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All-optimized integrated RF photonic notch filter
YANG LIU,1,2 JASON HOTTEN,1,2 AMOL CHOUDHARY,1,2
1,2,
AND DAVID MARPAUNG *

BENJAMIN J. EGGLETON,1,2

1

Centre for Ultrahigh Bandwidth Devices for Optical System (CUDOS), Institute of Photonics and Optical Science (IPOS), School of Physics,
University of Sydney, NSW 2006, Australia
2
Australian Institute for Nanoscale Science and Technology, University of Sydney, Sydney, NSW 2006, Australia
*Corresponding author: david.marpaung@sydney.edu.au
Received 20 September 2017; accepted 10 October 2017; posted 12 October 2017 (Doc. ID 306513); published 8 November 2017

We report a silicon nitride chip-based radio-frequency photonic notch filter with an unprecedented performance including an RF gain of 8 dB, a record-low noise figure of 15.6 dB,
and a spurious-free dynamic range of 116 dB · Hz2∕3 , with
a stop band rejection of 50 dB. This level of performance
is achieved by using on-chip resonators’ unique phase responses, and thorough optimizations of the photonic link.
These record results will potentially stimulate future implementations of integrated microwave photonic subsystems for
real-world applications. © 2017 Optical Society of America
OCIS codes: (060.5625) Radio frequency photonics; (130.0130)
Integrated optics.
https://doi.org/10.1364/OL.42.004631

The incorporation of photonic integrated circuits in microwave
photonic (MWP) systems offers tremendous potential including
massive reduction of the footprint as well as enhanced functionalities and stability [1]. Recent advances in this field have led
to the miniaturization and integration of a variety of advanced
radio-frequency (RF) photonic signal processing subsystems,
such as tunable filters [1–5]. However, to find practical applications in existing microwave systems, these integrated MWP devices need to satisfy a number of stringent performance metrics,
including low insertion loss, high signal-to-noise ratio, and high
linearity [6], to maintain signal quality. In RF photonics, these
requirements translate to a high RF link gain, a low noise figure
(NF), and a high spurious-free dynamic range (SFDR).
Thus far, achieving on-chip functionalities with these stringent requirements has been proven challenging and advances in
this area are severely limited, especially in systems without an
RF amplifier, which is not desired in high-power handling applications [7]. To date in virtually all reported cases, the performance of integrated RF photonic systems is prohibitively
low, typically with an RF insertion loss of more than 20 dB
[2–4,6], a NF of more than 30 dB [8], and a SFDR of 81 dB ·
Hz2∕3 [2]. This is in stark contrast with what is achievable in
state-of-the-art MWP links without functional photonic circuits (i.e., link only) that exhibit an RF gain of >10 dB,
NF of 6–10 dB, and SFDR of >120 dB · Hz2∕3 [9]. The
insertion of a functional photonic circuit leads to excessive
0146-9592/17/224631-04 Journal © 2017 Optical Society of America

losses and incompatibility with techniques commonly used
to reduce the NF, for example, low-biasing modulation [9].
This massive gap between the performance of integrated
MWP systems and MWP links is currently left unaddressed.
In this work, we report the first integrated MWP filter with
fully optimized RF performance, exhibiting an RF gain of 8 dB,
a record-low NF of 15.6 dB, and a record-high SFDR of
116 dB · Hz2∕3 , all achieved without the use of a customized
high-power-handling photodetector or electrical RF amplifiers.
This unparalleled performance is simultaneously obtained with
advanced notch filtering functions featuring dual independently tunable stop bands, each with a rejection of >50 dB
and a high spectral resolution of 150 MHz. Each band can
be independently tuned in central frequency in the range of
0–12 GHz. To further signify the filter performance, we demonstrate RF spectrum manipulations of a weak desired signal in
the presence of a much stronger unwanted interferer. We show
that the filter amplifies (rather than attenuate) the desired signal
by 2 dB while attenuating the interferer by 47 dB. These results
reveal, for the first time, ways of achieving an all-optimized integrated RF photonic filter without any performance trade-off,
and point to the feasibility of implementing integrated MWP
subsystems in RF front-ends for real-world applications [1,9].
The key to these breakthrough results is the use of a low-loss
silicon nitride photonic circuit consisting of a series of ring resonators as optical filtering units with unique phase responses,
along with the low-biasing operation of a Mach–Zehnder
modulator (MZM) as a link optimization technique to achieve
a low NF. The schematic of the integrated MWP filter is shown
in Fig. 1(a). The RF signal to be processed is encoded in the
optical domain through intensity modulation, generating an
optical carrier and two optical sidebands with equal phases
and amplitudes. This optical signal is injected to a couple of
on-chip optical ring resonators arranged in series that exhibit
equal magnitude suppressions but with very distinct phase
responses. The resonance of each ring is used to process one
sideband. One ring is used as a pre-processing unit operating
in an over-coupled (OC) regime and is aligned with the
frequencies of the upper sideband. The second ring is operated
in an under-coupled (UC) regime and is used to filter the
lower sideband. The two rings are tuned to exhibit the same
peak attenuation, but because of the different coupling
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Fig. 2. Schematic of experimental realization of the integrated RF
photonic filter with spectra measured at different points. LSB, lower
sideband; USB, upper sideband; UC, under-coupled; OC, overcoupled.
Fig. 1. (a) Operation principle of the notch filter. Two ring resonators, one over-coupled (OC) and the other under-coupled (UC), are
used to process a dual-sideband intensity-modulated signal. Simulated
magnitude and phase responses of the (b) UC ring and (c) OC ring.
(d) Resulting notch filter response in the RF domain.

