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We present our recent progress on microwave signal processing (MSP) using on-chip passive silicon
photonic devices, including tunable microwave notch filtering/millimeter-wave (MMW) signal genera-
tion based on self-coupled micro-resonators (SCMRs), and tunable radio-frequency (RF) phase shifting
implemented by a micro-disk resonator (MDR). These schemes can provide improved flexibility and
performances of MSP. The experimental results are in good agreement with theoretical predictions,
which validate the effectiveness of the proposed schemes.
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1. Introduction

Microwave signal processing (MSP) plays an important role and
finds wide applications in high-capacity wireless access networks,
radar systems, satellite communications, ultrafast noninvasive
measurements, and radio astronomy [1–5]. In most of these ap-
plication fields, there are increasing demands for processing
speed, cost effectiveness, energy efficiency, and improved pro-
cessing performances. Conventional electronic processing, which
suffers from fundamental speed limitation as well as degradation
at microwave frequency range, may not well satisfy these re-
quirements [2–4]. In comparison with the electronic counterpart,
processing microwave signals using photonic technologies could
overcome the bandwidth bottleneck of electronic processing, thus
allowing certain functions that are complex or even impossible to
realize in the radio frequency (RF) domain. Moreover, microwave
photonic signal processing also exhibits other attractive merits
including low loss, high flexibility, and strong immunity to elec-
tromagnetic interference, which are crucial for the improvement
of the performances of the microwave and millimeter-wave
(MMW) systems.

Owing to the compatibility with the well-developed silicon
integrated circuit (IC) manufacturing platform, silicon photonics
allows large-scale integration of photonic devices and is an active
and fast growing photonic technology [5,6]. Performing MSP based
tics Communications (2015
on silicon photonic devices could offer competitive advantages of
compact device footprint, low fabrication cost, low power con-
sumption, and high robustness [5,7], thus holding great promise
for future MSP systems. To date, a number of MSP applications
using silicon photonic devices have been proposed and demon-
strated, such as arbitrary waveform generation [8,9], photonic
generation of ultra-wide-band (UWB) and MMW signals [10–14],
microwave filters [15–20], RF phase shifters [21–25], and so forth.

In this paper, we report our recent progress on three typical
MSP functions including spectral notch filtering, MMWgeneration,
and RF phase shifting using compact passive silicon photonic de-
vices. The paper is structured as follows. Section 2 presents the
principle and demonstration of a continuously tunable microwave
photonic notch filter using the through port of a self-coupled
micro-resonator (SCMR). In Section 3, we discuss photonic MMW
generation using the drop port of the SCMR. Section 4 describes a
tunable photonic RF phase shifter based on a microdisk resonator
(MDR) with increased tunable range approaching 2π. Finally, we
summarize these results in Section 5.
2. Tunable microwave photonic notch filter based on a silicon
SCMR

Microwave notch filters are widely used for interference miti-
gation in wideband wireless networks, phased-array radars, and
satellite communications where the systems carry not only the
desired signal but also interfering signals such as local oscillator
), http://dx.doi.org/10.1016/j.optcom.2015.07.045i
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Fig. 1. (a) Schematic configuration of the proposed SCMR. (b) Normalized transmission spectrum from port IN to port OUT of the device in (a). (c) Zoom-in view of (b) around
one split resonance marked with dashed box for various coupling strength of the central coupler in (a). The dashed vertical line in (c) shows symmetry axis of the split
transmission notches.

J. Wu et al. / Optics Communications ∎ (∎∎∎∎) ∎∎∎–∎∎∎2
leakage, pilot tones, and jamming signals [26–28]. Conventional
electronic microwave notch filters based on resistor-inductor-ca-
pacitor (RIC) circuits suffer from the intrinsic bottleneck of pro-
cessing bandwidth and tunable range, which cannot meet the
requirements in dynamic wideband MSP systems [26,28]. Silicon
photonics technology could offer a low-cost and compact solution
to these challenges by employing silicon photonic filters [15–19].
In this section, a tunable microwave photonic notch filter based on
an on-chip SCMR with a compact footprint of �25 mm�90 mm is
proposed and experimentally demonstrated. By changing the
mutual mode coupling strength in the proposed device, the notch
frequency of the microwave photonic filter can be continuously
tuned. In the experiment, we obtain a high rejection ratio over
25 dB and a wide tuning range over 20 GHz.

