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Optical circulators that unidirectionally route light could lead to bidirectional operations in applications in
data centers and telecommunications, as well as sensors. In this work, to the best of our knowledge, we present
the first realization of integrated optical circulators on silicon that are electrically driven and dynamically reconfig-
urable. The proposed device utilizes silicon microrings with a bonded magneto-optic cladding alongside an integrated
electromagnet for nonreciprocal behavior. This novel approach does not use a permanent magnet and, for this reason,
it is more attractive for packaging and further integration with lasers and other photonic devices. We use this device
architecture to demonstrate 4- and 6-port optical circulators with up to 14.4 dB of isolation and propose a framework
to extend the design to an arbitrary number of ports. Finally, we demonstrate that it is possible to switch the electro-
magnet and reconfigure the circulator on a sub-nanosecond timescale, potentially adding a new level of device

functionality. © 2016 Optical Society of America
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https://doi.org/10.1364/OPTICA.4.000023

1. INTRODUCTION

Optical isolators and circulators are nonreciprocal devices that
allow for the unidirectional propagation of light [1]. Optical
isolators are two-port devices that serve as a one-way street for
photons and are crucial in preventing undesired back-reflections
from interacting with a laser. Expanding on this analogy, optical
circulators are many-port devices that act as a roundabout for
photons, with each input port routed to exactly one output port
in a nonreciprocal fashion. Integrated circulators would enable
bidirectional operations in optical interconnects [2—4], which
could double the network capacity in many data center and tele-
communication applications [5]. They are also important compo-
nents in many distributed fiber sensors and other interferometric
optical sensors [6].

Achieving the necessary optical nonreciprocity on chip is a
challenging task, and various approaches have been investigated
using spatial-temporal, electro-optic-based modulation [7-13], as
well as optical nonlinearities such as stimulated Brillouin scatter-
ing [14,15]. Thermo-optic and Kerr-like nonlinearities have also
been used to make optical diodes [16,17], although dynamic reci-
procity may prevent them from functioning as isolators [18].
While these methods are attractive since they only require Si
or ITI-V materials, they rely on fairly weak effects and have been
limited in isolation or intrinsically have high losses. In some cases,
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they also require multiple modulators with high-speed electronic
drive signals and additional optical filters, which can significantly
increase the footprint and complexity of the device [12,13].
On the other hand, the magneto-optic Faraday effect provides
a simple, straightforward path toward nonreciprocity and is
widely used in fiber and bulk-optic circulators today. However,
the transition to integrated photonics has been challenging due
to severe lattice and thermal mismatch between commonly used
magneto-optic materials, such as cerium-substituted yttrium iron
garnet (Ce:YIG) and Si or III-V substrates [19]. Recently, there
have been several works that investigated pulsed laser deposition
or sputtering of magneto-optic garnets on silicon [20-23]. While
these methods show great promise as a monolithic technology,
they require the presence of a virtual substrate or buffer layer,
as well as a high-temperature, rapid thermal anneal (>700°C)
to promote the crystallization of the magneto-optic garnets.
An alternate approach to integrating magneto-optic garnets onto
silicon substrates is heterogeneous integration using wafer bond-
ing techniques, which can circumvent the lattice mismatch issue
[24]. Heterogeneous integration has been used to integrate vastly
different materials, including III-V’s, LINbO3, and Ce:YIG on
silicon-on-insulator (SOI) substrates in order to obtain optical
gain and efficient nonlinear effects, as well as the desired optical
nonreciprocity for silicon photonics [25,26]. In this approach, the
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magneto-optic material (Ce:YIG) is grown on a lattice matched
(Ca, Mg, Zr) -substituted gadolinium gallium garnet (SGGG)
substrate and then bonded on silicon waveguides. Several isolators
and circulators have been demonstrated with this approach
[27-35], which does not require a high temperature anneal and
is compatible with multiple die bonding techniques for high-
performance photonic-integrated circuits.

