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Abstract—In this study, we present optical isolators and circula-
tors fabricated by bonding cerium-substituted yttrium iron garnet
(Ce:YIG) on silicon microring resonators. A novel integrated elec-
tromagnet is fabricated by depositing a metal micro-strip on the
bonded chip. We experimentally prove that it can be efficiently
used to control the magnetic field needed to induce the nonre-
ciprocal phase shift effect in the Ce:YIG. The fabricated devices
exhibit extremely small footprint (<70 µm) and can be packaged,
eliminating the need of a large size permanent magnet. A large
optical isolation of 32 dB and 11 dB is measured for the isolator
and the circulator, respectively. Moreover, a two microring solu-
tion is also investigated to provide larger bandwidth and higher
isolation. The proposed approach represents a promising solution
for large-scale integration of nonreciprocal components in silicon
photonics.

Index Terms—Integrated optoelectronics, magnetooptic devices,
microresonators, optical circulators, optical isolators.

I. INTRODUCTION

NONRECIPROCAL components, such as optical isolators
and circulators, are fundamental building blocks in optics

to block undesirable back-reflections and to separate counter-
propagating optical signals. Optical isolators are especially im-
portant as silicon photonic integrated circuits (PIC) grow in
complexity [1], potentially introducing strong reflections espe-
cially at mode conversion tapers and transitions. On the other
hand, integrated circulators would enable bidirectional opera-
tion in optical interconnects [2]–[4] and optical sensors [5].
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To date, several approaches to achieve nonreciprocity on-
chip have been proposed, although many challenges remain.
Nonreciprocal devices are characterized by a symmetry break-
ing for the light that propagates from opposite directions, which
results in an asymmetric scattering matrix. This is in contrast
to optical diodes [6], which are completely comprised of purely
reciprocal elements, and have the drawback of breaking down
when forward and backwards propagating light are simultane-
ously passing through the structure [7]. For truly nonreciprocal
devices, three different approaches have been proposed: i) non-
linear materials, ii) temporal-based modulation of the refractive
index, and iii) magneto-optic (MO) materials [8], [9]. However,
only a few nonlinear optical phenomena such as Brillouin scat-
tering can be effectively used to break the symmetry [10], [11].
Some nonlinear effects such as the Kerr effect are currently
under scrutiny over whether they truly provide isolation [12],
[13]. Pairs of electro-optic modulators operating in tandem can
also be used to induce nonreciprocity, although multiple pairs
are needed for effective isolation, which greatly increases the
complexity of the device [14], [15].

On the other hand, MO material can be effectively bonded on
silicon-on-insulator (SOI) wafer, and both isolators and circu-
lators can be realized with relatively simple design. The MO
material becomes nonreciprocal when it is magnetized in a
quasi-static magnetic field. Optical isolation using MO gar-
net can be performed using two configurations named Faraday
and Voigt, respectively. In the former case, an external mag-
netic field is applied parallel to the wave propagation direction
such that the polarization of light shows different rotation an-
gle while it propagates forward or backward. In the latter one,
the magnetic field is perpendicular to the propagating direction
of light, which exhibits a different phase velocity according to
the propagation direction [16], [17]. Properly designed interfer-
ometric devices generate constructive interference for forward
light and destructive interference for backward light achieving
the isolating function. These devices are often designed in an
unbalanced Mach-Zendner interferometer [18]–[21] or micror-
ing configuration [22]–[24]. However, the large absorption loss
(e.g., 60 dB/cm) in MO material like cerium-substituted yttrium
iron garnet (Ce:YIG) and the use of a permanent magnet for ap-
plying an external magnetic field are two important aspects that
limit the performance and the integration of those devices mov-
ing forward. While the propagation loss can be greatly reduced
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Fig. 1. (a) Top view of the isolator. (b) Cross-section of the microring
resonator. The cylindrical coordinate system is shown in (b) as a reference
frame. Pictures are not to scale.

in a device with small footprint, the external biasing magnet is
still a significant limiting factor due to possible magnetic field in-
terference with electronics and its large footprint (size>1mm2).

In this work, exploiting Voigt configuration, we investigate
integrated optical isolators and circulators using a planar spiral
electromagnet that provides local control of the magnetic field,
and can be easily integrated and packaged. This electromag-
net should be placed in close proximity with the waveguide. We
then experimentally verify our model by comparing it with fabri-
cated isolators and circulators. A two-microring solution is also
investigated to provide larger bandwidth and higher isolation.

II. DEVICE DESIGN AND MODELLING

In a magneto-optic garnet, an external magnetic field is always
needed to induce the nonreciprocal phase shift effect (NRPS).
To avoid bulky magnets, an electric current can be efficiently
used as a magnetic field source.