2.1. Device configuration and operation principle

Fig. 1(a) shows the schematic configuration of the proposed
SCMR composed of a self-coupled resonant loop and a bus wa-
veguide. The bus waveguide is side-coupled to the resonant loop
and acts as the system input and output channels. There is a
central coupler formed by the coupled waveguides of the resonant
loop, which excites mutual mode coupling in the resonant cavity
[29]. The central coupler together with the upper part of the re-
sonant loop can be considered as a Sagnac reflector [30]. Due to
the backward reflection induced by the Sagnac reflector, there is
mutual coupling between the clockwise (CW) mode and counter-
clockwise (CCW) mode in the bottom ring. Using the scattering
matrix method (SMM), we obtain the power transmission function
from port IN to port OUT as follows:
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F t a e , 2S s
i

2
2

2
2 sκ= ( − ) ( )φ

R it a e2 . 3S s
i

2 2 sκ= ( )φ

In (Eqs. (1)–3), ti and κi (i¼1, 2) are the transmission and cross-
coupling coefficients of the two couplers in Fig. 1(a), respectively.
as and ar are transmission factors along the Sagnac loop and the
bottom ring, respectively. φs and φr are the phase shifts along the
Sagnac loop and the bottom ring, respectively.

In Fig. 1(b), we plot the normalized transmission spectrum of
the SCMR obtained from Eq. (1) for t1¼0.88 and t2¼0.968. In the
simulation, the physical lengths of the Sagnac loop and the bottom
Please cite this article as: J. Wu, et al., Optics Communications (2015
ring are set to be 70 mm and 63 mm, respectively. Based on our
previously fabricated devices, we also assume that the waveguide
group index and transmission loss factor are ng¼4.33 and
α¼4.5 dB/cm, respectively. Owing to the mutual mode coupling in
the resonant cavity, one can see that there are split resonances
with bimodal distribution in the simulated transmission spectrum.
By changing the coupling strength of the central coupler, varied
reflectance of the Sagnac reflector can be obtained, thus leading to
tunable interval between the two split transmission notches. In
Fig. 1(c), decreased t2, i.e., increased coupling strength of the
central coupler results in enhanced resonance splitting with in-
creased interval between the split notches. For κ2¼1, there is a
theoretical maximum interval between the split notches that
equals the free spectra range (FSR) of the SCMR. Using the coupled
mode theory [29], one can also obtain the spectral transfer func-
tion around any given resonance of the SCMR as follows:
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where ω and ω0 are the angular frequency variable and the re-
sonance angular frequency, respectively. Qi, Qe, and Qu denote the
quality factors related to internal cavity loss, external coupling
between the self-coupled resonant loop and the bus waveguide,
and mutual coupling between the CW and CCW modes, respec-
tively. For the split resonances at ω¼ω0þω0/Qu and
ω¼ω0þω0/Qu, the extinction ratio of the split notches can be
expressed as follows:
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the Q-factor of the split notch can be given by Q¼ω0/Δω.
Fig. 2(a) shows the block diagram of the system used to test the