In this paper, we demonstrate heterogeneously integrated op-
tical circulators on silicon operating in the transverse magnetic
(TM) mode with up to 14.4 dB of isolation ratio. Unlike previous
integrated circulators that udilize an asymmetric Mach—Zehnder
interferometer (MZI) structure [28-32], we exploit a microring-
based structure with a significantly reduced footprint (20 pm
radius). Furthermore, we do not use a permanent magnet to
generate the magnetic field. Instead, a localized magnetic field
is generated from an integrated microstrip that serves as an
electromagnet and can be tailored to match various device geom-
etries. This current-induced magnetic field can be switched with a
rise and fall time of 400 ps, which flips the direction of the mag-
netic field and reroutes all the optical pathways in the device.
Thus, the circulator can be dynamically reconfigured on a sub-
nanosecond timescale. Finally, we demonstrate that this design
for a 4-port circulator can be cascaded to realize a 6-port circulator
with four different working configurations. We can achieve an
arbitrary number of ports by expanding this device architecture
even further, which may lead to novel reconfigurable optical net-
works and switches on-chip.

2. DEVICE OVERVIEW

A variety of optical isolators and circulators have been demon-
strated based on different magneto-optic related phenomenon,
ranging from TE-TM mode conversion to nonreciprocal loss
and phase shift. Of all these approaches, the nonreciprocal phase
shift (NRPS) effect has been the most widely used of late, as it
does not require the tight fabrication accuracy necessary for phase
matching in mode conversion. A nonreciprocal phase shift is a
first-order effect that occurs when light flows through a mag-
neto-optic medium that is magnetized perpendicular to the direc-
tion of light propagation, also known as the Voigt configuration.
Depending on whether the magnetic field is in-plane or out-of-
plane with respect to the waveguide, NRPS is achieved for the
TM and TE modes, respectively [35]. In the TM case, the
magneto-optic material serves as a top cladding (or bottom
cladding) for the waveguide, while the magnetic field is in-plane
and transverse to the light propagation direction. Under these
circumstances, the propagation constants of the forward (57)
and backward (~) propagating light in the waveguide are differ-
ent. The sign of the difference in the propagation constant
(AB = pt - ) is dependent on the direction of magnetization
with respect to the propagation. Therefore, if the magnetization
direction is flipped, we obtain the opposite sign on Ap, as if
BT and f~ are interchanged due to a change in the propagation
direction. This is the operating principle behind reconfigurability
in this work. Isolation for the TE mode can be achieved by using a
polarization rotator before the TM mode isolator [33] or by
achieving a structure in which the magneto-optic material is
laterally adjacent to the waveguide [35].

In order to achieve optical isolation and circulation based on
the NRPS, a phase-sensitive structure, such as an MZI or a mi-
croring, is needed. Previous experiments have shown high optical
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isolation as well as successful circulation using an asymmetric
MZI in which there is a £2/2 NRPS on one arm according
to the direction of propagation, such that it interferes construc-
tively (forward) and destructively (backward) with the reciprocal
arm, which is set at a phase bias of 2z + 7/2. Depending on the
integer value of 7, the free spectral range (FSR) of the MZI can be
adjusted, and thus, the 20 dB bandwidth can be set to be as wide
as 8 nm [28]. A disadvantage of this device is an enlarged foot-
print, since the length of magneto-optic interaction in the wave-
guide required for 7/2 NRPS is typically hundreds of microns
[30] to several millimeters long [33], depending on the exact
waveguide geometry. On the other hand, a miniaturized footprint
is one of the main reasons the ring resonator has been so widely
studied over the past decade. This footprint reduction plays an
especially important role in magneto-optic devices due to the lossy
nature of Ce:YIG (~40-60 dB/cm) [19,28] and other magneto-
optic materials, such as cobalt ferrites (~dB/pm) [36]. Thus, a
microring structure has great potential to reduce the insertion loss
of the device by reducing the footprint. We have previously dem-
onstrated this concept in a microring isolator with 32 dB of iso-
lation and only 2.3 dB of excess loss to silicon [37,38]. Microrings
come with an inherent drawback of limited bandwidth. However,
this may be improved with the design of coupled or cascaded ring
filters.

