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A B S T R A C T

A compact magnetless isolator for optical communication systems based on a ring resonator with an outer
layer made of silicon and an inner layer made of a magneto-optical material that does not require an external
magnet to keep its magnetization saturated is suggested. Three-dimensional computational simulations of the
device performed with the full-wave electromagnetic solver COMSOL Multiphysics show that the insertion
loss and isolation levels are about −1.9 dB and −23 dB, respectively, thus confirming the feasibility of the
isolator. An analytical model of the device based on the temporal coupled-mode theory method has been
formulated and there is a good agreement between the analytical and simulation results. Since it does not
require a magnetization scheme based on permanent magnets or electromagnets as conventional isolators do,
the presented isolator is much more compact, with a footprint at least one order of magnitude smaller in
comparison with other isolator designs known from the literature, and this feature makes the suggested device
an ideal candidate for optical circuits with very high integration density.

1. Introduction

In optical communication systems, the stable operation of signal
sources (e.g., LASERs and amplifiers) relies on strategies used to mit-
igate the harmful effects caused by parasitic reflections arising from
unmatched elements. One of the main alternatives for blocking such
reflections and avoiding instabilities in the operation of signal sources
consists in using optical isolators [1–3]. In this case, one must connect
the signal source to the input port of the isolator, while the receiver
is connected to the output port of the isolator. Since isolators allow
propagation in only one direction, the input power can be transmitted
to the receiver, while parasitic reflections are blocked by the isolator.

Most optical isolator designs are based on the utilization of
magneto-optical (MO) materials magnetized by external magnets, since
such materials enable the nonreciprocal behavior of the device by
breaking the time reversal symmetry [4–6]. The static field generated
by the external magnet must be strong enough to saturate the magne-
tization of the material, otherwise the MO activity of the material is
drastically reduced and the operation of the isolator is compromised.

One of the challenges for the design of optical communication
systems with very high integration density is related to the footprint of
the required optical isolators. Permanent magnets and electromagnets
used for the magnetization of typical MO materials used in isolator
designs are usually very bulky and, as a result, conventional isolators

∗ Corresponding author.
E-mail address: masaki@unicamp.br (G. Portela).

with external magnets are not suitable when one thinks about optical
circuits made of several devices with micrometer or even nanometer
dimensions.

For example, the optical isolator suggested in [7] is based on a
SOI ring resonator scheme and operates at the 1550 nm wavelength.
A MO layer made of cerium-substituted yttrium iron garnet (Ce:YIG) is
bonded on the microring structure and a planar spiral electromagnet is
used to saturate the magnetization of the MO material. The isolation
level of the isolator is better than −25 dB, its operating bandwidth is
about 8 GHz and the device footprint is approximately 3600 μm2.

Another optical isolator design is presented in [8]. This one is also
based on the bonding of a Ce:YIG layer on a SOI based structure com-
prising a ring resonator coupled to a bus waveguide. A gold microstrip
coil is used for the magnetization of the MO layer and the footprint
of the device is about 6500 μm2, while the isolation levels and the
operating bandwidth near the 1555 nm wavelength are about −32 dB
and 1.2 GHz, respectively.

In this work, we present a new optical isolator that is much more
compact when compared to conventional isolator designs already re-
ferred in the literature because it does not need any bias magnets. In
comparison with the isolators presented in [7,8], the footprint of the
suggested isolator is one order of magnitude smaller (about 350 μm2).
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We suggest a device layout for operation around the 1310 nm wave-
length as a proof-of-concept demonstration, although one can adapt the
layout with a view to operation in other optical wavelengths.

The MO material used in the suggested device is a commercially
available bismuth-substituted iron garnet with molecular formula
BiX(EuZHo1–Z)3-XFe5-YGaYO12 and it can keep a saturated magnetic
state even in the absence of a static magnetic field [9].

A magnetless optical isolator is also suggested in [10]. In this
design, a MO layer made of cobalt ferrite (CFO) films is deposited by
a sputtering method on top of a silicon racetrack resonator. However,
the material losses of CFO films are very high (about 3.4 dB/μm) in
comparison with those of the MO material used in our design (about
0.0002 dB/μm) and, as a consequence, the insertion loss levels of
our design (about −1.9 dB) are much better than those of the design
presented in [10] (about −11.2 dB).

Additionally, the footprint of the isolator suggested in this paper
is one order of magnitude smaller in comparison with the footprint of
the isolator presented in [10] (about 3200 μm2), that is, the suggested
isolator is much more compact and appropriate for photonic circuits
with high integration density.