Using the direct wafer bonding approach [24]–[27], optical
isolators and circulators can be manufactured for the transverse
magnetic (TM) mode. Before bonding the magneto-optic garnet
on the SOI wafer, the waveguides and microring resonators are
patterned on the silicon layer. Because the field decreases with
the distance between the waveguide and the electromagnet, the
substrate of the bonded chip (SGGG in Fig. 1) is thinned to
few micrometers. Next, a metallic micro-strip, aligned with the
device underneath, is fabricated above the chip. A schematic of
the device is shown in Fig. 1.

In the following subsections, we present the modelling of the
nonreciprocal magneto-optic split and the reciprocal thermal
shift, the waveguide/microring cross-section optimization, and
the electromagnet design.

A. Magneto-Optic Split and Thermal Shift Modelling

When a static radial magnetic field Hr is applied, the clock-
wise (CW) and the counter clockwise (CCW) transverse mag-
netic modes in the microring have a different effective index
and a split between their resonance wavelengths occurs [28].
The value of the resonance wavelength split (RWS) is

Δλ0
M =

Δneff

ng
λ (1)

where Δneff is the effective index difference between CW and
CCW mode, and ng is the average group index with respect
to the two directions, both computed at room temperature (i.e.,
Tamb = 20 ◦C).

The RWS is proportional to the Faraday rotation constant,
which is equal to −4500 ◦/cm at room temperature for an
in-plane (radial) magnetic field larger than 50 Oe [24]. Below
the magnetic saturation, its value can be approximated as a hy-
perbolic tangent. Moreover, as the device heats up, the Faraday
rotation will change by dθF /dT = +44 ◦/K [29]. Combining
these two effects, we have

θF (Hr , T ) =
[
θ0

F +
dθF

dT
(T − Tamb)

]
· tanh

(
Hr

H0
r

)
(2)

where θ0
F = −4500 ◦/cm and H0

r = 24 Oe [25]. As a result, be-
low the saturation and for T > Tamb , the MO resonance wave-
length split decreases and its value is rescaled as

ΔλM (Hr , T ) =
Δλ0

M

θ0
F

θF (Hr, T ) (3)

The DC current, used to generate the magnetic field, might
also cause a local heating due to the Joule effect. From the
electromagnetic modal analysis of the microring with respect to
the temperature, the thermal (reciprocal) resonance wavelength
shift is ΔλT valued as

ΔλT =
λ

ng

(∑
i

∂neff

∂ni

∂ni

∂T

)
ΔT (4)

where the derivative ∂ni/∂T depends on the materials with
refractive index ni , while ∂neff /∂ni can be computed from
the mode solver [30]. For the device under investigation, we
computed a resonance wavelength shift of 71.6 pm/°C for the
TM mode [25].

Including both thermal and MO contributions, the total reso-
nance wavelength shift is

Δλ = ΔλT (T ) ± 1
2
ΔλM (Hr , T ) (5)

where ± refer to the CW and CCW modes, respectively.

B. Waveguide Cross-Section Optimization

A fully etched silicon waveguide is assumed in our design.
The device is shown in Fig. 1. A silicon microring resonator is
fabricated on a SOI wafer, having refractive index nSi = 3.48
and nSiO2 = 1.46 at λ = 1550 nm, respectively. The microring
is bonded with a Ce:YIG garnet (nCe:YIG = 2.22) previously
grown on a (Ca,Mg,Zr)-substituted gadolinium gallium garnet
(SGGG), (nSGGG = 1.97). The remaining space is filled by air.
At the interface between the Ce:YIG and the silicon, a thin silica
(SiO2) layer is considered, which is a byproduct of the oxygen
plasma assisted bonding of the Ce:YIG. All materials are low
loss at λ = 1550 nm, with the exception of the Ce:YIG which
has a propagation loss of about 60 dB/cm, included in the mode
analysis.

The nonreciprocal behavior of the hybrid Ce:YIG/Si wave-
guide is analyzed using an accurate nonreciprocal mode solver
based on the finite element method [30]. The silicon waveguide
cross-section is designed to maximize the RWS in Eq. (1) [25],
[28]. In [28] the waveguide cross-section has been optimized
assuming θF = −4000 ◦/cm and no SiO2 bonding layer, while
in [25] θF = −4500◦/cm and a 10 nm thick oxide layer are
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Fig. 2. (a) RWS computed with respect to the Faraday rotation constant and
the silica bonding layer thickness. (b) RWS variation with respect to the fab-
rication error for θF = −4500 ◦/cm assuming hSi = 230 nm, wSi = 600 nm,
hCe:Y IG = 230 nm, and hSiO2 = 10 nm.

Fig. 3. (a) Radial magnetic field at the silicon/Ce:YIG interface (b) average
temperature variation in the silicon microring for a microring radius of 35 μm.
In both plots the current and the SGGG thickness are varied.

considered. Nevertheless, the optimum cross-sections in the two
cases are very similar.