In a microring isolator or circulator, the magneto-optic
Ce:YIG serves as an upper cladding over the ring, and the applied
magnetic field must be either radially inward or outward with re-
spect to the ring in order to achieve NRPS for the TM mode. The
difference in propagation constants causes a resonance wavelength
split between the clockwise (CW) and counterclockwise (CCW)
modes in the resonator. The magnitude of this resonance wave-
length split (RWS) is dependent on the strength of the magnetic
field below magnetic saturation, as well as the waveguide geom-
etry. For an optical circulator, we utilize the microring in an add—
drop filter configuration, as shown below, in Fig. 1. Here, we have
shown the two scenarios where the magnetic field is pointing ra-
dially inward (top) or outward (bottom). The port that is used as
the input will determine the propagation direction of light and
therefore whether we couple to the CW or CCW mode in
the ring.
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Fig. 1. We depict the spectrum of the through port of the ring for the
two operating configurations of the circulator. Light entering from port 1
will couple into the CW mode (the transmittance spectrum is plotted in
the red dashed line) and light entering from port 2 will couple into the
CCW mode (the transmittance spectrum is plotted in the blue continu-
ous line). For the sake of simplicity, we do not depict the transmittance
spectrum at the drop port, as it can be assumed to have the same resonant
characteristics. By flipping the magnetic field, the circulation is reversed
at the same operating wavelength.
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In Fig. 1, we align the operating wavelength to the CCW
resonance of the ring. Under these conditions, the wavelength
of light entering from port 1 (red arrow) is not aligned with
the ring resonance, and therefore, the light passes through to
port 2. Meanwhile, light injected from port 2 (blue arrow) excites
the CW ring resonance, and it will be dropped to port 3.
Thus, the circulation direction in this configuration is
1 -2 — 3 — 4 — 1. If the magnetic field is flipped to a radially
outward direction, as shown in the bottom half of Fig. 1, the
same operating wavelength is now aligned to the CW resonance.
In this alternate configuration, the light circulates from
1>4—-3—>2-1. As long as the magnetic field can be
reliably switched, the circulator can be reconfigured. This equiv-
alence between switching the propagation direction and switching
the current direction is confirmed in the Supplement 1.

Conventionally, isolators and circulators are packaged with
small, permanent magnets (~mm? to cm?) that provide the nec-
essary magnetization of the material. However, it is difficult to
generate radially orientated magnetic fields over a small microring
using permanent magnets and even more difficult to switch the
magnetization. Special care must also be taken in the packaging of
these magnets, and they remain a discrete component in an
otherwise fully integrated device. There has been prior research
involving the use of thin-film permanent magnets for optical
isolators [39], but this does not address the issue of generating
a radial magnetic field. Instead, we use an integrated metallic mi-
crostrip that is on top of the garnet cladding, which serves as an
electromagnet. The current applied through this microstrip will
generate a local magnetic field in the magneto-optic material (i.e.,
the waveguide top cladding) and can be easily switched to realize
the aforementioned reconfigurability. The microstrip can follow
the shape of any waveguide structure, whether it is the microring
shown here or an MZI device, and it can be designed to provide
the desired magnetic field profile. Finally, this approach is much
more suitable for packaging and co-integration with integrated
electronic circuits and drivers.

3. DEVICE DESIGN AND FABRICATION

The ring resonator is designed with a cross section that optimizes
the RWS under a transverse magnetic field, while maintaining
single-mode operation for TM modes [40]. For the optimization,
we use a finite element nonreciprocal mode solver to accurately
calculate the NRPS for a given waveguide geometry [41]. The
4-port circulator in this paper consists of an add—drop ring res-
onator filter with a radius of 20 pm and is depicted below in
Fig. 2(a). The ring radius is chosen to avoid bending loss, as the
optical confinement in the silicon is lower due to the presence of a
magneto-optic garnet cladding, as shown in Fig. 2(b). The reso-
nator is fabricated on a silicon-on-insulator (SOI) wafer using
DUV lithography, and then the Ce:YIG (7 = 2.2) on SGGG
(n = 1.97) die is directly bonded on top of the microring using
an O, plasma assisted bonding process. The bond is annealed at
200°C under 3 MPa of pressure to strengthen the bond. Next, the
backside of the bonded die is thinned down to roughly 8 pm us-
ing mechanical polishing. Finally, the integrated electromagnet is
fabricated by depositing a 1.5 pm thick gold microstrip on the
backside of the bonded die, as depicted in the microscope image
in Fig. 2(c).

