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Abstract Phase shifter is one of the key devices in
microwave photonics. We report a silicon microring
resonator with coupling modulation to realize microwave
phase shift. With coupling tuning of the Mach-Zehnder
interferometer (MZI) coupler to change the resonator from
under-coupling to over-coupling, the device can realize a 7
phase shift on the incoming microwave signal with a
frequency up to 25 GHz. The device can also realize 2.5
continuous phase tuning by manipulating the three DC bias
voltages applied on the MZI coupler.
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1 Introduction

Microwave photonics has received continuous attention
for its capability in radio frequency (RF) signal processing.
Microwave photonic phase shifter is one of the key
elements, which could be applied in phased array radars
and microwave filters [1]. In traditional schemes, one can
use distributed feedback (DFB) lasers [2], stimulated
Brillouin scattering (SBS) [3] and slow- and fast-light
effects in semiconductor optical amplifiers (SOAs) [4] to
realize microwave photonic phase shift. The integrated
devices like LiNbO; Mach-Zehnder interferometers
(MZIs) are also applicable in practical use [5]. In recent
years, silicon-on-insulator (SOI) microwave photonic
phase shifters have drew more and more attention due to
their small footprint, large bandwidth and low power
consumption. Nowadays, SOI microrings are regarded as
one of the ideal structures for phase shifters. Microrings
have continuously variable phase change around reso-
nances which could be used for phase shift. It is required to
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broaden the continuous tunable range of phase shift while
simultaneously reduce the amplitude variation in many
applications. In Ref. [6], the authors adopted the thermo-
optical effect in a SOI mircoring to achieve a 0—1.467
phase tuning range for a 40 GHz RF signal. In Ref. [7], the
authors achieved 3.37 continuous phase shift by cascading
two electrically controlled microrings.

Compared to the traditional microring resonator with
direct cavity modulation, the microring resonator with
coupling modulation has the advantage of a large
bandwidth beyond the cavity linewidth limitation [8].
The coupling modulation is usually realized in a MZI
coupler. Both on-off keying (OOK) and binary phase-shift
keying (BPSK) optical modulations can be generated by
such a device [9]. It is noticed that when the MZI coupler is
driven by a push-pull RF signal at its critical coupling
point, the output phase will experience a 7 phase shift.
This is why this structure can achieve a chirp-free BPSK
modulation. In this paper, we used the coupling-modulated
ring resonator to achieve phase shift for RF signals. A
maximum of 2.57t continuous phase change is obtained by
changing the voltages applied on the two arms of the MZI
coupler.

2 Phase shift principles and simulations

Figure 1 depicts the schematic of the device. Intuitively,\
the structure can be regarded as a combination of a MZI
and a microring resonator. The MZI is composed of two
2x2 3-dB multimode interferometers (MMIs). The two
arms of the MZI have a length difference of 14.6 um. One
output port of the right MMI is connected back to one input
port of the left MMI to form a resonance loop. Two back-
to-back series connected pn junctions are positioned in the
MZI arms with an active waveguide length of 800 um. We
use three bias voltages Vyp, Viown, and Vj, to tune the
refractive indices of the upper and lower arms of the MZI
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Fig. 1 Schematic of a microring resonator with coupling enabled
by an asymmetric MZI coupler. The blue regions outside the MZI
arms are the p-doped regions, and the yellow region in between the
MZI arms is the n-doped region. Inset: cross-sectional view of the
MZI modulation arms

to get a desired output phase change.

The inset depicts the cross section of the active arms.
The silicon waveguide is 500 nm wide and 220 nm high
with a slab thickness of 60 nm. Carrier depletion in the
silicon pn junctions is utilized to modulate the optical
phase. Taking into account that holes have a higher
refractive index modulation efficiency than electrons, the
pn junction was designed to have a lateral offset of 100 nm
toward the n region side from the ridge waveguide center.
Consequently, the width of the p/n region is 350 nm/
150 nm. The wider p region also reduces the optical loss
due to the smaller absorption coefficient of holes [10]. Two
p’ regions are both 20 pm in width. In the center, the n*
region has a width of 12 um.

We first use the transfer matrix method [11] to study the
behavior of the device. The output transfer function is
given by

by a(f+x) +te’
a, at + el

) (M

where « and 0 are the light field amplitude transmission
and phase shift of the feedback ring waveguide, respec-
tively, ¢t and « are the through and cross transmission
coefficients of the MZI coupler, respectively, given by

1 . .
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where o, and &gown are the light field amplitude
transmission through the MZI two arms, ¢, is the initial
phase due to the length difference of the two arms, Ay,
and Aggown are the phase changes induced by the applied
voltages.