conditions, they exhibit entirely different phase sidebands. The
two rings are tuned to exhibit the same peak attenuation, but
because of the different coupling conditions, they exhibit entirely different phase responses and quality factors. The OC
ring produces a π phase shift at the center frequency while
the UC ring exhibits no phase change at its center frequency
[10], as shown in the simulated responses in Figs. 1(b) and 1(c)
for a ring with a quality factor of 1 × 106 . The central frequencies of the ring resonances are aligned symmetrically about the
optical carrier [for example, 10 GHz in the simulation results in
Figs. 1(b)–1(d)], and the precise amplitude and phase tailoring
and the subsequent RF signal mixing in the photodetector allow for a complete destructive interference at the notch frequency (in this case 10 GHz) in the RF spectrum, as shown
in Fig. 1(d). Consequently, the destructive interference leads
to an ultra-deep suppression over 50 dB, while the mixing
products of in-phase optical sidebands outside the notch
frequencies will add up constructively, hence forming a strong
passband for the RF filter. This power enhancement in the passband, as opposed to high RF losses, is crucial for the RF link
gain and noise figure optimization of the filter.
An equally important feature of this technique is the compatibility of the notch filter operation with standard intensity modulation, which has a well-established library of link
optimization techniques associated with it [9]. For example,
one can implement intensity modulation using a low-biased
Mach–Zehnder modulator to generate modulated signals, at
the input of the ring resonators. This is also the key difference
between the technique reported here with previously reported
filters relying on the precise amplitude and phase tailoring that
takes place in a specialized modulator [3,11], such as a dualparallel Mach–Zehnder modulator. Critically, for the first time,
one can combine chip-based advanced filtering with optical
link performance optimizations.
The experimental realization of the chip-based MWP notch
filter is depicted in Fig. 2. An optical carrier from a laser
(Teraxion, 16.4 dBm output power) is amplified using an
erbium-doped optical amplifier (EDFA, Amonics) to an optical
power of 30 dBm. The optical carrier is then intensity-modulated using a MZM (EOSpace 20 GHz) with a half-wave voltage (V π ) of 3.8 V and optical insertion losses of 4 dB. The
MZM is driven by an RF signal from a vector network analyzer