frequency response of the proposed microwave notch filter. An
input RF signal at a frequency of fRF is modulated onto a con-
tinuous-wave (CW) optical carrier at the wavelength of the sym-
metry axis in Fig. 1(c) using an electro-optic (EO) modulator. After
that, the modulated signal is fed into the proposed SCMR as a
passive photonic filter, and then converted into an output RF signal
by a photodetector (PD). The schematic illustration of the opera-
tion principle is shown in Fig. 2(b). A Mach–Zehnder modulator
(MZM) biased at the linear region is employed as the EO
), http://dx.doi.org/10.1016/j.optcom.2015.07.045i
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Fig. 2. (a) Block diagram of the system used to measure the frequency response of the proposed microwave notch filter. fRF is the frequency of the input RF signal.
(b) Schematic illustration of the operation principle. BN is the frequency interval between the split notches. (c) Frequency response of the microwave photonic notch filter.
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modulator in Fig. 2(a). With the small-signal assumption [31],
three optical tones spaced by fRF can be generated and the two
sidebands are in phase. If the modulated signal is applied to a PD,
an output RF signal at the frequency of fRF can be obtained. Note
that the RF component at the frequency of 2fRF obtained from
beating the two sidebands is neglected since the amplitude of the
two sidebands is much lower than that of the optical carrier under
the small-signal model. After transmitting the modulated signal
through the SCMR, the amplitudes of the three tones are weighted
by the factors determined by the filtering response of the SCMR.
By sweeping fRF, the frequency response of the proposed micro-
wave photonic notch filter can be obtained. As shown in Fig. 2(c), a
minimum intensity of the generated RF signal is achieved when
fRF¼BN/2, where BN is the split notch spacing of the SCMR.

Compared to the microwave photonic notch filter implemented
by two cascaded microring resonators (MRRs) that can only per-
form filtering at certain frequencies [18], the interval between the
split notches of SCMR can be changed by varying the coupling
strength of the central coupler, therefore the notch frequency of
the microwave photonic filter can be continuously tuned in our
scheme.

2.2. Device fabrication and measured spectra

The designed device based on the above principle was fabri-
cated on a commercial silicon-on-insulator (SOI) wafer with a 220-
nm thick top silicon layer and a 2-mm-thick buried dioxide layer. A
Fig. 3. (a) Micrograph of the fabricated SCMR with an interferometric central coupler.
applied to the heater. (For interpretation of the references to color in this figure, the re

Please cite this article as: J. Wu, et al., Optics Communications (2015
micrograph of the fabricated device is shown in Fig. 3(a). 248-nm
deep ultraviolet (DUV) photolithography was used to define the
device pattern and an inductively coupled plasma (ICP) etching
process was utilized to etch the top silicon layer. An interfero-
metric coupler was used to replace the central directional coupler
in Fig. 1(a); therefore the effective coupling coefficient can be
dynamically changed by thermally tuning the phase shift along
one arm using a TiN micro-heater [32]. The gap size in the cou-
pling regions is �180 nm and the cross sections of the waveguides
are �450�220 nm2. The circumference of the self-coupled re-
sonant loop is �326 mm, which is a trade-off between the device
footprint and the implementation of the interferometric coupler.
The length of the directional coupler in the interferometric coupler
is �12 μm to achieve nearly 3-dB coupling feature. The length of
the micro-heater is �35 μm. TE-polarized grating couplers were
employed at the ends of the input and output channels to couple
light into and out of the chip with single mode fibers.

The measured transmission spectrum of the fabricated device
is shown in Fig. 3(b) by the green curve. The on-chip insertion loss
is �13 dB. One can see that there are split transmission notches,
which are consistent with the simulated spectra in Fig. 1(c). By
applying 0.6 V, 1.0 V, and 1.8 V direct-current (DC) voltages to the
heater along one arm of the interferometric coupler, we obtain the
transmission spectra shown by the red, blue, and orange curves in
Fig. 3(b), respectively. The intervals between the split transmission
notches are changed accordingly. The wavelength intervals for 0 V,
0.6 V, 1.0 V, and 1.8 V applied voltages are �0.40 nm, �0.34 nm,
(b) Measured transmission spectra of the device in (a) with different DC voltages
ader is referred to the web version of this article.)
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Fig. 4. Experimental setup for system demonstration of tunable microwave notch
filtering. PC: polarization controller. EA: electrical amplifier. MZM: Mach–Zehnder
modulator. EDFA: erbium-doped fiber amplifier. TOF: tunable optical filter. DUT:
device under test. OSA: optical spectrum analyzer. VOA: variable optical attenuator.
PD: photodetector. NA: network analyzer.