Assuming a 230 nm × 600 nm silicon waveguide cross-
section, and 400 nm thick Ce:YIG layer, we investigate the
degradation of the RWS with respect to the bonding oxide layer
thickness. As shown in Fig. 2(a), the oxide layer thickness must
be precisely controlled in order to provide a large RWS. On
the other hand, large variation on the silicon waveguide width
(ΔwSi), the silicon waveguide thickness (ΔhSi), and the Ce:YIG
thickness (ΔhCe:YIG ) are less critical, as shown in Fig. 2(b) for
a comparison with silica thickness (ΔhSiO2).

C. Single and Multi-Coil Electromagnet

The electromagnet can be fabricated on the back-side of the
SGGG substrate, which has been thinned to reduce the distance
between the current and the Ce:YIG layer. In order to provide a
large magnetic field while limiting the heating, a large current
and a small resistance are required. For this purpose, a single
gold microstrip coil is designed with a 3 μm wide and 1.5 μm
thick cross-section [25].

The radial magnetic field and the temperature distribution
have been computed using COMSOL Multiphysics software.
In Fig. 3(a), the intensity of Hr at the Si/Ce:YIG interface is
shown as a function of the electromagnet current (I) and the
SGGG thickness. For the same input values, the average tem-
perature increment (ΔT = T − Tamb ) in the silicon microring
is reported in Fig. 3(b).

Fig. 4. Multiphysics simulation resuts: (a) radial magnetic field (in Oersted)
generated by the electric current I = 180 mA, (b) temperature distribution (in
Celcius) in the device.

Fig. 5. Electromagnet comparison (a) radial magnetic field at the
silicon-Ce:YIG interface (b) average temperature variation in the silicon mi-
croring.

From the numerical results in Fig. 3, for a fixed current value,
the magnetic field is much more sensitive to the SGGG thickness
than the temperature. Moreover, for a fixed SGGG thickness, the
magnetic field scale linearly with the current while ΔT varies
quadratically with the current, as expected. The same behaviour
is better visible in Fig. 5.

To increase the radial magnetic field without further thinning
the SGGG layer, which can be challenging to fabricate, a multi-
loop spiral solution is preferred [31]. For multiple-loop, two
level of metal are needed. In Fig. 4, the numerical results are re-
ported for the 3 loop spiral integrated planar electromagnet. The
intensity of Hr at the Si/Ce:YIG interface is shown in Fig. 4(a)
assuming I = 180 mA and 5 μm-thick SGGG substrate. Under
the same condition the temperature distribution ΔT is shown in
Fig. 4(b). From both images, it is clear that the magnetic field
and temperature variation are local and do not affect devices
that are relatively far from it.

The performance of single loop, 3-loops and 5-loops are com-
pared. In Fig. 5(a), the magnetic field in the Ce:YIG is computed
as a function of the injected current for 5 μm-thick SGGG layer.
For the same value, the temperature in the silicon is reported
in Fig. 5(b). Those simulation results can be effectively used
to compute ΔλM and ΔλT described by Eq. (3) and Eq. (4),
respectively. Those simulations are key to understanding the
behavior of the device at different driving currents.

D. Model Validation

We experimentally validate the model by testing a nonrecip-
rocal microring-based device with a single coil electromagnet.
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Fig. 6. Experimental results showing both the MO nonreciprocal wavelength
split as well as the reciprocal thermally induced redshift.

For a fixed DC current, we record the transmittance of the device
as we sweep the tunable laser wavelength, and repeat the mea-
surements for the backwards transmission. The split between
the two resonances is measured directly from the forward and
backward spectra, while ΔλT is computed as the average shift
of the CW and CCW wavelength resonances with respect to the
resonance at I = 0. In Fig. 6, we see a clear resonance split of
roughly 0.32 nm for 140 mA of applied current (roughly 20 Oe
of applied field) and a thermally induced redshift of 0.4 nm.

Reversing the direction of the current, produces a field with
same amplitude but opposite direction while the heating is un-
changed. As a result, we can write

Δλ(I) = ΔλT (I) − 1
2
ΔλM (I) (6a)

Δλ(−I) = ΔλT (−I) +
1
2
ΔλM (−I) (6b)

where I is the electromagnet current. From the previous rela-
tions, ΔλM are ΔλT can be easily derived. A comparison be-
tween the model and the experimental results is shown in Fig. 7
as a function of the coil-current for different layer thickness and
microring radius. For 5 μm-thick SGGG substrate and 35 μm
microring radius, the RWS and the thermal shift are shown in
Fig. 7(a) and (c), respectively. Analogous results are shown in
Fig. 7(b) and (d) for a SGGG layer of 8 μm and R = 20 μm.
All the derived results show an excellent agreement between the
experiments and simulations.