Realistic three-dimensional simulations of the device have been per-
formed with the software product COMSOL Multiphysics, a full-wave
electromagnetic solver based on the Finite Element Method (FEM). The
numerical results obtained from the simulations evince the feasibility
of the proposed magnetless optical isolator.

Besides, we have employed the temporal coupled-mode theory
(TCMT) method in order to obtain an analytical model of the device.
This model provides a deeper understanding of the device operation in
terms of decay rates and resonant frequencies of resonator modes and
the analytical results are in good agreement with those acquired from
the computational simulations.

2. Materials and methods

2.1. Isolator design

We have considered a ring resonator structure in a SOI platform for
the design of the magnetless isolator. A bus waveguide made of silicon
is coupled to a ring resonator comprising an outer layer made of silicon
and an inner layer made of a MO material, as schematically shown in
Fig. 1.

The width of the bus waveguide is 𝑤𝑤 = 340 nm, while the width
of the inner and outer layers of the ring resonator are 𝑤𝑖 = 255 nm
and 𝑤𝑜 = 405 nm, respectively. Both the silicon and MO layers have
thickness ℎ = 185 nm and there is a gap 𝑔 = 85 nm between the bus
waveguide and the outer layer of the ring resonator.

Regarding the ring resonator, it is a racetrack one with external
bend radius 𝑅 = 3.8 μm and straight section length 𝐿 = 30.5 μm. The
racetrack ring resonator also includes a slightly convex section defined
by the parameters 𝐿𝑐 = 7.8 μm and 𝑐 = 1.2 μm.

The device operates with Transverse Electric (TE) waveguide modes
and we have considered, in our computational simulations, that the
refractive indexes of silicon (Si) and silica (SiO2) are 𝑛Si = 3.5 and
𝑛SiO2

= 1.45, respectively [11,12].
The suggested device layout is a proof-of-concept demonstration

at the specific 1310 nm wavelength. For operation at other optical
wavelengths (e.g., 1550 nm), one can resize the entire layout or one
can take advantage of wavelength conversion techniques, such as those
based on four-wave mixing (FWM) suggested in [13,14].

2.2. Properties of the magneto-optical material

The inner layer of the racetrack ring resonator is made of a MO
garnet material with molecular formula BiX(EuZHo1–Z)3-XFe5-YGaYO12.
The magnetless operation of the suggested isolator is feasible because
this MO material does not require any external magnets in order to keep
its magnetization saturated.

More specifically, the amount of europium (Eu) is maximized in
the material and, as a result, its saturation magnetization is reduced
(between 10 G and 60 G), without the creation of a compensation
point [9,15]. In the formula unit of the material, the parameters 𝑋,
𝑌 , and 𝑍 are the bismuth concentration, gallium concentration, and
the europium fraction of rare earth in the film, respectively. In our
calculations, we have considered 𝑋 = 1.22, 𝑌 = 0.956, and 𝑍 = 0.45.
Besides, we have neglected in our simulations the effect of MO material
losses because the loss per micron of the material is very small (about
0.0002 dB) [16].

We have opted for a proof-of-concept demonstration of the device
at the 1310 nm wavelength, instead of at the more typical 1550 nm
wavelength, because the specific Faraday rotation coefficient 𝜃𝐹 of the
MO material is larger at the 1310 nm wavelength than at the 1550 nm
wavelength [16].

The refractive index and the specific Faraday rotation coefficient of
the MO material, at the 1310 nm wavelength, are 𝑛𝑀𝑂 = 2.327 and
𝜃𝐹 = 1410 deg/cm, respectively [15,16]. The permittivity tensor of the
material can be defined as follows:

[𝜖] = 𝜖0
⎛

⎜

⎜

⎝

𝜖𝑟 −𝑖𝜖𝑎 0
𝑖𝜖𝑎 𝜖𝑟 0
0 0 𝜖𝑟

⎞

⎟

⎟

⎠

, (1)

where 𝜖𝑟 = 𝑛2𝑀𝑂 and the off-diagonal element 𝜖𝑎 is about 0.0024.

2.3. Fabrication aspects

The fabrication of the device mainly consists of patterning the sili-
con elements and bonding of the MO material on the SOI structure. The
silicon bus waveguide and ring resonator outer layer can be patterned
by using conventional methods like plasma-enhanced chemical vapor
deposition (P-CVD), electron-beam (EB) lithography and reactive ion
etching (RIE). The utilization of such methods on the patterning of SOI
structures is described in [10].