The input/output relation of the 4-port device can be
effectively described by the scattering matrix
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Ce:YIG SGGG

Fig. 2. (a) 3D prospective view of the device, (b) cross-sectional mode
profile, and (c) microscope image of the fabricated device. The silicon
waveguide is 230 nm tall and 600 nm wide, and the Ce:YIG is
400 nm thick. A thin layer of silica (~10 nm) is assumed to have formed
between the waveguide and the bonded layer due to the plasma activa-
tion [24].

A7 0 S, 0 S Af
A5 0 Sy, 0 Sy ||ar]
Ag S41 0 543 0 A;r

where A; (for I = 1, 2, 3, 4) represents the amplitude of the out-
put light, and Af (forj = 1,2, 3, 4) is the amplitude of the input
light. We assume that the backscattering caused by the waveguide
roughness is negligible, so the scattering coefficients along the
diagonal are set equal to zero. For the same reason, the light
injected from port 1 can only propagate through port 2 and port
4 but not to port 3, which implies S3; = 0. With similar argu-
ments, So4 = 813 = S = 0. Moreover, if the two waveguides
have symmetric coupling with the microring, the following iden-
tity is held, and only four scattering coefficients are needed:

Si2 = 834 Si4 = 830 Sy = 23 S43 = S
(2
It is worth noting that the scattering matrix is asymmetric due

to nonreciprocity and S;;(4) # S;;(1). Instead, the spectra for the
nonzero coefficients are related by the following relation,

Si(A £ Adyio/2) = S;(4 F Adyo/2)s (3)

where Ay g is the resonance wavelength split in the ring, and the
sign in the argument must be chosen according to the direction of
the external magnetic field. As with any microring, a key param-
eter in determining the scattering matrix is the waveguide ring
coupling power (K). In our design, we have fixed K to be
10.45%, in order to achieve equal isolation ratios among all
the ports, which is described in more detail in the Supplement 1.

As described in Fig. 2, a gold microstrip coil was deposited to
serve as the electromagnet. In order to provide a large magnetic
field while limiting heating, a large current and a small resistance
are required. Therefore, the gold microstrip cross section is set to
be 3 pm wide and 1.5 pm thick, with a measured resistivity near
1 Ohm. Simulations using COMSOL multiphysics for magnetic
and thermal properties are shown in Fig. 3. The plots depict the
radial component of the magnetic field (A4,) in the CeYIG layer
above the ring and the average temperature increment (A7) in
the silicon ring as a function of the current in the coil. As we
expected, the field A, varies linearly with the current, while
AT is a quadratic function of the current due to the Joule effect.
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Fig. 3. (a) Radial magnetic field map (in Oersted) in the Ce:YIG layer
for an injected current / = 200 mA (V' = 190 mV), as well as its linear
dependence with the injected current. (b) Temperature variation (in
Celsius) in the silicon layer for an injected current / = 200 mA, and
its quadratic dependence with the injected current. For the device under
test, a current of 200 mA provides a radial magnetic field of about 17 Oe
in the Ce:YIG layer, while the temperature increment is about 10°C in
the silicon microring.

These simulations are key to understanding the behavior of the
circulator at different driving currents.

4. EXPERIMENTAL RESULTS

We characterize the device at room temperature (20°C) using
a polarization-maintaining (PM) lensed fiber to inject
TM-polarized light. Then, we measure the transmittance spectra
through the device at the output ports when we apply -200 mA
of current through the microstrip. This corresponds to roughly
40 mW of dissipated power in the microstrip. This may be im-
proved by using a larger gold cross section, thinning the SGGG
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further, or depositing multiple coils of the electromagnet. Further
details on the experimental setup can be found in the Supplement
1. The experimental results are shown in Fig. 4(a), where all the
spectra have been normalized to a reference silicon waveguide of
the same dimension but covered by a silica top cladding instead of
the Ce:YIG. For comparison, the simulated spectra are reported
in Fig. 4(b). The simulated and measured scattering coefficients
exhibit a good agreement between the theory and the experi-
ments, confirming the validity of our model.

