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Abstract: We demonstrate a programmable microwave photonic bandpass filter with a rectan-
gular frequency response and a reconfigurable spectral resolution. We achieved these features
through dual-sidebands processing of a phase modulated signal using a network of four optical
ring resonators in a low-loss silicon nitride (Si3N4) circuit. Furthermore, we integrate a pair of
optical ring resonators in the same circuit to precisely control the amplitude and phase of the
optical carrier to enhance the noise performance of the filter. We achieved filtering with a tunable
bandwidth from 2 to 7 GHz with optical carrier suppression up to 6 dB, a maximum RF gain
of -10 dB, and a minimum noise figure of 27 dB. These experiments are expected to provide a
feasible design to approach fully integrated microwave photonic filters with improved link gain
and reduced noise figure.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Integrated microwave photonics (MWP) is an emerging field where photonic components
manipulate radio frequency (RF) signals with the incorporation of photonic integrated circuits
(PICs) in microwave photonic system [1], offers multiple advantages including massive footprint
reduction as well as enhance functionality, flexibility and performance, making them more
comparable to RF circuits and important for RF front end application. By having these
benefits in integrated microwave photonic system, it is important to find a way to combine
reconfigurable microwave photonic functionality with noise performance enhancement technique
for the broadband and real-time analog signal processing.
Recently, an integrated microwave photonic filter, as an analog signal processing with fully

optimized RF performance is obtained with advanced notch filtering functions using low-biasing
Mach-Zehnder modulator (MZM) as photonic link optimization technique to achieve low noise
figure [NF] [2]. Low-biasing MZM is a noise figure optimization technique that reduces the
photocurrent associated with optical noise faster than the RF link gain (sin2ϕ) when the MZM
bias point is moved from quadrature bias point (ϕbias = π/2) towards null bias point (ϕbias = 0).
It is also important to do the same approach for bandpass filter functions. Such a filter has
been researched using various integrated photonic devices, such as optical ring resonators [3,4]
and stimulated Brillouin scattering (SBS) [5,6]. In a combination of MZM and optical ring
resonator-based system, a rather complex structures are needed to create bandpass filter [7,8].
Moreover, typical MZM suffers from DC bias drift issue, causes slow drift of the optimum
bias point for high slope efficiency in analog photonic link [9]. Here, a combination of phase
modulator (PM) and all-pass optical ring resonator is used to build the bandpass filter in a simpler,
more compact and DC bias drift free system. But the use of PM prevents the advantages of
low-biasing operation used readily available in MZM-based systems. To overcome this limitation,
an optical carrier suppression technique implemented using external optical filters were used to
emulate low biasing [10,11]. In views of integrated MWP systems, it is important to integrate
this optical carrier filter with reconfigurable MWP filters in the same circuit, which is the key
to achieve hardware-compressed highly integrated filters. Recently, the research of bandpass
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filter with carrier suppression combination has been published [12]. Nevertheless, the limit of
ring-based carrier suppression technique has not been explored to date, nor its combination with
more advanced bandpass filtering functions.
In this work, we report and demonstrated experimentally an MWP bandpass filter with a

rectangular frequency response and a reconfigurable spectral resolution combined with an optical
carrier processor to enhance the noise performance, all integrated on a silicon nitride photonic
chip. This bandpass filter was created using dual-sideband processing of phase-modulated signal
[13,14] while the optical carrier processing was aimed to gain and noise figure enhancement
through optimization of the detected optical power. With this approach, we demonstrate a square-
shaped bandpass filter with 2-7 GHz tunable bandwidths, an RF gain of -10 dB, and a minimum
noise figure (NF) of 27 dB. Further, we provide a comprehensive simulation model to describe
the frequency response of the filter with complete RF-photonic link parameters simultaneously.
Finally, we analyze the noise performance improvement technique using ring-based optical carrier
suppression and compare it with conventional low-biased Mach-Zehnder modulator (MZM).

2. Filter operating principle and system modelling

The operation principle of the proposed microwave photonic bandpass filter is illustrated in
Fig. 1. The input RF signal was converted into the optical domain using a phase modulator (PM)
creating a signal with identical-amplitude sidebands that are out-of-phase. The PM signal was
then processed using a network of ring resonators. There were two key signal processing steps
implemented by this ring network: (1) bandpass filtering and (2) optical carrier suppression.

Fig. 1. The principle and experimental setup of the proposed on-chip programmable
bandpass filter with integrated optical carrier suppression. Four ring resonators were used to
form the square-shaped filter passband. Two more ring resonators were used to partially
suppress the optical carrier to emulate low-biasing technique. An optical amplifier (EDFA)
was then used to compensate the carrier suppression. The result was a square-shaped
bandpass filter with improved noise figure; RF: radio frequency, EDFA: erbium-doped-
fiber-amplifier, PC: polarization controller, OC: over-coupling, UC: under-coupling, PD:
photodetector.