J. Wu et al. / Optics Communications ∎ (∎∎∎∎) ∎∎∎–∎∎∎4
�0.27 nm, and �0.10 nm, respectively, corresponding to fre-
quency intervals of �50 GHz, �42 GHz, �34 GHz, and �13 GHz,
respectively. Note that the applied voltage also induces slight
redshift of the transmission spectra, the symmetric axes of the
three spectra in Fig. 3(b) are aligned for comparisons of the tuning
effect. By further increasing the applied voltage, the spectral range
between the split notches decreases until the split notches finally
merge to a single one with increased depth. Theoretically, there is
a maximum insertion loss if t2¼κ2, and the insertion loss increases
with the increased voltage as a result of decreased coupling
strength of the central coupler. But the change of the insertion loss
is so small that one cannot observe obvious difference in the
experiment.

2.3. System demonstration of the tunable microwave photonic notch
filter

We use the experimental setup shown in Fig. 4 to test the
performance of the fabricated device as a tunable microwave
photonic notch filter. A CW light from a tunable laser with a tuning
resolution of 0.001 nm is employed as an optical carrier. The
generated CW light is modulated using a MZM with a modulation
bandwidth of 40 GHz. The MZM is driven by an RF signal from a
network analyzer (NA) (Agilent N5247A) and biased at the linear
region. The NA used to sweep RF frequencies has a maximum
bandwidth of 27 GHz. The modulated signal is boosted by an er-
bium-doped fiber amplifier (EDFA), followed by a tunable optical
filter (TOF) to suppress the amplified spontaneous emission (ASE)
noise. A polarization controller (PC) is inserted before the device
under test (DUT) to minimize the coupling loss of the TE-polarized
grating couplers. An optical isolator is employed to block the un-
desired reflection from the DUT. The output signal from the DUT is
split into two parts by a fiber optic power splitter. One part is fed
Fig. 5. (a) Measured frequency responses of the proposed microwave photonic notch filt
verses the applied DC voltage.

Please cite this article as: J. Wu, et al., Optics Communications (2015
into an optical spectrum analyzer (OSA), and the other part is
amplified by another EDFA and converted to electrical signal by a
PD before finally sent to the NA.

The measured frequency responses recorded by the NA are
shown in Fig. 5(a). The DC voltages applied to the heater are the
same as those in Fig. 3(b). The wavelength of the CW light is
slightly tuned to align with the symmetry axis of the split trans-
mission notches when applying different DC voltages. From Fig. 5
(a), it can be seen that the frequency responses show notch fil-
tering shapes, which are in agreement with the predictions in
Fig. 2(c). The filtering notch exhibits increased asymmetry and
decreased rejection ratio as the notch frequency decreases, which
is mainly induced by the filtering shape of the SCMR as well as
increased phase difference at the split notches. The maximum
rejection ratio is over 25 dB, and a wide tunable range over 20 GHz
is obtained. The increased DC voltage leads to increased 3-dB
bandwidth of the photonic notch filter. When the applied DC
voltage is changed from 0.6 V to 1.0 V, the corresponding 3-dB
bandwidth of the filtering notch is increased from �8.4 GHz to
�8.7 GHz, respectively. The 3-dB bandwidth of the notch filter is
determined by the Q-factor of the split resonances and the wa-
velength accuracy of the optical carrier. Reduced 3-dB bandwidth
can be achieved with lower waveguide propagation loss. Fig. 5
(b) shows that the notch frequency of the microwave photonic
filter can be continuously tuned by changing the applied DC vol-
tage. These experimental results verify the feasibility of the fab-
ricated device as a tunable microwave photonic notch filter.
3. Photonic generation of MMW signal based on frequency
extraction using a SCMR