The thermal dissipation and consequent resonant wavelength
shift ΔλT can be reduced by decreasing the spiral resistance,
e.g. depositing a thicker metal trace or widening the microstrip
footprint.

III. INTEGRATED OPTICAL ISOLATOR

An optical isolator can be fabricated using a straight wave-
guide coupled to a single microring resonator (all-pass microring
filter) as shown in Fig. 1(a). In this case, the forward propagat-
ing light is coupled to the CW mode, while the backward light
is coupled to the CCW mode. When the optical input is set
off-resonance for the CW and on-resonance for the CCW, the
forward light is transmitted while the backward light is filtered

Fig. 7. Experiment and simulation comparison of a single coil electromagnet
(a) ΔλM for 5 μm-thick SGGG and 35 μm microring radius, (b) ΔλM for
8 μm-thick SGGG and 20 μm microring radius, (c) ΔλT for 5 μm-thick SGGG
and 35 μm microring radius, (d) ΔλT for 8 μm-thick SGGG and 20 μm
microring radius.

Fig. 8. Optical isolation as a function of the current (top-axes) and the
nonreciprocal resonance wavelength split (bottom-axes).

and radiated out by the microring. To maximize the isolation,
the coupling between the waveguide and the microring must
have its critical value [28].

A. All-Pass Single Microring Isolator

Recently, we have experimentally demonstrated a large isola-
tion in a nonreciprocal all-pass single microring isolator with a
35 μm microring radius. A 32 dB of isolation is measured near
1555 nm with only 2.3 dB of excess loss to silicon [25].

Fig. 8 shows the measured optical isolation as a function of
the injected current. The NRS is also reported at the bottom
axis of the same figure. An optical isolation larger than 25 dB is
measured for I between 40 mA and 180 mA. For small value of
current (I < 40 mA), the resonances of the CW and CCW mode
are too close. On the other hand, for larger values of current, the
microring heats up and it moves out of the critical coupling con-
dition, causing the isolation to drop. For I = 180 mA, a thermal
shift up to 0.75 nm is reached (see Fig. 7(c)). This result suggests
that the thermal effect can be used to finely tune the microring
resonator in order to compensate unavoidable fabrication errors.
However, further design optimization is needed.
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Fig. 9. (left) Cascaded microring-based isolator. (right) Transfer functions of
the first isolator, second isolator and final transfer function. Pictures are not to
scale.

Fig. 10. Microscope image of the fabricated device with splits for various
microring-waveguide coupling distances.

Resonant-based filters are highly selective in wavelength so
a microring-based isolator can effectively isolate the narrow-
linewidth output signal of a laser. For some applications (e.g.,
modulated signal or sensors), the bandwidth of a single mi-
croring can be too narrow and multi-microring isolators can
successfully be used to enlarge the bandwidth and the isolation
[32].

B. Cascaded Ring Isolator

The optical isolation bandwidth can be effectively enlarged
by cascading two identical optical isolators, as shown in Fig. 9.
To provide the largest isolation, the amplitudes of the currents
in the two electromagnets are chosen such that the CCW reso-
nances of the two microrings are aligned with the input signal
wavelength (λIN ), while the CW resonances fall apart, at higher
and lower wavelength, respectively. A schematic plot of each
isolator spectra and the cascaded transfer function are shown in
Fig. 9. The light propagates from IN-port to OUT-port without
obstacle, while in the opposite direction the light is coupled into
the rings.

In the two electromagnets, the currents flow in opposite di-
rections to provide the opposite nonreciprocal wavelength split
direction shown in Fig. 9.

The fabricated devices are shown in Fig. 10, where the SGGG
layer is 5 μm thick, the radius of both microrings is 20 μm,
and the distance between their centers is set to 100 μm. The
microring-waveguide coupling distance is varied from 200 nm

Fig. 11. Experimental total resonance wavelength shift of the two microrings:
(a) the current in the first isolator is swept while I2 = 0, (b) the current in the
second isolator is swept while I1 = 0.

Fig. 12. (a) Nonreciprocal wavelength split and the thermal shift in the two
microrings when the amplitude of I1 varies from 0 to 240 mA and I2 = 0,
(b) Nonreciprocal wavelength split and the thermal shift in the two microrings
when the amplitude of I1 = 0 and I2 varies from 0 to 240 mA.

up to 260 nm, therefore different coupling coefficients are
realized.

For a microring-waveguide coupling distance of 230 nm, the
experimental total resonance wavelength shift of both micror-
ings is shown in Fig. 11. In this device, the critical coupling
condition is achieved for λ ∼ 1460 nm. In Fig. 11(a) the cur-
rent in the first isolator (I1) is swept from −240 mA to 240 mA,
while the current in the second isolator (I2) is zero. Vice versa, in
Fig. 11(b) I1 = 0 and I2 is swept from −240 mA to 240 mA.