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 absorption of the Ce:YIG (~40-60 dB/cm), where the mode
overlap is computed to be about 41%. The measured wavelength
split between the CW (red) and CCW (blue) resonances in
Fig. 4(a) is measured to be 0.35 nm. This value is smaller than
the simulated maximum of 0.55 nm because the magnetic field is
below the saturation value for the Faraday rotation (i.e., 50 Oe) as
well as a temperature-induced reduction of the magneto-optic
effect [38,42]. In Fig. 5, the nonreciprocal resonance split (MO)
and the reciprocal shift (Therm.) are shown as functions of the
injected current. The values predicted by our model and the mea-
sured ones show a very good agreement between the theory and
the experiments.

If we choose to operate near A = 1558.45 nm, denoted by the
dashed black line in Fig. 4(a), then the light in the device circu-
lates from 1 - 2 - 3 - 4 — 1. From these measurements, we
are able to summarize the performance of the 4-port circulator as
shown in Table 1, where the amplitudes of the scattering coef-
ficients are reported at the working wavelength. The missing
entries are paths that are only obtainable due to strong back-
reflections. We were unable to quantitatively measure the values
of 813, 831, 24, and Sy,, as they are very low (less than -40 dB).
Likewise, the measurement to quantify the backscattered light at
each port (S, for / =1, 2, 3, 4) is dominated by reflections off
the polished facet as well as the lensed fiber used for the coupling.

In this table, the highlighted entries depict the insertion loss
for the forward circulating path and range from 9.7 to 12.4 dB.
Such large values are due to the Ce:YIG clad bus waveguides
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(a) Measured and (b) simulated transmission spectra of the CW and CCW resonances at the through and drop ports. The curves are labeled by the

corresponding entry in the scattering matrix. Due to fabrication inaccuracies in the waveguide, the measured spectra are shifted with respect to the measured
ones. The thermal heating can be effectively used to control the resonance position, compensating the variation of the waveguide cross-section size.
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Fig. 5. Measured and predicted reciprocal resonance shift (thermal
effect) and nonreciprocal resonance split (MO effect) have been reported
as a function of the applied current.

Table 1. Experimental Transmittance Data [dB] of the
Circulator at the Working Wavelength of 1 = 1558.45 nm
Input Port

1 2 3 4
1 - -20.7 - -10.5

Output Port 2 -9.7 - -21.0 -
3 - -12.4 - -22.0

4 -17.2 — -11.0 -

(3.5 mm), which are much longer than the actual microring size
(i.e., 20 pm radius) and can be reduced by shrinking the die size
or using transitions to push the mode away from the Ce:YIG. We
do not notice any increase in the insertion loss due to the
magnetic field or heating of the device.

As formerly stated, the isolation ratio is defined as the ratio of
forward to backward transmitted power between two adjacent
ports. The largest isolation ratio is 11 dB, and it is measured be-
tween port 1 and port 2, and between port 3 and port 4 (i.e., IR},
and IR34). Vice versa, the smallest isolation ratio is 6.7 dB that is
measured between port 1 and port 4 (i.e., IR4). Another impor-
tant key feature to evaluate the performance of the device is the
crosstalk at the output port (XT). It can be defined as the ratio
between the sum of transmitted signal powers from all undesired
ports and the transmitted signal power from the desired output
port. From Table 1, it is calculated as the difference between the
entries in any horizontal row. The crosstalk in this device ranges
from -6.2 dB at port 4 to -11.3 dB at port 2. The results are
summarized below in Table 2. The measured IRs are smaller than
the simulated values because the device is operating below the
saturation magnetization value (Alyo < 0.55 nm), as shown
in the table.

Both the isolation ratio and the crosstalk of the device can be
improved by increasing the RWS and differentiating the CW and
CCW resonance even further. However, more current is needed,
and that can produce larger heating and eventually damage the
device. To avoid this issue, we plan to use multiple coils for
the electromagnet, allowing for higher magnetic fields at a lower
operating current and temperature [43].