MMW generation is a key technique in the broadband wireless
access networks and radar systems [33]. Conventional photonic
systems to generate MMW mostly rely on discrete optoelectronic
devices [34,35] and fiber-based components [36]. These archi-
tectures are usually bulky, costly, and lack of flexibility and stabi-
lity. Photonic generations of MMW using silicon photonic devices
are promising to solve these problems, as they can provide re-
duced system volume, low cost, and improved stability. Several
schemes for photonic MMW generations based on silicon devices
have been demonstrated [13,14]. In the section, we propose and
experimentally demonstrate photonic MMW generation using a
compact on-chip silicon SCMR. Base on frequency extracting using
the drop port of the proposed device, MMW signal can be easily
generated. The frequency of the generated MMW signal can be
tuned by changing the interval between the split resonances. In
the experiment, we have demonstrated photonic generation of
�39-GHz and �29-GHz MMW signals using the fabricated
devices.
er when the applied DC voltages are 0 V, 0.6 V, 1.0 V, and 1.8 V. (b) Notch frequency
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Fig. 6. (a) Schematic configuration of the SCMR with a drop output. (b) Normalized transmission spectrum from port IN to port OUT of the device in (a). (c) Zoom-in view of
(b) around one split resonance marked with dashed box for various coupling strength of the central coupler in (a). The dashed vertical line in (c) shows symmetry axis of the
split transmission peaks. (d) Schematic illustration of the frequency extraction principle.
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3.1. Device configuration and operation principle

The schematic configuration of the silicon device used for the
photonic MMW generation is shown in Fig. 6(a), which is similar
to that in Fig. 1(a) except that there is another bus waveguide side
coupled to the top of the Sagnac reflector serving as a drop output
channel. The normalized transmission spectrum for t1¼0.95 and
t2¼0.97 is shown in Fig. 6(b). The other parameters are the same
as those used in the simulation of Fig. 1(b). There are also split
resonances with bimodal distribution induced by the mutual
mode coupling. Different from the split transmission notches in
Fig. 1(b), there are split transmission peaks in Fig. 6(b). In Fig. 6(c),
we plot the transmission spectra around one split resonance for
varied t2. It can be seen that tunable interval between the two split
transmission peaks can also be obtained by changing the coupling
strength of the central coupler. As shown in Fig. 6(d), MMW can be
generated by using the proposed silicon device to extract a pair of
tones from an optical frequency comb and then beating them in a
PD. The frequency of the generated MMW equals BP, which is the
frequency interval between the split transmission peaks. Since
varied frequency interval between the split transmission peaks can
Fig. 7. (a) Micrograph of a fabricated SCMR with a drop output channel. (b) Measured
references to color in this figure, the reader is referred to the web version of this articl

Please cite this article as: J. Wu, et al., Optics Communications (2015
be obtained for different t2, the frequency of the generated MMW
signal can be changed accordingly.

3.2. Device fabrication and measured spectra

Similar to that in Section 2.2, a number of devices were fabri-
cated on a commercial SOI wafer with a CMOS compatible fabri-
cation process. The micrograph for one of the fabricated devices is
shown in Fig. 7(a). The cross-sections of the waveguides are cho-
sen to be �500�220 nm2 to reduce the waveguide transmission
loss, thus increasing the quality factor of the split resonance peaks.
Since the round-trip phase shift of the self-coupled resonant loop
is the sum of the phase shifts along the Sagnac loop and the
bottom ring, the asymmetry of the fabricated SCMR would not
affect the performance of the device. In order to obtain different
frequency intervals between the split resonances, we used two
samples labeled as A and B with slight different coupling lengths
of the central directional couplers, i.e., �3.5 mm and �3 mm, re-
spectively. For both samples, the straight coupling lengths of the
top and bottom directional couplers are �2.5 mm. The measured
transmission spectra of samples A and B are shown in Fig. 7(b) by
transmission spectra of two devices labeled as A and B. (For interpretation of the
e.)

), http://dx.doi.org/10.1016/j.optcom.2015.07.045i
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Fig. 8. Experimental setup for system demonstration of MMW generation. RFS: radio frequency synthesizer. EA: electrical amplifier. PM: phase modulator. EPS: electrical
phase shifter.
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the red and blue curves, respectively. The on-chip insertion loss is
�15 dB. The wavelength intervals between the two split trans-
mission peaks of samples A and B are �0.31 nm and �0.23 nm,
respectively, which correspond to frequency intervals of �29 GHz
and �39 GHz.

