 3 dB bandwidth of 80
GHz, and an FSR of 160 GHz. The rejection in stopband
is 25 dB. The 3 dB-to-25 dB transition is measured as 2.5
GHz which is equivalent to 1.6% of the FSR. The tunable
ring resonator used to create notch response has an FSR of
50 GHz. The processed optical spectrum is then sent to a
photodetector (EMCORE 20GHz) to retrieve RF signal. The
RF signal after photodetection is sent to the VNA and the RF
spectrum analyzer (Keysight N9000B) to measure the filter
response and linearity.

There are two sets of measurement performed in the exper-
iment for comparison. One is the proposed linearized notch
filter where the MWP spectral shaper processes the phase
modulated spectrum to meet the condition for linearization
and notch filter. The other is a conventional SSB notch
filter without linearization as a benchmark, in which the MT
generates an SSB modulation spectrum, and the ring resonator
at same coupling state as in the proposed linearized notch filter
is used to process SSB signal for notch response. In two sets
of measurement, the optical power sent to photodetector are
maintained as 4 dBm.

The response of the proposed linearized notch filter and the
conventional SSB notch filter are depicted in the Fig. 3. (a).

(a)

(b)
Fig. 3. (a) Filter response of the proposed scheme and the SSB scheme.
(b) Frequency tuning of proposed notch filter.
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（a）

（b）

30.8 dB

63.6 dB

Fig. 4. Retrieved RF spectra under two-tone test. (a) RF spectrum from SSB
notch filter. (b) RF spectrum from linearized notch filter.

The proposed notch filter exhibits a high stopband rejection of
53 dB which has more than 40 dB enhancement compared with
the SSB notch filter using the same ring resonator. This high
rejection is due to the destructive interference between two
optical sidebands. The frequency tunability of the proposed
filter is illustrated in Fig. 3 (b). The filter can be tuned
from 6 GHz to 18 GHz with a rejection in the stopband of
more than 45 dB in the entire tunning range. The retrieved
RF spectra under two-tone test from SSB notch filter and
proposed linearized notch filter are shown in Fig 4. (a) and
(b) respectively. The fundamental to IMD3 ratio (FIR) is 30.8
dB in SSB filter. In linearized filter the FIR is increased to
63.6 dB. More than 32 dB IMD3 suppression is observed.

Noise floor

99 dB∙Hz2/3

119 dB∙Hz2/3

Fig. 5. Measured SFDR of the linearized filter and SSB filter without
linearization.

The SFDR of the proposed notch filter is measured and
compared with the conventional SSB notch filter, as shown in
Fig. 5. With a noise floor of -165.1 dBm/Hz, the conventional
SSB notch filter has an SFDR of 99 dB ·Hz2/3. The linearized
filter exhibits a much larger SFDR of 119 dB · Hz2/3.
This significant 20 dB improvement comes from the large
suppression of the IMD3.

IV. CONCLUSION

We demonstrate, for the first time, a tuneable MWP notch
filter with enhanced linearity. The notch filter can be tuned
from 6 GHz to 18 GHz, with a maximum stop band rejection
of 53 dB. The SFDR of the linearized filter is measured as
119dB ·Hz2/3 , which is 20 dB larger than the conventional
SSB notch filter. The filter functionality and linearization are
achieved simultaneously by precisely tailoring the modulated
optical spectrum using a MWP spectral shaper. These results
point to the great potential of integrated MWP system with
advanced functionality and high performance.
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