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ABSTRACT
Photonic integration, advanced functionality, reconfigurability, and high radio frequency (RF) performance are key features in integrated
microwave photonic systems that are still difficult to achieve simultaneously. In this work, we demonstrate an integrated microwave photonic
circuit that can be reconfigured for two distinct RF functions, namely, a tunable notch filter and a phase shifter. We achieved >50 dB high-
extinction notch filtering over 6–16 GHz and 2π continuously tunable phase shifting over 12–20 GHz frequencies. At the same time, we
implemented an on-chip linearization technique to achieve a spurious-free dynamic range of more than 120 dB ⋅ Hz4/5 for both functions.
Our work combines multi-functionality and linearization in one photonic integrated circuit and paves the way to reconfigurable RF photonic
front-ends with very high performance.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0148464

INTRODUCTION

The development of cognitive and intelligent radio fre-
quency (RF) systems calls for RF front-ends with multiple pro-
grammable functions.1,2 Microwave photonic (MWP) circuits with
high bandwidth and flexible reconfigurability can play an impor-
tant role in those modern RF systems.3–5 A number of approaches
have been proposed to achieve programmable RF photonic cir-
cuits. Functionalities including filtering,6–10 phase shifting,11–15 and
beamforming16–18 have been realized in application-specific pho-
tonic integrated circuits (PIC) that can achieve high performance.
Another approach is to create general-purpose integrated MWP cir-
cuits that can be configured for a high number of functionalities.
These circuits have been demonstrated in the form of waveguide
mesh or micro-disk resonator arrays.19–22 Finally, cascaded MWP
systems that can simultaneously perform notch filtering and phase
shifting have also been demonstrated in Refs. 23 and 24.

To be relevant for real-world applications, MWP circuits need
to be more than just programmable. Sufficient RF performance,
such as a low noise figure and high spurious-free dynamic range
(SFDR), is also required so that they can be placed at the beginning

of the RF front-end chain, where the broad bandwidth is most
needed.

However, to date, most demonstrated integrated MWP sys-
tems are plagued by poor SFDR.6,10,25,26 There is an opportu-
nity to circumvent this problem by implementing linearization
techniques.27–30 However, only very recently can RF photonic
functionality and linearization be simultaneously achieved in the
same system, for example, in fiber-based phase shifters31 or in a
chip-based programmable filter.32 Extending this concept to the
multi-functional circuit will be important for the MWP field.

In this work, we present a reconfigurable integrated MWP cir-
cuit that can perform two distinct functionalities, i.e., a tunable
notch filter and a 2π-range phase shifter, while maintaining an ultra-
high SFDR. The tunable notch filter function can achieve a rejection
of more than 50 dB with a 3-dB bandwidth of 315 MHz from 6 to
16 GHz. In the meantime, the tunable phase shifter function can
realize 2π continuous tuning range from 12 to 20 GHz. Moreover,
both functions can provide an SFDR larger than 120 dB ⋅ Hz4/5.
This work shows the important first step toward high-perfor-
mance integrated MWP subsystems with a large number of RF
functions.

APL Photon. 8, 051303 (2023); doi: 10.1063/5.0148464 8, 051303-1

© Author(s) 2023

 14 D
ecem

ber 2023 13:32:06

https://scitation.org/journal/app
https://doi.org/10.1063/5.0148464
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0148464
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0148464&domain=pdf&date_stamp=2023-May-23
https://doi.org/10.1063/5.0148464
https://orcid.org/0000-0002-1961-0146
https://orcid.org/0000-0002-8871-140X
https://orcid.org/0000-0002-6399-0406
https://orcid.org/0000-0002-5434-7195
mailto:david.marpaung@utwente.nl
https://doi.org/10.1063/5.0148464


APL Photonics LETTER scitation.org/journal/app

RESULTS
Reconfigurable integrated MWP circuit

The concept of our reconfigurable integrated MWP circuit
is illustrated in Fig. 1. It can serve as a notch filter or a phase

shifter with different configurations. By manipulating the phases and
amplitudes of multi-order optical sidebands independently, both
functionalities can also exhibit an ultrahigh dynamic range.