For creating the square-shaped bandpass filter, we used the resonances of four optical ring
resonators operating at the over-coupling (OC) states. These resonances were positioned
asymmetrically with respect to the optical carrier (f1 , f2 , f3 , f4) to control the amplitude and
phase of the PM sidebands essentially leading to phase modulation to intensity modulation (PM
to IM) conversion [13]. Due to OC state in the rings, a π-phase shift is introduced at the desired
notch frequency, creating constructive interference between mixing product of optical carrier
and two sidebands, forming a strong RF passband at ωRF with a square shape and a flat top filter
response.
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Further, we implemented optical carrier suppression through a couple of ring resonators
operating at the under-coupling (UC) states. The carrier suppression was used to limit the DC
optical power to the photodetector. At the same time, we used optical amplification to boost the
strength of the optical sidebands. This combination leads to enhancement of the link gain and
noise figure without saturation of the photodetector current, essentially emulating low biasing in
the phase modulated system.

We proceed with describing the modelling of the entire MWP filter system. The optical field
of the phase modulated signal, considering small signal modulation can be written as

Epm(t) =
√
Piejωct

∑n=1

n=−1
Jn(m)ejnωRF t (1)

where ωc and ωRF is the angular frequency of the optical carrier and input RF signal; Pi is the
input optical power, Jn is the n-th order Bessel function of the first kind, m = πVRF/Vπ,RF is the
modulation index of PM, VRF is the input RF signal voltage, Vπ,RF is the RF half-wave voltage of
the PM.

The output signal of cascaded ring resonators for our MWP bandpass filter can be expressed as

Ep(t) =
√
Piejωct(αJ0(m)ejθα + βJ1(m)ej(ωRF t+θβ ) − γJ1(m)ej(−ωRF t+θγ )) (2)

where

α = T1(ωc)T2(ωc) θα = θ1(ωc) + θ2(ωc)

β = T3(ωc + ωRF)T4(ωc + ωRF) θβ = θ3(ωc + ωRF) + θ4(ωc + ωRF)

γ = T5(ωc − ωRF)T6(ωc − ωRF) θγ = θ5(ωc − ωRF) + θ6(ωc − ωRF)

Here, the amplitude response Tk(ω) and phase response θk(ω) of the kth optical ring resonator
are given by [15]

Tk(ω)ejθk(ω) =
ak − cke−j∅k(ω)

1 − akckej∅k(ω)
ej[π+∅k(ω)] k = 1, 2, . . . , 6 (3)

where ck, ∅k, and ak are self-coupling coefficient, round-trip phase, and single-pass amplitude of
the optical ring resonator, respectively.

The optical carrier suppression in Eq. (2) is expressed by the factor α, which is dictated by the
multiplication of the transmission factors of two ring resonators. We compensate the optical
carrier suppression by re-amplification using the gain from an erbium-doped fiber amplifier
(EDFA). This re-amplification was done parametrically, such that the DC optical power impinging
on the photodetector is constant at various carrier suppression levels. The key concept here
is: while carrier suppression is only reducing the DC optical power, the gain of the EDFA is
broadband, and will lead to amplification of all frequency components, which include the two RF
sidebands. The net result of the combined carrier suppression and parametric amplification are
enhanced link gain of the filter with increasing carrier suppression levels.
The photocurrent and RF power at the output of the photodetector can be described as

I(t) = RPDPdet(t) = RPDEp(t)Ep
∗(t)

∝ RPDPi[B1 + B2 − B3]
(4)

PRF = (RPDPiGEDFA[B2 − B3])
2RL (5)

where
B1 = α

2J20(m) + (β
2 + γ2)J21(m) ∆θ1 = θα − θβ

B2 = 2αβJ0(m)J1(m) cos(ωRFt − ∆θ1) ∆θ2 = θα − θγ

B3 = 2αγJ0(m)J1(m)cos(ωRFt − ∆θ2)
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with RPD, RL, and GEDFA are the responsivity of the photodetector, load resistance, and gain of
the EDFA.
Based on the model described earlier, we simulate the response of the programmable MWP

bandpass filter with tunable bandwidth using parameters as summarized in Table 1.

Table 1. Programmable MWP bandpass filter modelling
parameters.

Symbol Parameter Value

Pi input optical power 18 dBm

PRFi input RF power −3 dBm

Lpm PM losses 3 dB

LRR fiber-to-fiber insertion losses 8.5 dB

LRFc Coaxial / RF cable losses 2 dB

GEDFA EDFA gain 3 dB

VRF input RF signal voltage 0.2 V

Vπ ,RF RF half-wave voltage 5 V

RPD Photodetector responsivity 0.6 A/W

Here, we synthesize the filter with rectangular spectral resolution, aiming flat top and radical
transition between passband and stopband. We utilize resonance from four optical ring resonators
to realize the rectangular filter with optical carrier placed at the center of each two resonances
frequency. Then, by shifting the ring resonance simultaneously with respect to optical carrier, the
central frequency and bandwidth of each phase difference term can be adjusted, and the formed
bandpass filter can be modified correspondingly.