Regarding the bonding of the MO material on the SOI substrate,
the direct wafer bonding technique suggested in [7,17,18] is one of
the alternatives. The main challenge concerning the utilization of this
technique is the creation of a gap between the sidewalls of the silicon
and MO layers of the resonator. This gap can lead to performance
degradation and some adaptations in the technique would be required
in order to reduce such gap.

3. Theoretical analysis of the device

3.1. Scattering matrix analysis

The antiplane of symmetry 𝑇𝜎 shown in Fig. 2 is an element of
the symmetry group of the isolator. From the commutation relation
𝑅𝑇𝜎𝑆 = 𝑆𝑡𝑅𝑇𝜎 , where 𝑅𝑇𝜎 is the representation matrix of the anti-
unitary element 𝑇𝜎 and 𝑆 is the scattering matrix of the isolator, one
can define the following relation regarding the entries of 𝑆 [19]:

𝑆11 = 𝑆22. (2)

Therefore, one cannot derive a relation regarding the off-diagonal
elements 𝑆21 and 𝑆12 of the scattering matrix 𝑆 from the symmetry
analysis of the device. In general, one have 𝑆21 ≠ 𝑆12, as one could
expect from a nonreciprocal device.
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Fig. 1. Schematic view of the isolator.

Fig. 2. Antiplane of symmetry 𝑇𝜎.

Particularly, an input signal coming from port 1 couples to the
counterclockwise rotating mode of the resonator, while an input signal
coming from port 2 couples to the clockwise rotating mode of the
resonator. Since there is a frequency splitting between both modes
related to the MO activity of the iron garnet, the resonance peaks of the
curves of 𝑆21 and 𝑆12 take place in different frequencies and 𝑆21 ≠ 𝑆12
holds.

3.2. Temporal coupled-mode theory method

It is possible to derive formulas for the calculation of the entries of 𝑆
from the analytical temporal coupled-mode theory (TCMT) method [20,
21]. It can be used for modeling a set of coupled individual elements,
like resonators and waveguides, and its main assumption is the weak
coupling between the various elements. The TCMT method is typically
considered in the case of reciprocal devices, however, it can be used
even in the case of nonreciprocal components, like circulators and
isolators [22,23].

By using the methodology described in [22] for nonreciprocal de-
vices, one can derive the following equations for the calculation of the
entries of 𝑆-matrix:

𝑆21(𝜔) = 1 −
𝛾+

𝑗(𝜔 − 𝜔+) + 𝛾+ + 𝛾𝑖+
, (3)

𝑆12(𝜔) = 1 −
𝛾−

𝑗(𝜔 − 𝜔−) + 𝛾− + 𝛾𝑖−
, (4)

𝑆11(𝜔) = 𝑆22(𝜔) = 0. (5)

In (3)–(5), the parameters 𝜔+, 𝛾+, and 𝛾𝑖+ are the resonant fre-
quency, the decay rate due to waveguide coupling, and the decay
rate due to intrinsic losses of the counterclockwise rotating mode.
Analogously, the TCMT parameters with the subindex ‘‘-’’ refer to the
clockwise rotating mode.

In Section 4, we show that the results obtained from the TCMT
equations can be quite close to those obtained from the computational
simulations of the isolator. Besides, it is possible to obtain a better
understanding of the device by studying the influence of each TCMT
parameter (decay rates and resonant frequencies) on the curves of
𝑆-parameters generated by (3)–(5).

3.3. Frequency response evaluation based on TCMT equations

Let us consider the illustrative frequency response of the isolator
shown in Fig. 3. Since we are not interested on the real values of 𝑆-
parameters and frequencies at this moment, we show in this figure only
typical curves of the 𝑆21 and 𝑆12 parameters, as well as some reference
points that define the operating frequency band of the isolator.

In Fig. 3, 𝛥𝜔− is the bandwidth related to the first resonance defined
at the 𝑛− reference level, with 𝜔1− and 𝜔2− defining the lower and
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Fig. 3. Illustrative frequency response of the isolator.

upper limits of the corresponding frequency band. Analogously, the
parameters with subindex ‘‘+’’ refer to the second resonance of the
device.