(Agilent PNA 5224A). The bias voltage of the MZM is then
optimized to achieve the lowest RF noise figure, by low biasing
the link to shift to the shot-noise-limited regime from the relative-intensity (RIN)-noise-limited regime [12,13]. The output
of the MZM is then sent to a low-noise EDFA with an output
power of 21 dBm before being injected into a programmable
silicon nitride circuit (Satrax BV) fabricated using the low-loss
TriPleX (Si3 N4 ∕SiO2 ) technology [14]. The utilized part of the
circuit consists of four optical ring resonators connected in
series. The chip was equipped with on-chip tapers to minimize
fiber-to-fiber insertion losses to 7.5 dB. The propagation loss of
the optical waveguides is less than 0.2 dB/cm. Each ring resonator has a free spectral range (FSR) of 26 GHz, and the coupling coefficient and resonance frequency are tunable through
thermo-optic tuning. The processed optical signal is then sent
to a photodetector (Finisar HPDV2120R) and the retrieved RF
signal is measured in the vector network analyzer. The RF filter
response was directly measured without data normalization,
with a resolution bandwidth of 1 kHz.
To form an RF photonic band stop filter with a single stop
band, two ring resonators are used in series, based on the principle illustrated in Fig. 1. By adjusting the rings central frequencies symmetrically relative to the optical carrier, the notch filter
frequency can be tuned. This is shown in Fig. 3(a). The notch
at each frequency exhibits a high suppression beyond 50 dB
and an amplification (i.e., positive link gain) at the passband.
Note that due to the low biasing, the high link gain is achieved
at a relatively low photocurrent of 10 mA. The number of stop
bands can be increased by activating more pairs of ring resonators. As shown in Fig. 3(b), a second independently tunable
stop band was subsequently added by activating the third and
fourth rings. Notably, both stop bands achieved high extinction
beyond 50 dB and RF amplification was achieved throughout
the passband from 0 to 12 GHz. The frequency roll-off in the
filter response comes from the frequency-dependent amplitude
response of RF components, including cables, modulator, and
photodetector, toward high frequencies. In addition, the spectral resolution of the filter stop band can also be flexibly tuned
by controlling the coupling coefficients of the rings. Bandwidth tuning in the range from 150 MHz to 350 MHz was
shown in the experiments [Fig. 3(c)].
As mentioned earlier, the filtering technique allows for link
performance optimization to be achieved simultaneously with
the advanced filter functions demonstrated earlier, because the
stop band formation is truly independent of the DC bias
of the MZM. Low biasing the MZM can thus be used to optimize the NF and link gain of the filter without affecting the
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demonstrated filter functionalities. In conjunction with a highpower optical source, low biasing the modulator can reduce
the noise power faster than the reduction of link gain, therefore
effectively decreasing the noise figure [12]. We measured the NF
of the MWP filter at the passband frequency of 6 GHz under
various bias voltages, as shown in Fig. 3(d). By extremely lowbiasing the MZM at a bias angle (defined as πV b ∕V π , where
V b is the bias voltage and V π is the DC half-wave voltage) of
0.05π, a reduction of more than 10 dB in NF relative to the case
of quadrature bias can be achieved, yielding a minimum noise
figure of 19.5 dB. We then extended the measurements at this
bias point over the entire operation band of the filter, and measured a minimum NF of 15.6 dB at the frequency of 2 GHz.
Another important measure of performance in RF photonic
systems is linearity. In order to evaluate the filter linearity, we
performed a two-tone test with a tone spacing of 10 MHz and
measured the generated third-order intermodulation (IMD3)
products using an electrical spectrum analyzer (Agilent PSA
E4448A). The measured IMD3 powers as a function of the
input RF power at the two-tone center frequency of
12 GHz are depicted in Fig. 4(a). By means of extrapolation,
the third-order input intercept points can be estimated to be
19 dBm. Taking into account the measured link noise of
power spectral density of −153 dBm∕Hz, the resulting
third-order SFDR of the filter at 12 GHz is 116 dB · Hz2∕3 .
Note that the displayed noise level of the spectrum analyzer
sets a power floor for IMD3 measurements when the input
RF power is lower than −15 dBm. In addition, we also measured the second-order intermodulation power generated
by the filter, which determined that the second-order intercept point and second-order SFDR are 9 dBm and
82.2 dB · Hz1∕2 , respectively. The filter is thus working in
the suboctave bandwidth [1]. This is expected from a lowbiased link, as biasing away from the quadrature point which
is the most linear point of operation for an MZM, will lead
to an elevated level of even-order distortions. Nevertheless,
for select applications that do not require a bandwidth of
more than one octave, the filter exhibits the highest SFDR
ever reported for a functional integrated RF photonic system.