Although the microrings are designed to be identical, when
I1 = I2 = 0, the two resonances are not aligned due to small
fabrication errors, and their values are λres,1 = 1460.54 nm and
λres,2 = 1460.40 nm for microring 1 and microring 2, respec-
tively. A slightly different current amplitude is injected so that
the different thermal heating can be used to align the CCW-
spectra and compensate the fabrication variation.

Considering the relations in Eq. (6), the nonreciprocal wave-
length split and the thermal shift are derived for both micror-
ings when I1 �= 0 and I2 = 0, as shown in Fig. 12(a). The non-
reciprocal phase shift of microring 1 reaches the maximum
value of 0.302 nm for I1 = 200 mA while the thermal shift is
about 0.919 nm. Under this condition, the resonance of the sec-
ond microring can slightly vary due to the thermal cross-talk
(i.e., 0.075 nm) while the magnetic field cross-talk is negligible.
Because the geometry of the devices is symmetric, very similar
results can be obtained when I1 = 0 and I2 �= 0, as shown in
Fig. 12(b).

For λ ∼ 1500 nm, the critical coupling condition is reached
for a microring-waveguide coupling distance of about 200 nm.
In this case, the optimal current values in the two electromagnet
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Fig. 13. (a) Experimental forward and backward spectra of two-cascaded
microring isolator. (b) Comparison of optical isolation in fabricated single and
two-cascaded microring isolators with respect to the isolation bandwidth.

are I1 = 195 mA and I2 = −170 mA for the first and the sec-
ond isolator, respectively. The experimental results are shown in
Fig. 13(a), the CCW resonance of the two microrings are aligned
and an isolation of about 28 dB is measured at λIN = 1503.7 nm.
The measured isolation is slightly lower than the single micror-
ing isolator because both microrings must work at the critical
coupling condition. However, the slight different temperature
might affect this condition.

The isolation of a signal with a non-negligible bandwidth is
computed as

IR =
∫

|SCW (λ)|2/|SCCW (λ)|2dλ (7)

where SCW (λ) and SCCW(λ) are transition spectra of the whole
device in the forward and backward direction, respectively. If
λIN is the input wavelength and BW is the considered band-
width, the integral is computed between λIN − BW/ 2 and
λIN + BW/ 2. The optical isolations of fabricated single and
two-cascaded microring isolator are plotted as a function of
the signal bandwidth in Fig. 13(b), showing a larger isolation
bandwidth for the cascaded-microring isolator.

IV. INTEGRATED OPTICAL CIRCULATOR

A microring-based optical circulator can be performed using
a microring add/drop filter, as proposed in [33], [34]. In the fol-
lowing sections we present the experimental results for a single
microring device and then the improvement can be achieved in
term of bandwidth and isolation in a two-microring circulator.

A. Four-Port Add-Drop Microring Circulator

The optimization of a four-port microring circulator is de-
tailed in [33]. Using the same design rules, an integrated op-
tical circulator is fabricated and characterized for TM mode
with bonded Ce:YIG. The device is schematically shown in
Fig. 14(a). The fabricated devices are shown in Fig. 14(b), where
the SGGG layer is 8 μm thick and the microring radius is 20 μm.

The closed four-port characteristics of the device can be
easily verified. Indeed, when the CW and CCW resonances
are differentiated and the input signal matches the CCW reso-
nance of the nonreciprocal microring, the circulating direction
is P1→P2→P3→P4→P1. Vice versa, when the signal wave-

Fig. 14. (a) Schematic structure of the TM-mode four-port optical circulator,
pictures is not to scale, (b) microscope image of the fabricated device.

Fig. 15. Simulated (top) and measured (bottom) scattering coefficients of the
single microring four-port optical circulator.

length matches the CW resonance wavelength, the circulating
direction is reversed.

If the waveguide backscattering is negligible and the gaps
between the microring and the two waveguides are the same
[33], the input/output relation can be effectively described by
the following simplified scattering matrix

⎛
⎜⎜⎜⎝

A−
1

A−
2

A−
3

A−
4

⎞
⎟⎟⎟⎠ =

⎛
⎜⎜⎜⎝

0 S12 0 S14

S21 0 S41 0
0 S14 0 S12

S41 0 S21 0

⎞
⎟⎟⎟⎠

⎛
⎜⎜⎜⎝

A+
1

A+
2

A+
3

A+
4

⎞
⎟⎟⎟⎠ (8)

where A+
i (for i = 1, 2, 3, 4) is the field that travel toward

the circulator from port Pi and A−
j (for j = 1, 2, 3, 4) is the

field that leaves the microring from port Pj. To perform the
P1→P2→P3→P4→ P1, |S12 | and |S41 | must be smaller com-
pared to |S21 | and |S14 | [33].