We also investigate the switching time of the device, or the
time it takes to reconfigure the circulator. The wavelength is set
to bias the ring at the side of the resonance for higher modulation
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Table 2. Simulated and Experimental Isolation Ratio and
Crosstalk® at the Working Wavelength of A = 1558.45 nm for
Different Values of Aiyo [Nm]

(Simulated)  (Simulated) (Experiment)

IR, = |521| /|312|2 12.0 dB 11.6 dB 11.0 dB

23 = 185*/|S25>  12.0 dB 8.5 dB 8.6 dB
IRy, = |S4;/%/IS%])> 12.0 dB 11.6 dB 11.0 dB
IR, = [814/[Sa|*  12.0 dB 8.5 dB 6.7 dB
XT, = |S,?/IS14|> -14.3 dB -10.18 dB -10.2 dB
XT, = |Sz3| /|521|2 -10.0 dB -10.0 dB -11.3 dB
XT; = |S34| /|ng|2 -14.3 dB -10.18 dB -9.6 dB
XT, = |S4*/IS4>2  -10.0 dB -10.0 dB -6.2 dB

“The crosstalk is calculated assuming equal input powers at each port.

400ps

Fig. 6. Magneto-optic rise time of the device is measured to be 400 ps
using a 1 Gbps PRBS31 bit stream. The eye stays open up to 2.5 Gbps,
which agrees well with the measured rise time.

efficiency, and the input is a zero-mean signal such that the
temperature remains constant for the device. To test the rise time
of the magneto-optic response, a pseudo-random bit sequence
(PRBS31) with 1.5 Vpp and no DC bias is applied to the electro-
magnet, while an optical signal is injected from port 1 and the
output light at port 2 is collected on a sampling oscilloscope.
For a PRBS at 1 Gbps, the resulting eye diagram is shown in
Fig. 6, where we measure a 400 ps rise time with an 8.5 dB
extinction ratio.

In this experiment, the magneto-optic response is limited by
the rising impedance of the electromagnet at higher frequencies,
which acts as an inductor. Nevertheless, it is significantly faster
than the slow thermal-controlled microrings that are being uti-
lized for large-scale photonic switching fabrics [44]. Faster oper-
ation can be achieved by reducing skin depth effects and lowering
the inductance of the microstrip, although additional limitations
caused by magnetization reversal (~2 ps) [45] and photon life-
time (~12 ps) in the ring will eventually become relevant.

5. MULTIPLE PORT (>4) CIRCULATORS

The demonstrated 4-port circulator can be used as a building
block for more complex nonreciprocal devices and networks.
Here, we demonstrate how our device design can be expanded
to realize circulators with an arbitrary number of input/output
ports. We will only consider devices using the microring architec-
ture; nevertheless, the principles shown here can be carried over
to design multi-port MZI circulators as well. In this section,
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Fig. 7. Four possible configurations of the proposed 6-port circulator.
The white arrows show the radially inward or outward magnetic field,
while the black arrows show the circulation direction of light for each
configuration.

we present, for the first time, to the best of our knowledge, a fully
circulating, dynamically reconfigurable 6-port optical circulator
with up to 14.4 dB of isolation.
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The simplest design for a multi-port microring circulator in-
volves a single central ring with multiple bus waveguides. While
the simplicity in only using one ring is attractive, the optical
crosstalk between the ports would likely be a critical issue due
to the recirculation of the signal in the central ring [46].
Moreover, the footprint will enlarge with an increasing number
of ports. An alternate design we present here uses multiple rings
laid out in the geometry depicted below. Figure 7 shows the sche-
matic for a 6-port circulator using two identical rings and three
bus waveguides. The top two configurations show both fields in-
ward or outward and circulation paths of 1 2 -3 - 4 —
5-6—-1and 156—-5—-4—-3—2-=1, respectively.
In the bottom two configurations, the magnetic fields in the
two rings are in opposite directions. Under these circumstances,
the circulation path is 1 =6 -3 >4 —-5—2—1 for the
case in the bottom left and for the bottom right. In general, this
multi-port architecture can be easily expanded to an arbitrary
number of ports. If we use (/V - 1) rings with (V) bus wave-
guides, we are able to achieve a circulator with (2NV) ports.
Odd numbers of ports can be realized by using a loop mirror
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Fig. 8. (a) Measured and (b) simulated transmission spectra of the 6-port circulator. The deviations between the two are largely due to fabrication
imperfections in the ring, which leads to a different driving current in the two rings in order to align the resonances. In addition, the experimental spectra
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at the end of one of the bus waveguides, as was previously
demonstrated with a 3-port circulator [32].