The multi-functional integrated MWP circuit is fabricated with
the Si3N4 TriPleX process.33,34 Figure 1(a) shows the micrograph of

FIG. 1. Concept of the reconfigurable integrated MWP circuit with enhanced dynamic range. (a) The micrograph of the fabricated chip. (b) Schematic of the reconfigurable
integrated MWP circuit. (c) and (d) The illustration of the achieved functionalities, i.e., the high-rejection notch filter and the 2π-range phase shifter. (e) For the linearized
notch filter, we first spatially separate the phase-modulated light into two paths on the chip. Then, in one path, the carrier and lower sidebands are attenuated to create
asymmetric double sidebands. Meanwhile, the first-order upper sideband in the other path is processed with a shallow over-coupled ring to have equal amplitude and
anti-phase at the notch frequency. The two paths are then recombined, and a high rejection MWP notch filter is created based on the RF interference. (f) For the linearized
phase shifter, we first filter out the lower sidebands of the phase-modulated light with an off-chip bandpass filter. Then, the on-chip deinterleaver separates the second-order
upper sideband from the carrier and the first-order upper sideband. After that, two over-coupled rings are applied at the carrier to introduce phase shift. In the meantime, an
opposite phase shift is applied to the second-order sideband with the optical phase shifter in the other path. Signals from both paths are then recombined, and a linearized
phase shifter is created when all signals are converted back into the RF domain.
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the chip. It consists of two spectral deinterleavers, a tunable attenua-
tor, an optical phase shifter, and an array of all-pass ring resonators,
as illustrated in Fig. 1(b). The spectral deinterleavers are imple-
mented with an asymmetric Mach–Zehnder interferometer (aMZI)
loaded with 3 ring resonators,35 exhibiting flat-top complementary
filter response with a free spectral range (FSR) of 160 GHz.29 The
array of all-pass ring resonators (FSR of 50 GHz) between the two
deinterleavers has a tunable coupling ratio and round trip phase
that can be controlled via thermo-optic tuning. By applying differ-
ent voltages to the microheaters, this chip can be configured as a
notch filter or a phase shifter while maintaining an ultrahigh SFDR,
as indicated in Figs. 1(c) and 1(d).

The signal processing of both functionalities, as shown in
Figs. 1(e) and 1(f), follows a similar procedure. First, the deinter-
leaver separates the input optical spectrum into two paths. The
attenuator and phase shifter in the upper path change the rel-
ative phase and amplitude between the two paths for wideband
spectrum shaping. In the lower path, an array of all-pass ring res-
onators performs narrowband phase and amplitude tailoring with
high precision. The signals in the two paths are then recombined
and directly coupled out of the chip or coupled into the second
deinterleaver for further processing. By tailoring the amplitudes and
phases of the optical carrier and multi-order sidebands in such a
manner, the third-order intermodulation distortion (IMD3) from
beating products between different optical sidebands can destruc-
tively interfere with each other, leading to an ultrahigh dynamic
range.

High-rejection notch filter with ultrahigh SFDR

We first configure this multi-functional MWP circuit into a
high-rejection notch filter with enhanced SFDR. A phase-modulated
optical signal is sent to the programmable photonic chip for spec-
tral shaping. Because of the nonlinearity of the phase modulator, the

modulated optical signal consists of multi-order sidebands, among
which the ±first-order sidebands have a π phase difference. We use
the spectral deinterleaver to first separate the optical carrier and
lower sidebands from the upper sidebands. Then, the lower side-
bands and optical carrier are attenuated to generate the asymmetric
double sideband (aDSB) spectrum while simultaneously satisfying
the linearization condition.32 Meanwhile, an under-coupled ring
resonator imposes a shallow notch at the upper sideband to meet
equal amplitude and anti-phase conditions at the notch frequency.
After that, the signal is recombined, and a high rejection MWP notch
filter based on RF interference is created.36 Because of the destructive
interference between different IMD3 components, the linearity of
the notch filter can be significantly improved (see the supplementary
material for more experimental details).