The simulated and the experimental spectra are shown in
Fig. 15. The plots show a very good agreement between theory
and measurements. However, the unavoidable fabrication inac-
curacy might cause small geometry variation and so a shift of
the spectra with respect to the simulated ones. To better com-
pare the spectra, the simulated ones have been blueshifted by
0.633 nm to be aligned with the experiments. The dashed line
in the figure indicates the CCW resonance wavelength.

Because the bonded chip is 3.5 mm long, the propagation
loss in the input/output waveguide is estimated to be 8.7 dB due
to the large absorption of the Ce:YIG. Nevertheless, it can be
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Fig. 16. Schematic structure of the two-microring four-port optical circulator.
Pictures is not to scale.

Fig. 17. Simulated spectra of single and two- microring circulators.

Fig. 18. Comparison of simulated optical isolation in single and two- micror-
ing circulators with respect to the isolation bandwidth.

strongly reduced by removing the areas of the bonded chip that
are not covering the microring. The measured optical isolation
at λres,ccw = 1558.38 between adjacent ports is 11 dB between
port P1 and port P2 (i.e., IR12 = |S21 |/|S12 |), and 6.7 dB
between port P1 and P4 (i.e., IR41 = |S14 |/|S41 |) [35]. The

two isolation ratios IR12 and IR41 differ because the estimated
coupling coefficient in the fabricated device (K = 10.45% )
is larger than the optimum value for ΔλM = 0.35, which is
K = 9.0% . In Fig. 15, the simulated coefficients are computed
in the former case.

B. Coupled Microring Circulator

A second order filter can be effectively used to enlarge the
optical isolation and the isolation bandwidth. The schematic
view of the two-microring circulator is shown in Fig. 16 and its
scattering matrix is like the one of Eq. (8).

The light in the two microrings in Fig. 16 propagates in op-
posite directions. As a result, to properly align the miroring
resonances, the current in the two electromagnet must have the
same intensity but opposite direction.

The performance of the simulated two-microring isolator is
compared with the simulated single-microring circulator. For
the single microring, we assumed a waveguide-microring power
coupling coefficient of 9%, while in the two-microring device
the waveguide-microring and microring-to-microring power
coupling coefficients are 13.16% and 0.5%, respectively [36].
For both devices the microring radius is 20 μm and the SGGG
is 8 μm thick. The magnitude of the simulated scattering coef-
ficients is shown in Fig. 17.

For the single microring circulator, the isolation ratio is
IR12 = IR41 = 9.15 dB at λres,ccw = 1550 nm, while double
for the coupled microring device, IR12 = IR41 = 18.3 dB. Sim-
ilarly, the isolation bandwidth is double for a fixed isolation ratio,
as shown in Fig. 18.

Note that the isolation of the simulated single-microring cir-
culator is lower (i.e., 9 dB) than largest isolation in the fabricated
one (i.e., 11 dB). However, in the former case all ports have the
same isolation ratio, while in the latter case their values are quite
unbalanced (i.e., 11 dB and 6.7 dB).

V. CONCLUSION

In this work, we present a comprehensive examination of the
performance of single-microring and two-microring integrated
optical isolators and circulators. The experimental results have
been compared with a reliable mathematical model, showing
excellent agreement. Some promising improvements, like the
multi-coil electromagnet and the coupled-microring circulator,
have been proposed and investigated. Although those devices
work only for the TM polarized light, transverse electric isolator
and circulator can be fabricated by adding polarization rotators
at the input. The proposed approach represents a viable solution
in integrated optics, proved by the large isolation and small
footprint. Moreover, the proposed electromagnet can provide
local control of the magnetic field, eliminating the need for a
bulky permanent magnet and easing packaging requirements.
Finally, the current induced magnetic field can be switched and
modulated, leading to a new class of magneto-optic devices for
silicon photonics.
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“Magneto-optical nonreciprocal phase shift in garnet/silicon-on-insulator
waveguides,” Opt. Lett., vol. 29, no. 9, pp. 941–943, 2004.

[18] Y. Shoji, T. Mizumoto, H. Yokoi, I. W. Hseih, and R. M. Osgood Jr.,
“Magneto-optical isolator with silicon waveguides fabricated by direct
bonding,” Appl. Phys. Lett., vol. 92, no. 7, p. 071117, 2008.

[19] Y. Shoji, M. Ito, Y. Shirato, and T. Mizumoto, “MZI optical isolator
with Si-wire waveguides by surface-activated direct bonding,” Opt. Exp.,
vol. 20, no. 16, pp. 18440–18448, 2012.

