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Abstract—Integrated microwave photonic (MWP) spectral 
shaping is a technique that precisely tailor the phase and 
amplitude of the optical spectrum by photonic integrated 
circuits. As optical spectrum generated from optical modulation 
carries crucial information for the functionalities and 
performance of integrated MWP systems, this technique can 
open ways to advanced functionalities with high performance. 
In this paper, we present our recent works about spectral 
shaping for MWP link linearization and advanced notch filter 
based on Si3N4 photonic circuit.  

Keywords—integrated microwave photonics, optical spectral 
shaping, linearization, notch filter. 

I. INTRODUCTION

Integrated microwave photonic (MWP) is a fast growing 
area for high frequency and large bandwidth microwave signal 
processing. It combines the advantage of microwave 
photonics and integrated photonics, leading to great potential 
in advanced functionalities, high performance and reduced 
footprint[1], [2]. In integrated MWP, the modulated optical 
spectrum, consisting of optical carrier and sidebands, contains 
the essential information of the MWP system, which impacts 
the functionality and performance. A precise on-chip shaping 
of phase and amplitude of a modulated optical spectrum can 
open to high performance MWP signal processing 
functions[3]. There are a bunch of advanced functionalities 
based on this spectral shaping method, such as modulation 
transformation[4], high rejection filters[5]–[10], RF 
waveform generation[11] and link linearization[12], [13]. 
Integrated microwave photonic spectral shaping is expected to 
provide a potential solution for persistent challenges in the 
field, leading to trade-off-free advanced RF photonic 
functions without sacrificing RF performance[3].  

In this paper, we focus on our recent works about MWP 
link linearization and notch filter functions enabled by spectral 
shaping technique. Both functions are implemented in Si3N4 
photonic circuit. These works shows great potential of 
combining the advanced functionalities and optimized 
performance in integrated platforms.  

II. MWP LINK LINEARIZATION

MWP link is the heart and foundation of any MWP 
system. Ideally, a MWP link that can transmit high frequency 
microwave signal with low loss and high fidelity is required. 
However, it always suffer from the nonlinear distortions 
which are mainly introduced by inherent nonlinear transfer 
function of electro-optic modulator[14]. The nonlinear 
distortions, consisting of harmonic and intermodulation 
distortions, introduce interference to the desired RF signal, 
leading to a degradation of the signal’s quality in MWP 
system. Among them, the third-order intermodulation 

distortions (IMD3) are the main distortion components that 
limit the performance of a MWP system, especially spurious 
free dynamic range (SFDR), because they are too close to the 
desired fundamental signal and cannot be filtered easily. By 
reducing the IMD3, SFDR can be effectively enhanced, which 
leads to the linearity improvement of MWP link. In this 
section, we propose a linearization method in phase 
modulated (PM) MWP link base on on-chip spectrum 
shaping. 

The proposed phase modulated MPL is shown in Fig. 1. A 
programmable Si3N4 chip with four all-pass ring resonator is 
used as optical spectrum processor for linearization. The 
manipulation imposed to optical spectrum is determined by 
the tunable amplitude response ( )  and phase response ( ) of rings, which can be expressed as ( ) ( ) = ∅( )∅( ) ∅( )   (1) 

In (1), = √1 − , = 10 / , ,  and ∅  are self-
coupling coefficient, single-pass amplitude of the optical ring 
resonator, power coupling coefficient, propagation loss of 
optical waveguide (dB/cm), and round-trip phase respectively. 
There are three coupling state for all-pass ring resonator. 
When c = a, it operates at critical-coupling (CC) state. When c > a  or c < a , it works at under-coupling (UC) or over-
coupling (OC) state respectively. The phase shift of UC ring 
at resonant frequency is zero, while the phase shifting of OC 
ring at resonant frequency is 180 degree, and can be changed 
continuously from 0 to 360 degree.  

In this scheme as illustrated in Fig. 1, a two-tone radio 
frequency (RF) signal is modulated to the optical carrier at 
PM. The modulated optical spectrum consists of optical 
carrier band (OCB) and several optical sidebands (OSB). The 
modulated optical signal is then coupled into the 
programmable Si3N4 chip for optical spectrum processing. 
First, only ring 1 at OC state is used to impose 90 degree phase 
shift at OCB for PM-IM conversion. After processing, the RF 
fundamental signal can be detected at photodetector (PD) with 
relatively large IMD3 components. This state of the link is 
measured as reference state without linearization. Then, all the 
four rings on the chip are used for PM-IM conversion and 
linearization. Ring 1 at OC state and ring 4 at UC state are 
used to process OCB. Ring 2 and ring 3 at OC state are used 
to process ±2 OSB. After carefully tuning the amplitude 
suppression and phase shift at OCB and  ±2 OSB, the IMD3 
terms generated from beating between different optical bands 
can add up destructively at photodetector. 