The performance of the linearized MWP notch filter is shown
in Fig. 2. To highlight the advantages of our filter, we compared it
with a standard single sideband (SSB) modulated MWP notch filter
using the same ring response without linearization. Our demon-
strated notch filter has a notch rejection of 52 dB and a 3-dB
bandwidth of 315 MHz (at the center frequency of 12 GHz), as
shown in Fig. 2(a). We also performed the two-tone test to evalu-
ate the linearity of the demonstrated notch filter. The results shown
in Fig. 2(b) exhibit an IMD3 suppression of 28.7 dB when the two-
tone RF frequency is at 9 GHz with a spacing of 10 MHz. The
large suppression of the IMD3 makes the fifth-order nonlinearity
dominate, leading to SFDR improvement from 103.8 dB ⋅ Hz2/3 to
123.6 dB ⋅ Hz4/5 with a noise floor of −164.5 dBm/Hz, as observed
in Fig. 2(c). Moreover, the filter maintains high rejection and a
large SFDR during the tuning of the notch frequency, as shown
in Fig. 2(d). The filter shows a link gain of −26.3 dB and a noise
figure (NF) of 35.8 dB. This moderate gain and NF are because of
the partially destructive interference between two first-order side-
bands (see the supplementary material for extended measurement
results).

FIG. 2. High-rejection notch filter with an ultrahigh dynamic range. (a) Measured linearized RF notch response with a rejection of 52 dB compared with the bench-marked
single-sideband (SSB) RF notch filter. (b) The measured two-tone RF spectra at the output of the photodetector for the linearized RF notch filter (blue) and single-sideband
(SSB) RF notch filter without linearization (red) with a 28.7 dB reduction of IMD3 power. (c) The measured spurious-free dynamic range (SFDR) of the proposed linearized
notch filter and SSB notch filter without linearization at an RF frequency of 9 GHz. The proposed linearized filter has a record-high SFDR of 123.6 dB ⋅ Hz4/5. (d) The
measured rejection of the linearized notch filter and the SFDR at 9 GHz with the tuning of the notch frequency.
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2π-range phase shifter with ultrahigh SFDR

The chip can also be reconfigured as a 2π-range tunable phase
shifter while maintaining the ultrahigh dynamic range. To realize
the phase shifting function, we first use an external bandpass filter
(BPF) to remove the lower sideband of the phase-modulated optical
signal. We also attenuate the optical carrier with the BPF by posi-
tioning the optical carrier at the transition band for the purpose of
linearization. The preprocessed single-sideband (SSB) optical signal
is then coupled into the chip. We separate the optical carrier and
the +first-order sideband from the +second-order sideband with the
spectral deinterleaver. By applying two over-coupled ring resonators
at the optical carrier, the 2π-range phase shift is introduced with
negligible amplitude variation. The optical phase shift is then con-
verted to the RF phase shift when the optical carrier beats with the
+first-order sideband at the photodetector (see the supplementary
material for the experimental setup). To suppress the IMD3 and
improve the linearity of the phase shifter, both amplitude and phase
conditions between the optical carrier and the +second-order side-
band need to be satisfied (see the supplementary material for the
linearization method). On the one hand, we adjust the power ratio
between the optical carrier and +second-order sideband by control-
ling the passband location of the external BPF and the coupling
coefficients of the ring resonators. On the other hand, we tune the
phase of the +second-order sideband with an optical phase shifter to
satisfy the phase condition, while the MWP phase shifter tunes over
the 2π range.

The performance of the demonstrated phase shifter is pre-
sented in Fig. 3. We can realize continuous phase tuning over the
2π range by adjusting the resonance frequencies of the two over-
coupled rings. Because of the relatively flat stopband response of
the two cascaded ring resonators, the amplitude fluctuation of the
phase shifter is less than 1 dB over the whole 2π range, as shown in
Fig. 3(a). To evaluate the linearity of the demonstrated phase shifter,
we also conducted a two-tone test and compared the results with a

phase shifter without linearization for the same phase shift (0.6 π in
this case). As shown in Fig. 3(b), the linearized phase shifter exhibits
an improved fundamental to IMD3 ratio of 20 dB. As a result,
the SFDR of the phase shifter increases from 105.2 dB ⋅ Hz2/3 to
121.2 dB ⋅ Hz4/5, which is shown in Fig. 3(c). The noise floor of both
phase shifters is −146.8 dBm/Hz. The phase shifter exhibits a link
gain of −5.8 dB and an NF of 33 dB. The NF of the proposed phase
shifter is mainly deteriorated by the phase noise-to-intensity noise
conversion of the laser when the optical carrier is attenuated by the
external BPF.