From Egs. (1)—(3), we can get the amplitude and phase
responses of the device under various DC biases on the
electrodes. The output phase shift relative to that without

biases is
b,
A® = angle( — |, 4)
by

where b, and b/l are the output transmitted fields before and
after bias tuning. If the device is driven in a push-pull
fashion, i.e., Vy,—Vyp = — (Vo= Vaown), and operated at the
critical-coupling point, the output phases are always 7
phase different.

In our simulation, the effective index of the undoped
silicon waveguides is chosen as 2.515 according to the
mode calculation. The waveguide loss is assumed to be
2.53 dB/cm. For the active waveguide, its effective index
and loss are dependent on the voltage applied on the pn
junction. According to our previous measurements, we
adopt the following empirical formulas for the effective
index change and the waveguide propagation loss change:

Negr = — 1.5 x 107V, (5)

Aloss(dB/em) = 20.23 4 0.34V,, (6)

where Vi, (= Vip— Vi 0F Viown—Vy) is the voltage on the
pn junction.

Figure 2 shows the typical resonance spectra when the
mirroring works in the over-coupling and under-coupling
regimes. They have an equal resonance extinction ratio but
distinct phase responses. From the phase difference curve,
we see that an exact 7 phase shift occurs at the resonance
wavelength.

Apart from the strict ¢ phase shift, our device could also
provide a large-range continuous phase shift by manip-
ulating the three bias voltages. Figure 3 shows the output
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Fig. 2 Optical output power and phase difference responses of
the device working at over-coupling and under-coupling



Rui YANG et al. Application of SOI microring coupling modulation in microwave photonic phase shifters

485

-20f P ] 2r
= el
=28 1r
z 3
=] wl
2 =301 £ ok
E (=9
& 05 H=0—2.1 |Fp=2.1 V=21 =21 Vy=2.1 L P0—21"R=2.1 B2l |2l V=21

V=0 V=0 V=024 V=24 Vig=24—0 Vo0 V=0 Veg=0—2.4 [V,;=2.4 V=240
WO V0 Viur=024 Vigur24  Viour=24770 V=0 Vaowr=0  Wiaoun=0~24 V24 Vigoun=2.470 Vigoru=0
0 10 20 30 40 0 10 20 30 40
tuning step tuning step
(@) (b)

Fig. 3 Simulated device performances for (a) optical power and (b) optical phase responses upon bias tuning. The bias voltages in each

tuning zone are labeled on the graphs

power and phase responses when we change the three bias
voltages. The input wavelength is slightly detuned from
the critical coupling wavelength. A large phase shift of
nearly 2.57 is achievable. The voltage tuning is divided
into five zones.

1) Vyp and Vgown are set to 0V, and V4, varies from 0 to
2.1 V. As seen from Figs. 4(a) and 4(b), this will make the
resonance red-shift a little bit due to the depletion of free-
carriers in the pn junctions. As the result, the phase
increases and a rapid change is observed when the
resonance is shifted to the operation wavelength.

2) V}, and V,, remain at 2.1 and 0 V, respectively, while
Vaown 18 changed from 0 to 2.4 V. As the decreasing reverse
bias of the lower arm, the resonance wavelength is blue-
shifted. It can also be noticed from Figs. 4(c) and 4(d) that
coupling changes from under-coupling to over-coupling,
resulting in a further increased phase.

3) Vp and Vyow, remain at 2.1 and 2.4 'V, respectively,
while ¥y, is tuned from 0 to 2.4 V. The coupling changes
from over-coupling to under-coupling as shown in Figs. 4
(e) and 4(f). The phase at the operation wavelength
continues to grow.

4) Vy and V,p remain at 2.1 and 2.4 V, respectively, while
Vaown drops down from 2.4 to 0 V. As the reverse bias on
the MZI lower arm increases, the resonance experiences a
red-shift and goes into deep under-coupling as shown in
Figs. 4(g) and 4(h), leading to the rise of output phase.

5) V, and Vyown remain at 2.1 and 0 V, respectively,
while V;, reduces from 2.4 to 0 V. The reverse bias on the
MZI top arm increases, making the resonance red-shift and
coupling toward critical coupling as shown in Figs. 4(i)
and 4(j). The transmission spectra return to the end stage of
zone 1) after a 27t phase shift.

The above phase shift is achieved near resonance
wavelength, and therefore phase change is always
accompanied by a variation in output power. A variable
optical attenuator could be used after the device to adjust
the output optical power.

3 Device structure and fabrication

Figure 5 shows the top-view microscope image of the
fabricated Mach-Zehnder racetrack resonator with a
tunable MZI coupler. The aluminum lines in the travel-
ing-wave electrode (TWE) are 10 pm wide and 800 pm
long with a thickness of 0.75 um. The gap size between the
signal and the ground metal lines is 18 wm. The bending
radius of the racetrack is 20 um. Light is vertically coupled
into and out of the chip through grating couplers with an
insertion loss of 5 dB per facet.