3.3. System demonstration of MMW generation

A proof-of-concept experiment for MMW generation using the
fabricated devices has been performed. The experimental setup is
illustrated in Fig. 8. The frequency comb is generated by cascading
an intensity modulator and a phase modulator (PM) similar to that
in [37]. An RF driven signal from a radio frequency synthesizer
(RFS) is amplified by an electrical amplifier (EA) and applied on
both the MZM and the PM. A tunable electrical phase shifter (EPS)
is utilized to adjust the phase of the RF signal. The generated op-
tical frequency comb is then amplified by an EDFA and sent to the
DUT. The output from the DUT is split into two parts by a fiber
optic power splitter. One part is fed into an OSA, and the other part
is sent to an oscilloscope after boosted by another EDFA followed
by a TOF to suppress the ASE noise.

Fig. 9(a) presents the spectrum of the generated optical fre-
quency comb. The frequency intervals between adjacent comb
lines are �10 GHz. The output spectra after going through samples
A and B are shown in Fig. 9(b) and (c), respectively. For both
samples, the two tones to be extracted are aligned to the split
transmission peaks of the fabricated device. The frequency of the
Fig. 9. (a) Experimentally generated optical frequency comb. (b–c) The output spectra af
GHz and 29-GHz MMW signals.

Please cite this article as: J. Wu, et al., Optics Communications (2015
RF driven signal is slightly tuned to match with the frequency
intervals between the split transmission peaks of the fabricated
samples. It is clear that a pair of tones can be selected by the DUT.
After beating them in a PD, MMW signals can be generated. The
temporal waveforms of the generated 39-GHz and 29-GHz MMW
signals are shown in Fig. 9(d) and (e), respectively, which verify
that the proposed silicon device can be used for photonic MMW
generation. The imperfection of the generated MMW signals can
be attributed to other frequency components after PD detection.
For a SCMR with increased extinction ratio at the drop output, the
discrepancies between the experimentally obtained MMW signals
and the ideal ones can be reduced. Improved extinction ratio can
be obtained for increased t1 and decreased α. By employing an
interferometric coupler similar to that in Fig. 3(a), the frequency
intervals between the split transmission peaks can be dynamically
tuned to enable tunable MMW signal generator.
4. Tunable photonic RF phase shifter based on a MDR

RF phase shifters are core components to achieve controllable
time delay/advance of RF signals, which are crucial for phased-
array radars and radio astronomy antennas [38]. Conventional
electrical RF phase shifters suffer from limitations in operational
bandwidth and phase-shift tuning range. To solve this problem, a
broadband tunable photonic RF phase shifter based on a compact
silicon MRR has been investigated in our previous work [21]. But
ter filtered by samples A and B. (d–e) The temporal waveforms of the generated 39-

), http://dx.doi.org/10.1016/j.optcom.2015.07.045i
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Fig. 10. (a) Schematic configuration of the MDR. (b) Normalized intensity and phase responses of the MDR for l¼0.006 and κ¼0.046. (c) Schematic illustration of the
operation principle.
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the tunable range is limited by the quality factors of the MRR and a
maximum phase shift of �4.6 rad was experimentally achieved. A
modified scheme with increased phase-shift tuning range over 2π
has also been proposed [24], but the device is implemented by
cascaded MRRs, which impose stringent requirements on the
alignment of resonance wavelengths from separate resonators. In
this section, we propose and experimentally demonstrate a tun-
able photonic RF phase shifter based on a single MDR with a
compact footprint of �20 mm�20 mm. Benefitting from the high
quality factor of the MDR, an increased phase-shift tuning range
approaching 2π has been achieved in our experiment.