3. Experiments and results

3.1. Reconfigurable MWP bandpass filter

The experimental setup of on-chip programmable bandpass filter is depicted in Fig. 1. An optical
carrier from a low relative-intensity-noise (RIN) laser (Pure Photonics PPCL550) at 1550 nm
is phase modulated using a phase modulator (EOSpace 20 GHz) with optical insertion losses
of 3 dB. The PM is driven by an RF signal from a vector network analyzer (VNA, Keysight
P9375A) with RF power level at -3 dBm. The output of PM was then sent to a 2 W erbium-doped
fiber amplifier (EDFA, Amonics) before being injected into a programmable silicon nitride chip
(LioniX International) fabricated using the low-loss TriPleX (Si3N4/SiO2) technology [16]. The
chip has fiber-to-fiber insertion losses of 8.5 dB and the propagation loss of the optical waveguide
is 0.15 dB/cm. The circuit consists of six optical ring resonators coupled to one bus waveguide
in series. Each optical ring resonator has a free spectral range (FSR) of 25 GHz and can be tuned
through thermo-optic tuning using chromium heaters. The heaters were supplied from voltage
source and can be programmed with heater controller in computer. The processed optical signal
is sent to a matched photodetector (APIC 40GHz Photodetector). For all measurements, the
detected optical power in photodetector remained constant at 10 dBm.
Figure 2 shows the simulation and measurement results of integrated microwave photonic

bandpass filter responses at central frequency of 5 GHz based on the principle illustrated in Fig. 1.
The bandwidth tuning range is around 6 GHz with passband suppression of 20 dB. It should be
noted that the passband gain of the filter was measured to be -16 dB due to the losses introduced
at RF-to-optics and optics-to-RF conversion.

We then implemented the optical carrier suppression using two ring resonators. The maximum
suppression we can impart using the rings was 6 dB, as depicted in Fig. 3, as expected from
Eq. (5), 6 dB suppression of the carrier will lead to 6 dB reduction of the RF link gain (dashed
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Fig. 2. Simulated and measured RF responses of bandpass filter with multiple bandwidths.

blue trace in Fig. 3). If we now implement compensation of the suppression via broadband
parametric amplification using an EDFA, where the gain of EDFA is tuned to retrieve the optical
power level lost by the carrier suppression, we obtain that now the RF link gain is enhanced by
6 dB compared to the case with no carrier suppression. This means that we achieve link gain
advantage without increasing DC photocurrent, which is essentially the benefit that typically one
gets from traditional low-biased MZM intensity modulated links.

Fig. 3. Measured RF gain when optical carrier suppression was implemented in the filter.
When optical carrier was suppressed by 6 dB, the RF link gain falls with the same amount
(blue dashed trace). When gain compensating using EDFA was implemented, RF link gain
advantage was obtained (red trace).

We plot the measured RF link gain with EDFA compensation together with the calculated link
gain expressed in Eq. (5). As comparison, we plot the uncompensated link gain, achieved only
using carrier suppression. This comparison is shown in Fig. 4(a). Clearly, carrier suppression
with gain compensation show significant improvement as the carrier suppression level increases.

3.2. Noise performance enhancement

We further analyze the filter gain (G) enhancement and noise figure (NF) reduction of the filter
using optical carrier suppression technique. The expression of noise figure (NF) can be described
as

NF = 174 − G +
(
Nth +

(NRIN + Nsh)

4

)
(6)

where Nth = kTB, NRIN = 10 RIN
10 Idc2BRL, and Nsh = 2qIdcBRL are the noise power spectral density

of thermal noise, relative intensity noise, and shot noise respectively with Idc is the total DC
photocurrent. Here, k is Boltzmann’s constant, q is electron charge, T is room temperature, B is
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Fig. 4. Comparison of calculated and measured gain enhancement and noise figure reduction
of the microwave photonic links depicted in Fig. 1. When gain compensating using EDFA
was implemented, noise performance enhancement was obtained.

the noise bandwidth, and RL is the load resistance. The factor of ¼ in Eq. (6) occurs due to the
use of impedance matching at the photodetector [17]. We measured the noise power spectral
density in our filter using RF spectrum analyzer (RFSA). We ensure that the measured noise was
dominated by the optical link noise instead of the displayed analyzer noise level (DANL) of the
RFSA. From the measured values of RF link gain and noise power, we calculated the RF noise
figure. The results are shown in Fig. 4(b), together with the calculated NF with RIN of -155
dB/Hz. In the same figure, we plot the calculated NF with EDFA compensation, showing NF
degradation as expected. The best measured performance of our filter was -10 dB for filter’s gain
and 27 dB for noise figure.