[20] K. Mitsuya, Y. Shoji, and T. Mizumoto, “Demonstration of a silicon wave-
guide optical circulator,” IEEE Photon. Technol. Lett., vol. 25, no. 8,
pp. 721–723, Apr. 15, 2013.

[21] S. Ghosh, et al. “Adhesively bonded Ce: YIG/SOI integrated optical cir-
culator,” Opt. Lett., vol. 38, no. 6, pp. 965–967, 2013.

[22] N. Kono, K. Kakihara, K. Saitoh, and M. Koshiba, “Nonreciprocal mi-
croresonators for the miniaturization of optical waveguide isolators,” Opt.
Exp., vol. 15, no. 12, pp. 7737–7751, 2007.

[23] D. Jalas, A. Petrov, M. Krause, J. Hampe, and M. Eich, “Resonance
splitting in gyrotropic ring resonators,” Opt. Lett., vol. 35, no. 20,
pp. 3438–3440, 2010.

[24] M. C. Tien, T. Mizumoto, P. Pintus, H. Kroemer, and J. E. Bowers, “Silicon
ring isolators with bonded nonreciprocal magneto-optic garnets,” Opt.
Exp., vol. 19, no. 12, pp. 11740–11745, 2011.

[25] D. Huang, et al., “Electrically driven and thermally tunable integrated opti-
cal isolators for silicon photonics,” IEEE J. Sel. Topics Quantum Electron.,
vol. 22, no. 6, pp. 1–8, Nov./Dec. 2016.

[26] T. Komljenovic, et al., “Heterogeneous silicon photonic integrated cir-
cuits,” J. Lightw. Technol., vol. 34, no. 1, pp. 20–35, Jan. 1, 2016.

[27] M. J. R. Heck, et al., “Hybrid silicon photonic integrated circuit technol-
ogy,” IEEE J. Sel. Topics Quantum Electron., vol. 19, no. 4, p. 6100117,
2013.

[28] P. Pintus, M.-C. Tien, and J. E. Bowers, “Design of magneto-optical
ring isolator on SOI based on the finite element method,” IEEE Photon.
Technol. Lett., vol. 23, no. 22, pp. 1670–1672, Nov. 15, 2011.

[29] K. Furuya, T. Nemoto, K. Kato, Y. Shoji, and T. Mizumoto, “Athermal
operation of a waveguide optical isolator based on canceling phase de-
viations in a Mach–Zehnder interferometer,” J. Lightw. Technol., vol. 34,
no. 8, p. 1699–1705, Apr. 15, 2016.

[30] P. Pintus, “Accurate vectorial finite element mode solver for magneto-optic
and anisotropic waveguides,” Opt. Exp., vol. 22, no. 13, pp. 15737–15756,
2014.

[31] P. Pintus, et al., “Novel nonreciprocal devices with integrated electro-
magnet for silicon photonics,” in Proc. 42nd Eur. Conf. Opt. Commun.,
Düsseldorf, Germany, Sep. 18–22, 2016, paper W.3.F.3.

[32] P. Pintus, F. Di Pasquale, and J. E. Bowers. “Design of transverse electric
ring isolators for ultra-low-loss Si3 N4 waveguides based on the finite
element method,” Opt. Lett., vol. 36, no. 23, pp. 4599–4601, 2011.

[33] P. Pintus, F. Di Pasquale, and J. E. Bowers, “Integrated TE and TM optical
circulators on ultra-low-loss silicon nitride platform,” Opt. Exp., vol. 21,
no. 4, pp. 5041–5052, 2013.

[34] D. Jalas, A. Yu. Petrov, and M. Eich, “Optical three-port circulators made
with ring resonators,” Opt. Lett., vol. 39, no. 6, pp. 1425–1428, 2014.

[35] D. Huang, et al., “Dynamically reconfigurable integrated optical circula-
tors,” Optica, vol. 4, no. 1, pp. 23–30, 2017.

[36] C. L. Manganelli, et al., “Design of coupled micro-ring resonators for
silicon photonic switching matrices,” in Proc. IEEE Opt. Interconnects
Conf., San Diego, CA, USA, 2016, pp. 84–85.

Duanni Huang received the B.S. degree in electrical engineering from the
Massachusetts Institute of Technology, Cambridge, MA, USA, in 2013, the
M.S. degree in electrical engineering, in 2015, from the University of California,
Santa Barbara, CA, USA, where he is currently working toward the Ph.D. degree.
His current research interest focuses on silicon photonics, with an emphasis on
magneto-optic and other nonreciprocal phenomenon.

Paolo Pintus (S’10–M’11) was born in Cagliari, Italy, in 1983. He received
the Bachelor’s degree (with Hons.) and the Master’s degree (with Hons.) in
electronic engineering from the University of Cagliari, Cagliari, Italy, in 2005
and 2007, respectively, and the Ph.D. degree in innovative technologies of ICT
and robotics from the Scuola Superiore Sant.Anna, Pisa, Italy, in 2012.