4.1. Device configuration and operation principle

The schematic configuration of the MDR is illustrated in Fig. 10
(a). The spectral transfer function around any given resonance can
be given by [39,40]:

T f
j f f l

j f f l
A f j f

4

4
exp ,

7
MDR MDR MDR

0

0

πτ κ
πτ κ

Φ( ) =
( − ) + ( − )
( − ) + ( + )

= ( ) [ ( )]
( )

where f is the frequency variable, f0 is the resonance frequency, τ is
the round-trip propagation time, l is the round-trip transmission
loss, and κ is the power coupling ratio between the microdisk and
the bus waveguide. AMDR( f ) and ΦMDR( f ) denote the amplitude
and phase of TMDR( f ), respectively. As shown in Fig. 10(b), the
MDR operates in the over-coupling regime when κ4 l, with a
phase difference of 2π around the resonance. For two optical tones
at frequencies of f1 and f2, the optical field can be expressed as
follows:

E t A j f t A j f texp 2 exp 2 , 8in 1 1 1 2 2 2π φ π φ( ) = [ ( + )] + [ ( + )] ( )

where Ai and φi (i¼1, 2) are the amplitudes and initial phases of
the two tones, respectively. After beating them in a square-law PD,
the RF component of the output current can be given by:

i t A A f tcos 2 . 9AC RF1 2 2 1π φ φ( ) ∝ [ + ( − )] ( )

where fRF¼ |f1� f2| is the frequency intervals between the two
Fig. 11. (a) Micrograph of the fabricated MDR. (b) Measured (solid curve) and fitted (d
spectrum around another resonance at 1557.76 nm. (For interpretation of the reference

Please cite this article as: J. Wu, et al., Optics Communications (2015
tones. After transmitting the signal in Eq. (8) through the MDR, the
output optical field can be described by:

E t A A f j f t f

A A f j f t f

exp 2

exp 2 , 10

out MDR MDR

MDR MDR

1 1 1 1 1

2 2 2 2 2

{ }
{ }

π φ Φ

π φ Φ

( ) = ( ) [ + + ( )]

+ ( ) [ + + ( )] ( )

and the RF component of the output current after PD detection is:

i t A A A f A f

f t f f

cos

2 . 11

AC MDR MDR

RF MDR MDR

1 2 1 2

2 1 2 1π φ φ Φ Φ

( ) ∝ ( ) ( )

[ + ( − ) + ( ) − ( )] ( )

From Eq. (11), one can see that the difference of the MDR’s
phase response at the frequencies of the two tones is transferred
to the phase of the generated RF signal. As shown in Fig. 10(c), the
phase shift varies from �0 to �2π if the resonance wavelength of
the MDR changes from λ1 to λ2, while tunable phase shift of the RF
signal can be realized. Since MDRs only have outer sidewalls, they
tend to suffer lower sidewall roughness-induced scattering loss
and generally exhibit higher quality factors, i.e., narrower band-
width than MRRs [41]. As a result, by employing a MDR with re-
duced notch bandwidth, increased phase-shift tuning range can be
obtained.

4.2. Device fabrication and measured spectra

The MDR is fabricated on a commercial SOI wafer with a CMOS
compatible fabrication process similar to previously fabricated
devices in Sections 2 and 3. Fig. 11(a) presents the micrograph of
the fabricated MDR. The on-chip insertion loss is measured to be
�11 dB, which is mainly caused by the coupling loss of the grating
couplers. The radius of the MDR is �10 mm. The gap size between
the microdisk and the bus waveguide is �150 nm. The cross-
section of the bus waveguide is �450�220 nm2. The measured
spectrum around one resonance at 1548.92 nm is shown in Fig. 11
(b) by the blue solid curve. The fitted spectrum obtained from Eq.
(7) is shown by the dashed curves accordingly. The fitting para-
meters are τE9.063�10�13 s, lE0.0068, and κE0.0217. The
3-dB bandwidth is �0.04 nm, i.e., the quality factor is �4�104.
ashed curve) spectra around one resonance at 1548.92 nm. Inset shows measured
s to color in this figure, the reader is referred to the web version of this article.)
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The depth of the resonance notch is �5 dB. The inset in Fig. 11
(b) shows the measured spectrum around another resonance at
1557.76 nm, which is induced by the same whispering gallery
mode (WGM) with a FSR of �8.84 nm.