To determine the amplitude suppression and phase shift 
imposed to optical spectrum for linearization, the expression 
of E field of optical spectrum and components of photo-
current detected by PD need to be investigated. The output This work was supported by Netherlands Organisation for Scientific 
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optical spectrum of PM with a two-tone test can be expressed 
as = ( ) ( )   (2) 

Where , , , , , = / , , , and ,  is 
the angular frequency of the optical carrier, the input two-tone 
RF signal, input optical power, the n-th order Bessel function 
of the first kind, the modulation index of PM, the voltage of 
input RF signal, 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. 

Optical field after processing by programmable Si3N4 
chip with four ring resonators can be written as ( ) =

e

( ) ( ) ( ( ) ( ))+ ( ) ( ) ( ) ( )∙ ( ) + ( )+ ( + )+ ( ) + ( )+ ( + )+ ( ) + ( )+ ( ) ( ) ( + )+ ( ) ( ) ( )+ ( ) ( ) ( + )+ ( ) ( ) ( )

 (3) 

where = ( )  (n=0, ±1, ±2), = (−1) . 
Amplitude response ( ) and phase response ( ) of the 
i-th ring resonator are given in Eq. (1).

In our spectrum shaping process the amplitude
suppression and phase shift imposed to the ±2 OSB are the 
same, which means T = T  and θ = θ . Then the processed 
optical signal is sent to PD to retrieve RF signal. The photo-
current at the output of PD can be written as  

( ) = | ( )|    = sin , + sin 2 , − ,    (4) 

where RPD is responsivity of photodetector, I1and I3 are the 
coefficients for fundamental signal and IMD3 components, 
which can be expressed as = 4 sin( + ) (5)

= −4 sin( + )+ sin+ sin( + )   (6) 

After applying Taylor series expansion to (5) and (6) to 
the third-order in m, I1 and I3 can be described as  = 2 sin( + )            (7) = − (3T sin( + ) + T sin )   (8) 

It can be seen that the IMD3 distortion due to third-order 
nonlinearity will be minimized when the processing imposed 
to the OCB and ±2 OSB satisfy the condition: 3T sin( + ) + T sin = 0  (9) 

To minimize the IMD3 and maximize the fundamental 
signal simultaneously, in our spectral shaping process, we 
carefully tuning the ring response to make sin( + ) =−1/3, sin = 1, T = , which means arcsin(1/3) ≈340.5° and 90° phase shifts are imposed to OCB and ±2
OSB respectively, and the amplitude suppression at OCB and
±2 OSB are equal. When the condition in (9) is met, I1 will
reduce to 1/3 of the original value according to (7). This leads
to a 9.54 dB power penalty of fundamental signal.

An experiment is performed to verify our theoretical 
analysis. The setup is illustrated in Fig.1. The measurement 
results are shown in Fig.2. The fundamental to IMD3 ratio 
without linearization is 32.6 dB as shown in Fig. 2(a). After 
the linearization a fundamental to IMD3 ratio of 55.0 dB is 
achieved which is 22.4 dB better than the link without 
linearization, as shown in Fig. 2(b). The power of fundamental 
signal is decreased by 10.2 dB after linearization, which is 
close to the analysis. The power penalty can be compensated 
by increasing the output power of laser or EDFA. The SFDR 
of the proposed MWP link is measured in Fig.2 (c). With a 
measured  noise floor of -163.8 dBm/Hz, the SFDR of MWP 
link is improved from 105.8 dB·Hz2/3 to 112.7 dB·Hz2/3, after 
spectral shaping by ring resonators. 