Device fabrication was performed using A*Star’s
Institute of Microelectronics (IME) complementary
metal-oxide-semiconductor (CMOS) compatible processes
on a SOI wafer with a top silicon layer thickness of 220 nm
and a buried oxide layer thickness of 2 um. The device
patterns were defined using 248-nm deep ultraviolet
(DUV) photolithography and plasma dry etch. The etch
depth is ~160 nm with a 60 nm slab remained. Ion
implantation was used for doping. The doping concentra-
tions of the lightly doped p and n regions are ~4 X
10" ¢cm > and ~1 x 10" cm, respectively. The doping
concentrations of the heavily doped p* and n* regions are
both ~10?° ¢m™ for good ohmic contact. A 2.3 pum thick
silicon dioxide layer was deposited using plasma-enhanced
chemical vapor deposition (PECVD) followed by etch of
contact holes. Finally, aluminum layer was sputtered and
patterned to form metal connections.

4 Experiments and results

Figure 6 is the experimental setup to measure the RF signal
phase shift. The red arrows represent the light signal paths,
and the blue arrows represent the electric signal paths.
Continuous-wave light from a tunable laser goes through a
polarization controller (PC1) and is then modulated by a
20-GHz commercial LiNbO; Mach-Zehnder modulator
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Fig. 4 Simulated optical power (left column) and phase (right column) transmission spectra of all tuning zones. The red dashed line
denotes the operation wavelength. The black arrow indicates the spectrum evolution direction

Fig. 5 Optical microscope image of the fabricated device. The v y

total length of the device is 1.35 mm. G: ground; S: signal; DC: = —

direct current tunable laser FCl MZM  band pass filter C2
(MZM). The modulator is driven by a single-tone RF Fig. 6 Experimental setup to measure the phase shift of a RF
signal from a 67-GHz vector network analyzer (VNA). The signal induced by the device

modulation generates two sidebands together with the

main carrier. It then goes through a bandpass filter to getrid ~ polarization controller (PC2) and coupled into the chip.
of the lower sideband so as to leave only the carrier and the ~ The optical carrier is set at the operation wavelength of the
upper sideband. The optical signal is then set to the device and will change its phase upon DC tuning. The
transverse electric (TE) polarization by using another phase of the upper sideband is kept almost constant as it is
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away from the resonance. The output-coupled signal from
the chip is then amplified by an erbium-doped fiber
amplifier (EDFA) and detected by a photodiode (PD). The
carrier and the upper sideband will beat in the PD to
generate the RF signal. The RF signal was finally received
by the VNA, and its amplitude and phase are compared
with the initial RF signal.

From the wavelength-scanned output power spectrum,
the device critical-coupling wavelength is at 1543.84 nm
without bias. We first set V, = 2.5 V to make the pn
junctions work at the reverse-bias mode. The laser
wavelength is tuned to the red-shifted resonance wave-
length. ¥, and Vyown are switched between 0.5 V to
form a push-pull drive scheme. As the coupling state of the
ring resonator is flipped between over-coupling and under-
coupling, a 7t phase change is obtained at the resonance
wavelength. Figure 7 shows the measured phase shift for a
RF signal of various frequencies. Phase shift is stable at 7
except for the 5 GHz RF signal, where the carrier and the
upper sideband are too close to separate by the micoring
resonance. The amplitude variation between the two states
is less than 1 dB.

We next generate a continuous phase change by varying
the three bias voltages. The input wavelength is set to
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Fig. 7 Measured 7 phase shift for a RF signal at various
frequencies
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Fig. 8 Measured optical power and phase change upon bias tuning

1543.85 nm, slightly red-detuned from the initial reso-
nance wavelength. Figure 8 shows the measured amplitude
and phase changes. The RF signal frequency is 20 GHz.
The tuning method follows the theoretical analysis in
Section 2. A maximum of 2.57 phase shift is obtained
close to the theoretical value in Fig. 3(b).

5 Conclusions

We have reported a microwave photonic phase shifter
using a coupling-modulated microring resonator. The
device was first analyzed theoretically. An exact 7 phase
change with a constant amplitude could be achieved by
flipping coupling between over-coupling and under-
coupling. A continuous large-range phase shift could be
realized by manipulating the three bias voltages applied on
the MZI coupler. The RF phase shift experiments were
then carried out following the theoretical predictions. A
binary 7 phase shift and a continuous phase change of
2.51t were obtained, agreeing well with the simulation
results. The microring RF phase shifter could serve as a
basic building block for compact microwave photonics
signal processing and phased array radars.
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