3.3. Comparison with conventional low biased MZM link

We further analyze the noise performance improvement technique because of the limitation that
we encounter using optical ring resonator. Here, we build two microwave photonic link setups
with intensity modulator (IM, Avanex FA20, 20 GHz). The first setup is set for the experiment of
noise performance improvement technique using a Mach-Zehnder modulator with ring resonator
(MZM+RR) and the second setup is set for the experiment with conventional low-biasing MZM
(MZM+LB). The output optical field of intensity modulated signal, considering small signal
modulation can be described as

Eim(t) =
1
2
√
Piejωct(1 + ejϕB )

∑n=1

n=−1
Jn(m)ejnωRF t (7)

Here, ϕB = πVDC/Vπ,DC is the DC bias point, VDC is the input DC voltage and Vπ,DC is the DC
half-wave voltage of the IM. Using the same approach for Eq. (4), the beating product of the
photocurrent for setup with optical carrier suppression using optical ring resonator (IRR(t)) and
low-biased MZM (ILB(t)) with gain compensation from EDFA can be described respectively as

IRR(t) =
1
2
RPDPiGEDFA(1 + cosϕB)


(α2J02(m) + 2J12(m))

+2αJ0(m)J1(m)cos(ωRFt + θα)

+2αJ0(m)J1(m)cos(ωRFt − θα)


(8)

ILB(t) =
1
2
RPDPiGEDFA(1 + cosϕB)


(J02(m) + 2J12(m))

+4J0(m)J1(m)cos(ωRFt)

 (9)
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We send a laser with output power 18 dBm to intensity modulator and set a constant detected
optical power in photodetector at 5 dBm. The modulator bias point is set at quadrature (ϕB = π/2)
for ring-based carrier suppression technique and variety of bias point (ϕB = π/2 - null) for
low-biasing technique.

In Fig. 6(a) we plot the simulated and measured RF filter’s gain enhancement for both setups
shown in Fig. 5. Here, the gain enhancement is defined as the ratio of gain at various carrier
suppression and the gain at no carrier suppression. As expected, gain enhancement in the case
of MZM+RR increase linearly with carrier suppression. In the case of low-biasing MZM, the
rate of gain enhancement around quadrature is higher, but at higher suppression the rate is linear.
When compared, low-biasing MZM leads to higher gain enhancement than MZM+RR. Similar
behavior is observed in the NF reduction plotted in Fig. 6(b). From these results, low-biasing
MZM is more beneficial than carrier suppression using ring resonator.

Fig. 5. The intensity modulator based experimental setup for optical carrier suppression
with optical ring resonator (a) and low-biasing technique (b).

Fig. 6. Comparison of calculated and measured gain enhancement and noise figure
reduction of the microwave photonic links depicted in Fig. 5. The low biasing technique
shows advantages compared to optical carrier suppression technique.

4. Discussion

As shown in Fig. 4, the optical ring resonator can only have limited suppression of around 6 dB.
This is fundamentally limited by the mechanism of carrier suppression. To analyze the limitation
of carrier suppression mechanism, we need to look at the power resonance in the cavity of optical
ring resonator with multiple suppression. Here, the power enhancement ratio of optical ring
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resonator can be described as [18]

Pres/Pi = (2/π)ηQ(FSR/v) (10)

where Pres, η, Q, λres, and v are power resonance in the cavity, the coupling efficiency, Q-factor,
resonance wavelength and the frequency of the light in optical ring resonator respectively. In an
optical ring resonator with 6 dB suppression, a high optical power in the optical carrier is being
coupled to a low loss optical ring resonator with Q-factor of around 1.52 × 106. It means that
there is an optical power enhancement factor of 31.7 in the ring, and this will lead to resonance
shift, leads to the reduction of optical carrier suppression, and compromise the stability of the
system.
Therefore, a new architecture is required to mitigate this problem. An alternative for on-chip

optical carrier suppression that can be considered include loss resonance of stimulated Brillouin
scattering (SBS) waveguide [19] or a carrier re-insertion network commonly used in coherent
detection architecture [20].

5. Conclusion

We have demonstrated on-chip programmable MWP filter with an integrated optical carrier
suppression. The bandwidth of the bandpass filter can be tuned, and the noise performance can
be enhanced with optical carrier suppression. Experimental results show that a filter gain of -10
dB, a tunable bandwidth of 6 GHz, a suppression up to 6 dB, and a minimum noise figure of
27 dB can be achieved using OC and UC optical ring resonators all integrated on-chip. The
advantages of this technique are having more advanced functionality, flexibility, DC bias drift
free, and able to enhance the noise performance of the filter, without adding complexity of optical
components and massive reduction of PIC’s footprint.
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