Fig.1 Schematic of the Proposed MWP link. PM, phase modulator; PC, 
polarization control; OC, over-coupling; UC, under-coupling; EDFA, 
erbium-doped fiber amplifier; PD, photodetector; ESA, electronic spectrum 
analyzer 
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III. MWP NOTCH FILTER

Microwave photonic notch filter is another key function 
that can be enhanced by precise spectral shaping. It is crucial 
for removing interferers in dynamic, wideband radio 
systems[5]. Shaping optical spectrum for notch filtering can 
be view as precisely control the phase and amplitude of the 
sidebands to create destructive interference at very specific 
frequencies[3]. Ideally, the complete cancelation only appear 
at a single frequency, which will lead to a high resolution 
filtering and ultra-high notch rejection. Previously, these kind 
of MWP notch filters are mainly based on dual-parallel Mach-
Zehnder modulator (DPMZM)[5], [6] or intensity 
modulator[7], which always suffer from the bias drifting 
problem. Our recent work present a MWP notch filter based 

on shaping the PM optical spectrum. In the proposed MWP 
notch filter, a ring resonator network is used to process both 
the sideband and optical carrier, resulting a high stop rejection 
of over 55dB, and improved noise figure (NF). 

The operation principle of the proposed MWP notch filter 
is illustrated in Fig. 3. The input RF signal is modulated into 
optical domain via a PM, creating two optical sidebands with 
identical amplitude and inversed phase. Then the PM 
spectrum is processed by three ring resonators. There are three 
critical processing steps: PM-IM conversion, high rejection 
filtering and optical carrier suppression. Among them, the 
PM-IM conversion and carrier suppression are achieved 
simultaneously with the same ring resonator.  

First, ring 1 at OC state is used to rotate optical carrier for 
90 degree to achieve PM-IM conversion. Then two ring 
resonators (ring 2, ring 3) operating at OC and UC state with 
same amplitude suppression at resonant frequency are 
positioned symmetrically at two optical sideband. As ring 
resonator at OC and UC state introduce 180 degree and 0 
degree phase shift at resonant frequency, the beating products 
of optical carrier and the very frequency where ring 2 and ring 
3 positioned interference destructively, forming a high 
rejection notch filter response. Finally, the OC ring at optical 
carrier is carefully tuned to further suppress the optical carrier 
while maintaining 90 degree phase shift at optical carrier. In 
the meantime, an EDFA is used to boost the strength of 
sidebands, leading to the improvement of link gain (G).  

As the optical power sent to PD is maintained the same 
before carrier suppression and after carrier suppression with 
re-amplification the noise floor of the MWP system can be 
regarded as identical. An improved link gain with unchanged 
noise floor leads to an improvement of NF. This is clearly 
expressed by (10) [14]. = 174 − G +   (10) 

where G is link gain, Nout is the noise floor of the system. 

The experiment results are shown in Fig.4. A link gain 
improvement of around 30 dB can be observed in Fig. 4(a), 
after imposing 90 degree phase shift at optical carrier by ring 
1 at OC state, which means PM-IM conversion is 
implemented. As depicted in Fig. 4(b), when single ring 

Fig.2 Experiment result of proposed linearization method (a) RF spectrum 
without linearization (b) RF spectrum with linearization (c) SFDR of the 
MWP link before linearization and after linearization with gain 
compensation 

Fig.3 The principle and experimental setup of the proposed MWP notch filter with integrated modulation transformation and optical carrier processor. 
RF: radio frequency, PM: phase modulator, EDFA: erbium-doped-fiber-amplifier, PC: polarization controller, OC: over-coupling, UC: under-coupling, 
PD: photodetector, CR: optical carrier, LSB: lower sideband, USB: upper sideband. 
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resonator is placed at one sideband after PM-IM conversion, a 
notch filter with 8 dB suppression is achieved. When another 
ring at opposite coupling state with identical suppression is 
positioned at the other sideband symmetrically, a MWP notch 
filter with high stop rejection >55 dB is created. The tunability 
of center frequency is shown in Fig.4 (c), and Fig. 4 (d) shows 
the increased link gain with carrier suppression technique. 

IV. CONCLUSION

MWP link linearization and notch filter based on 
integrated spectral shaping are presented and discussed in this 
paper, which shows great potential of achieving advanced 
functionalities with high performance through precisely 
tailoring the phase and amplitude of optical spectrum. 
Currently, these two functions are implemented separately. 
However, because they are enabled by the same photonic 
integrated circuit and same building blocks, it is possible to 
combine them in a single circuit. This will lead to a promising 
and powerful solution where advanced signal processing 
functionalities and high dynamic range, low distortion and 
low NF MWP system can be achieved at the same time.  
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Fig.4 Measured (a) PM-to-IM transformation. (b) MWP notch filter using 
one ring resonator (RR) and advanced notch filter with high stop rejection 
using two ring resonators (RRs). (c) MWP notch filter with central frequency 
variations. (d)  MWP notch filter with optical carrier suppression in a PM-
based MWP system; CS: carrier suppression. 
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