DISCUSSION AND CONCLUSION

In this work, we demonstrated a multi-functional integrated
MWP circuit that can be reconfigured between a high-rejection
notch filter and a 2π-range phase shifter. By vectorially manipulat-
ing the multi-order optical sidebands, an ultrahigh dynamic range
over 120 dB ⋅ Hz4/5 is achieved in both functions. Table I compares
this work with the state-of-the-art MWP circuits. While application-
specific MWP circuits already show a wide operating frequency
band, RF performances, including link gain, NF, and SFDR, are
still relatively poor or not available in most demonstrations. Very
recently, reconfigurable MWP circuits with relatively high RF per-
formance have been realized in Refs. 10, 32, and 40; however, only
the filter functions are demonstrated.

On the contrary, we demonstrated two distinct functionalities,
namely, filter and phase shifting, while maintaining high linearity
in this work. The array of microring resonators and two spectral
deinterleavers could potentially unlock even more functionalities,
for example, true time delay. Moreover, the possibility to realize
multiple different functions in one circuit also opens the path to
the cascaded integrated MWP system, which would be a major
leap toward integrated RF photonic front-ends that can be directly
applied in real RF environments.

FIG. 3. 2π-range tunable phase shifter with ultrahigh dynamic range. (a) The phase tuning of the proposed phase shifter over 2π. The phase response is flat in the
range of 12–20 GHz. (b) The measured two-tone RF spectra at the output of the photodetector for the linearized RF phase shifter (blue) and bench-marked RF phase
shifter without linearization (red) with a 20.0 dB improvement in the fundamental to IMD3 ratio. (c) The measured spurious-free dynamic range (SFDR) of the proposed
linearized phase shifter and the bench-marked phase shifter without linearization at an RF frequency of 14 GHz. The proposed phase shifter exhibits a record-high SFDR of
121.2 dB ⋅ Hz4/5.
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TABLE I. Performance comparison with the state-of-the-art MWP circuits.

Year and reference Functionalities Platform
Frequency

band (GHz) Link gain (dB) NF (dB)
SFDR

(dB ⋅ Hz2/3)
202237 Notch filter (notch) SOI 8–14 −3.6 52.5 93.6
202338 Notch PhCa 1–40 N/A N/A N/A
202226 Bandpass filter (BPF) SOI 5.2–35.8 8.97 33 88.93
202014 Phase shifter (PS) Si3N4 12–23 N/A N/A N/A
202131 PS Fiber 12–22 N/A N/A 125.7
202239 PS SOI 20–40 N/A N/A N/A
202110 BPF/notch Hybridb 3–21/3–25 −28.2 51.2 99.7
202232 BPF/notch Si3N4 4–20/6–18 10/-26 15/35 116/123
202340 ,c Allpass filter (APF)/BPF/notch SOI 20–43.5 9 23 112
This work Notch/PS Si3N4 6–18/12–20 −26.3/−5.8 35.8/33 123.6/121.2
aPhC: Photonic crystal.
bHybrid: InP for the active devices and SOI for the passive devices.
cOnly the measurement results without using the RF pre-amplifier are listed.

Currently, the reconfigurable MWP circuit in this work exhibits
relatively low link gain and a high noise figure. In principle, the
link gain can be improved by increasing the optical power of a
high power-handling modulator. The strategy for noise figure reduc-
tion, on the other hand, is more intricate. The use of the phase
modulator in our experiments prevents NF reduction techniques
such as low-biasing a Mach–Zehnder intensity modulator32 from
being employed. Emulation of such a technique using carrier pro-
cessing by a ring resonator has been previously considered,8 but
the power builds up in the high-Q ring used for carrier process-
ing, preventing effective NF reduction. We believe that achieving
simultaneous high link gain and low NF together with the features
demonstrated in this work will require an entirely new topology
potentially using a more complex interferometric modulator (for
example, dual-drive or dual-parallel MZM) with on-chip lineariza-
tion. Several recent studies have shown encouraging results in this
direction.30,41

Another direction to improve our reconfigurable MWP circuit
is to integrate active devices with passive devices on a single chip.10

Currently, our system still utilizes discrete components for the laser,
modulator, amplifier, and photodetector. However, encouraging
progress has been made in the development of the low-RIN lasers
in the hybrid silicon nitride-InP platform42 as well as the high-gain
erbium-doped amplifiers in silicon nitride waveguides.43 Although
the integration of all these advancements will require considerable
effort and dedicated designs, it will ultimately lead to the creation
of an all-integrated, multi-functional MWP circuit with superior RF
performance.

SUPPLEMENTARY MATERIAL

See the supplementary material for the setup and experimental
details.
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