4.3. System demonstration of a tunable photonic RF phase shifter

The experiment setup for system demonstration of tunable RF
phase shifting using the fabricated device is shown in Fig. 12.
Optical carrier suppressed (OCS) signal [42] is used as the input
signal in Eq. (5) with two tones. The frequency interval between
the two tones is �40 GHz. The generation of the OCS signal is the
same as that in [43]. The wavelength of the left tone of the OCS
signal is set to 1549.01 nm, which locates at the right side of a
resonance notch of 1548.92 nm. Another CW light is employed as a
control light. The control light is amplified by an EDFA, followed by
a variable optical attenuator (VOA) to adjust the output power.
Due to the nonlinear thermo-optic effect, the control light around
the resonance wavelength of the device induces redshift of the
transmission spectrum [44]. The wavelength of the control light is
set to 1557.84 nm, close to the resonance at 1557.76 nm. This is to
make sure that more power can be coupled into the MDR if the
control power increases and causes redshift of the device. The
generated OCS signal and the control light are combined by a 3-dB
coupler before injected into the DUT. The output signal from the
DUT is split into two parts and sent to an OSA and an oscilloscope
for spectral and temporal measurements, respectively.

The measured optical spectrum of the generated OCS signal
with 40-GHz frequency intervals between the two tones is shown
in Fig. 13(a). The suppression of the optical carrier is higher than
20 dB. By adjusting the power of the control light, tunable phase
shift of the generated RF signal can be obtained. The temporal
waveforms of the initial RF signal and the RF signals after phase
shifts of �π and �6.1 rad are shown in Fig. 13(b). One can see that
the phase-shifted RF signals still well preserve the signal
Fig. 13. (a) Optical spectrum of the generated 40-GHz OCS signal. (b) Temporal waveform
of π (green curve) and 6.1 rad (red curve). (c) Phase shift versus the power of the co
references to color in this figure legend, the reader is referred to the web version of th
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waveform as compared to the initial one. A maximum phase shift
of �6.1 rad is obtained when the power of the control light
reaches �15 dBm. The power is measured before the DUT. Con-
sidering the on-chip insertion loss of �11 dB, the power required
to achieve the maximum phase shift is �4 dBm. The maximum
phase shift suffers from the limitation of the resonance shifting
range in the tuning scheme. By using a micro-heater or doped
electrode to increase the resonance shifting range, the phase-shift
tuning range can be further increased. The maximum power var-
iation is �4.5 dB, which is mainly induced by the amplitude re-
sponse of the MDR. The phase-shift tuning range approaches to 2π
and is improved by �30% in comparison with that in our previous
work [21]. Fig. 13(c) depicts the phase shift versus the power of the
control light for 20-GHz, 30-GHz, and 40-GHz RF signals. The de-
creasing of the maximum phase shift for lower-frequency RF signal
can be attributed to the decreased ratio of the frequency spacing of
the OCS signal to the resonance notch bandwidth. These experi-
mental results validate the effectiveness of the fabricated device as
a tunable photonic RF phase shifter.
5. Conclusion

In summary, three MSP functions with improved flexibility and
processing performances have been proposed and experimentally
demonstrated using on-chip passive silicon photonic devices, in-
cluding tunable microwave notch filtering, MWW signal genera-
tion, and tunable RF phase shifting. Using the through port of an
SCMR, a microwave photonic notch filter is achieved with a tuning
range over 20 GHz and a maximum rejection ratio of 25 dB. By
frequency extracting from an optical frequency comb using the
drop ports of SCMRs, we demonstrate photonic generation of 39-
GHz and 29-GHz MMW signals. A photonic RF phase shifter im-
plemented by a single MDR is also reported, and an increased
phase-shift tuning range approaching 2π has been experimentally
s of the initial RF signal (blue curve) and the generated RF signals after phase shifts
ntrol light for 20-GHz, 30-GHz, and 40-GHz RF signals. (For interpretation of the
is article.)
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achieved. These silicon photonic devices are promising elements
for future MSP systems.
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