Fig. 3. Spectra of (a) single-band filter at various RF frequencies,
(b) dual-band filter, and (c) reconfigurable filter bandwidth.
(d) Noise figure at the passband frequency of 6 GHz, as a function
of normalized bias angle (the ratio of applied bias voltage to the modulator’s half-wave voltage).
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We characterized the filter’s RF link gain, NF, and SFDR
over the entire tuning range of the filter (1–12 GHz), which is
limited by half of the resonator’s FSR (26 GHz). As shown
in Fig. 4(b), the filter consistently achieved RF amplifications
in the filter passband over the entire band of interest, with
NF variations of 15.6–19.5 dB and SFDR variations of
113–116 dB · Hz2∕3 . For all these measurements, the notch
frequency was set at 9.8 GHz and the photocurrent was fixed
at 10 mA. It is important to stress again that these results were
achieved without any electrical amplification.
To further signify the filter performance, we carried out
an experimental demonstration of RF signal filtering that highlights the filter’s ultra-high rejection at the stop band and RF
amplification in the passband. We emulated a scenario where
an RF front-end subsystem receives and processes a relatively
weak RF signal of interest in the presence of a strong interferer,
which is typical in the case of a crowded modern RF environment. The desired RF signal is located at the frequency of
9.46 GHz with a power of −56 dBm while the unwanted interferer has a frequency of 9.69 GHz and is 30 dB stronger than
the signal. The filter stop band was then tuned to the frequency
of the interferer. The RF spectra before and after filtering are
shown in Fig. 5. After passing through the filter, the desired
signal (at 9.46 GHz) is amplified by 2 dB, while the interferer
located 230 MHz (∼half of the filter 3 dB bandwidth) away
from the signal is suppressed by 47 dB down to ∼73 dBm.
This striking result highlights the unique performance of the
filter in terms of passband amplification, stop band rejection,
and spectral resolution, promising the capability to avoid RF
losses of signals of interest while blocking strong jamming
spikes in practical applications.
We compare the performance of our filter with previously
reported integrated RF photonic filters [2,3,6,10,15] and
with a “link only” serving as a performance benchmark.
The results are summarized in Table 1. Our filter shows
orders-of-magnitude lower NF when compared to other integrated RF photonic filters, while at the same time showing a
higher passband amplification and a higher dynamic range.
In fact, the performance of our filter subsystem is closer to
the expected ideal performance of a MWP link without any

Fig. 4. (a) Measured spurious-free dynamic range (SFDR) at
12 GHz, and (b) the measured RF gain, NF, and SFDR over the entire
tuning range.
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performance. The filter exhibits a record-low NF, a high
dynamic range, signal amplification in the passband, and
ultra-high stop band rejection. Our results point to the first step
toward widespread applications of integrated RF photonic
systems.
Funding. Australian
Research
Council
(ARC)
(DE150101535, DE170100585, FL120100029); Air Force
Office of Scientific Research (AFOSR) (FA2386-16-1-4036).
REFERENCES

Fig. 5. High-resolution RF filtering using the integrated RF photonic filter.

Table 1. Performance Comparison of Reported
Integrated MWP Filters
Platform
Fiber (link only) [9]
Indium phosphide [2]
Chalcogenide [3]
CaF2 [6]
Silicon [8]
Silicon nitride and fiber [10]
Silicon nitride (this work)

Link Gain
(dB)

NF
(dB)

SFDR 3
(dB∕Hz2∕3 )

>0
−20
−30
−23
0
0
8

<10
>30
>30
34
30
38
15.6

>120
81
N/A
110
105
N/A
116

functionality beyond signal distribution. Thus, our results represent a significant step to reduce the massive performance gap
between “link only” and integrated functional subsystems in
RF photonics.
Naturally, integrated RF photonic devices and subsystems
should progress toward all-chip-integrated solutions, which is
key for weight- and footprint-sensitive applications, including
space and airborne applications. At this moment, the link performance of an all-integrated filter [2] is way below that of the
filter reported here, as evident from Table 1. The key reason for
this performance gap is the limited qualities of on-chip light
sources and modulators. To achieve a high link performance,
a high-power and low-RIN laser and a low half-wave voltage
modulator are required. We performed simulations to predict
the expected qualities of an on-chip laser and a modulator to
approximate the level of link performance we have shown here.
We found that the same performance can be achieved with an
on-chip laser with an output power of 150 mW and a RIN of
−147 dBc∕Hz, an on-chip MZM with V π < 1 V, a high responsivity (∼1 A∕W) on-chip photodetector. While these desired metrics have not been demonstrated in a circuit level,
recent advances in heterogeneous integration technology [16–18]
have shown encouraging progress for analog photonics components. These include narrow linewidth lasers [17], high-power
lasers beyond 75 mW [18,19], MZMs with a sub-1-volt V π of
0.25 V [20] and 0.86 V [21], narrowband filters [22] and amplifiers [23], and a high-efficiency PD (∼1.04 A∕W) [24].
In conclusion, we have demonstrated for the first time,
an integrated MWP filter with simultaneously all-optimized
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