As long the rings are separated far enough such that the mag-
netic field in one ring does not significantly affect the others, then
we can magneto-optically tune the (V - 1) rings independently
and reconfigure the circulator in 2(V - 1) ways. For a 6-port cir-
culator, it is possible to obtain the four different configurations
shown above, depending on the orientation of the magnetic field
in the two rings. We fabricated this 6-port optical circulator using
two 20 pm ring resonators and three bus waveguides. In theory,
the rings should be identical with the same resonance wavelength,
but this is often not the case due to fabrication imperfections and
nonuniformities of the wafer or the etch process. Our result shows
the intrinsic resonances of the two rings are over 1 nm apart,
meaning they must be thermally tuned together in order for
the circulator to operate at a common wavelength for all of
the ports. Furthermore, we must apply enough current to observe
a significant RWS in each of the rings for nonreciprocal behavior.

In this design, the single microstrip can be used to meet both
of the aforementioned requirements for single wavelength circu-
lation and compensate for the fabrication. Applying a different
current in each ring, we found that the optimal conditions for
6-port circulation in the device under test are /; = £185 mA
for the top ring and 7/, = £262 mA for the bottom ring.
Due to the angling of the output facets and limited spacing be-
tween adjacent facets, it was not possible to simultaneously test all
input and output combinations. Instead, we use each of the six
ports as an input successively and measure the transmission spec-
tra through all the accessible output ports, as shown in Fig. 8.
Further details can be found in the Supplement 1.

Although the predicted RWS is 0.35 nm, from the measured
spectra we observe a RWS of 0.25 nm for the top ring while the
RWS of the bottom one is 0.35 nm, as shown in Fig. 8. This is
reasonable considering the applied current was larger for the bot-
tom ring in order to compensate the fabrication variation. In this
configuration, the operating wavelength near 1557.6 nm is on
resonance with the CCW modes of both rings, causing a circu-
lation path of 1 -2 -3 -4 -5 — 6 — 1. From these mea-
surements we can extract the scattering parameters of the device at
the working wavelength in Table 3. Once again, the highlighted
entries show the insertion loss along the forward circulation path,
and the isolation and crosstalk for each port can be extracted by
analyzing the table. Here, we find the largest isolation ratio is
14.4 dB between ports 2 and 3 (i.e., IRy3 = |S23]2/|S3,]?), while
the smallest isolation ratio is 2.5 dB between ports 1 and 6 (i.e.,
IR = [S14]%/15611%). The insertion losses along the forward
circulating path range from 10.1 to 14.3 dB, which is similar
to what was measured in the 4-port device, and can be reduced

Table 3. Experimental Transmittance Data [dB] of the
6-Port Circulator at the Working Wavelength 4 = 1557.6 nm

Input Port
1 2 3 4 5 6
1 - 225 - - - -l01
2 -11.2 - -26.5 - -20.4 -
Output Port 3 - -12.1 - -15.5 - -29.3
4 - - -11.3 - -23.5 -
5 - -23.0 - -12.0 - -27.0
6 -12.6 - -30.3 - -143 -
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by shortening the length of the Ce:YIG cladding above the bus
waveguides. Overall, a better device performance can be achieved
by aligning the resonances with better fabrication accuracy or a
separate thermal tuner.

6. CONCLUSIONS

In conclusion, we have demonstrated, for the first time, to the
best of our knowledge, a microring-based optical circulator that
greatly shrinks the footprint of the device when compared to
previous MZlI-based circulators. The device uses an integrated
electromagnet instead of conventional permanent magnets and
can be easily reconfigured to select the direction of circulation,
which may lead to new applications in sensing, data centers,
and telecommunications. Finally, the device architecture we have
proposed can be scaled to circulators with an arbitrary number of
ports and multiple operating configurations. We demonstrate a
6-port circulator with up to 14.4 dB of isolation as a proof of
concept. This scalability combined with a sub-nanosecond swit-
ching time could pave the way for novel optical switching and
routing technologies.
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