From 2012 to 2016, he was a Research Fellow at Scuola Superiore Sant’Anna,
Pisa, Italy. He is currently a Project Scientist at the University of California,
Santa Barbara, CA, USA. His research interests include integrated optics, silicon
photonics, and numerical method for electromagnetism.

Dr. Pintus is a Member of the IEEE Photonic Society and the Italian Society
for Industrial and Applied Mathematics.

Chong Zhang (S’13–M’16) received the B.S. degree in electrical science and
technology from the Harbin Institute of Technology, Harbin, China, in 2007, the
M.S. degree in optical engineering from Zhejiang University, Hangzhou, China,
in 2010, and the Ph.D. degree in electrical and computer engineering from the
University of California, Santa Barbara, CA, USA, in 2017. He is working
at Hewlett Packard Labs since 2016. His research interests include epitaxial
growth of III/V materials on silicon, heterogeneous silicon integration, and high
speed photonic integration circuits in the applications of optical interconnects.



PINTUS et al.: MICRORING-BASED OPTICAL ISOLATOR AND CIRCULATOR WITH INTEGRATED ELECTROMAGNET FOR SILICON PHOTONICS 1437

Yuya Shoji (M’09) received the B.E., M.E., and Ph.D. degrees in electrical en-
gineering from the Tokyo Institute of Technology, Tokyo, Japan, in 2003, 2005,
and 2008, respectively. He was a Postdoctoral Fellow with the National Institute
of Advanced Industrial Science and Technology, Tsukuba, Japan, from 2008 to
2010. He has been an Assistant Professor with the Graduate School of Science
and Engineering, Tokyo Institute of Technology, from 2011 to 2014. He is cur-
rently an Associate Professor with the Laboratory for Future Interdisciplinary
Research of Science and Technology, Tokyo Institute of Technology. His current
research interests include device designs and fabrication of magneto-optical de-
vices, silicon nanophotonic devices, and the photonic integrated circuits. He is
a member of the Optical Society of America, the Institute of Electronics, Infor-
mation and Communication Engineers, the Japan Society of Applied Physics,
and the Magnetic Society of Japan.

Tetsuya Mizumoto (S’81–M’84–F’12) received the B.Eng. degree in electri-
cal and electronic engineering in March 1979, the M.Eng. degree in physical
electronics in March 1981, and the Dr. Eng. degree in electrical and electronic
engineering in March 1984, all from the Tokyo Institute of Technology (Tokyo
Tech), Tokyo, Japan. He began working for Tokyo Tech in April 1984 as a
Research Associate in the Faculty of Engineering and became an Associate
Professor in March 1987. He was promoted to a Full Professor in the Graduate
School of Engineering in April 2004. His research interests include applied
optics and photonic circuits. His research activity has been concerned mainly
with waveguide optical devices, especially magneto-optic devices and all-optical
switching devices based on the third-order nonlinearity.

He received the Treatise Award in 1994 and the Best Letter Award of Elec-
tronics Society Transactions in 2007 from the Institute of Electronics, Informa-
tion and Communication Engineers (IEICE). He was awarded the Institute of
Electrical and Electronics Engineers (IEEE) Photonics Society Distinguished
Lecturer Awards in July 2009, the IEEE Fellow grade for “Contributions to
investigations of waveguide optical nonreciprocal devices for optical commu-
nications” in January 2012, and IEICE Achievement Award for “Pioneering
work on optical nonreciprocal circuits” in May 2012. He is a fellow of IEICE,
member of the Japan Society of Applied Physics, and the Magnetic Society of
Japan.

John E. Bowers (F’93) received the M.S. and Ph.D. degrees from Stanford
University, Stanford, CA, USA. He was with AT& Bell Laboratories and Hon-
eywell before joining University of California, Santa Barbara (UCSB). He holds
the Fred Kavli Chair in Nanotechnology, and is the Director of the Institute for
Energy Efficiency and a Professor in the Departments of Electrical and Com-
puter Engineering and Materials, UCSB. He has published 10 book chapters,
600 journal papers, 900 conference papers, and has received 54 patents. His
research interests include optoelectronics and photonic integrated circuits. He
is a cofounder of Aurrion, Aerius Photonics and Calient Networks. He is a
member of the National Academy of Engineering and a Fellow OSA and the
American Physical Society. He received the OSA/IEEE Tyndall Award, the OSA
Holonyak Prize, the IEEE LEOS William Streifer Award, and the South Coast
Business and Technology Entrepreneur of the Year Award. He and coworkers
received the EE Times Annual Creativity in Electronics (ACE) Award for Most
Promising Technology for the heterogeneous silicon laser in 2007.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