From (3)–(5), one can derive the following formulas for the param-
eters shown in Fig. 3:

𝜔1± = 𝜔± −

√

√

√

√

100.1𝑛±
(

𝛾± + 𝛾𝑖±
)2 − 𝛾2𝑖±

1 − 100.1𝑛±
, (6)

𝜔2± = 𝜔± +

√

√

√

√

100.1𝑛±
(

𝛾± + 𝛾𝑖±
)2 − 𝛾2𝑖±

1 − 100.1𝑛±
, (7)

𝛥𝜔± = 𝜔2± − 𝜔1± = 2

√

√

√

√

100.1𝑛±
(

𝛾± + 𝛾𝑖±
)2 − 𝛾2𝑖±

1 − 100.1𝑛±
. (8)

The main difference between the two counter-rotating modes is
related to their rotation direction. Since their mode numbers are the
same (integer number of wavelengths that fit inside the ring resonator)
and the frequency splitting of both modes is relatively small, one can
consider, as a good approximation, that the decay rates of both modes
are equal, that is, 𝛾+ = 𝛾− = 𝛾 and 𝛾𝑖+ = 𝛾𝑖− = 𝛾𝑖.

Specifically, we will focus on the operation of the isolator around
the first resonance (resonance peak of the 𝑆12 parameter), since a
similar analysis can be performed considering the operation around the
second resonance. In this case, the parameters 𝑛− and 𝑛+ correspond to
the isolation and insertion loss levels considered for the calculation of
the isolator bandwidth.

One can notice from Fig. 3 that the operating bandwidth of the
isolator corresponds to the intersection of the frequency band with
bandwidth 𝛥𝜔− and the one corresponding to the interval 𝜔 ≤ 𝜔1+.
Considering, for illustrative purposes, that 𝑛− = −10 dB and 𝑛+ = −3
dB, the following conditions must be met:

1. There must be two real frequencies 𝜔1− and 𝜔2− for which 𝑆12 =
−10 dB or, equivalently, 𝛥𝜔− must be real and greater than zero.

2. 𝜔1+ > 𝜔1−.

If at least one of the above conditions is not met, one cannot ensure,
simultaneously, isolation levels better than −10 dB and insertion losses
better than −3 dB in a frequency band near the first resonance of the
structure. We show in Section 4 that both conditions are satisfied in
our design and it is possible to see how to meet them from the TCMT
equations.

Regarding the first condition, one can show from (8) that it is
satisfied if the following relationship between 𝛾 and 𝛾𝑖 remains valid:

𝛾 > 2.162𝛾𝑖. (9)

This relationship tells us that the decay rate of the resonator mode
due to waveguide coupling must be at least 2.162 times greater than

the decay rate of the mode due to intrinsic losses. One can increase
the value of 𝛾 by tuning the gap 𝑔 between the bus waveguide and the
resonator, as well as by modifying the shape of the bus waveguide or
ring resonator in the region wherein the waveguide–resonator coupling
takes place (see [22] for more details). On the other hand, one can
decrease the value of 𝛾𝑖 by making use of low-loss materials in the
design.

Regarding the second condition, one can show from (6) and (7) that,
if the following relationship between the resonant frequencies and the
decay rates of the modes is satisfied, then the condition is met:

𝜔+ − 𝜔− >
√

𝛾2 + 2𝛾𝛾𝑖 − 𝛾2𝑖 − 1
3

√

𝛾2 + 2𝛾𝛾𝑖 − 9𝛾2𝑖 . (10)

The left-hand side of (10) represents the frequency splitting of the
counter-rotating modes of the ring resonator and it must be greater
than the expression involving the decay rates of the modes in the right-
hand side of (10). Equivalently, this relationship shows that the overlap
between the counter-rotating modes of the resonator must be decreased
with a view to the proper functioning of the isolator.

The simplest method for increasing the value of the left-hand side
of (10) consists in using MO materials with high specific Faraday
rotation coefficient, while the value of the right-hand side of (10) can
be decreased by making the coupling between the resonator modes and
the bus waveguide lower. However, one cannot excessively decrease
the waveguide coupling 𝛾, otherwise the relationship presented in (9)
is not satisfied.

4. Results and discussion

Computational simulations of the suggested magnetless optical iso-
lator have been performed with the full-wave electromagnetic solver
COMSOL Multiphysics. We have also calculated the 𝑆-parameters of the
device by using the TCMT equations and compared the results obtained
from such equations with those acquired from the computational simu-
lations of the device. In the following, we present and discuss the results
obtained both from computational simulations and TCMT equations.

4.1. Numerical results obtained from computational simulations

Three-dimensional simulations of the device have been performed
with the software product COMSOL Multiphysics. In order to reduce
memory consumption and computation time of our simulations, we
have inserted a hole in the center of the ring resonator. The center
hole and the resonator have the same shape and there is a gap equal
to 500 nm between them, so that the electromagnetic fields are negli-
gible in the volume corresponding to the hole and do not need to be
calculated.

The 𝑆-parameters of the magnetless isolator for operation around
the 1310 nm wavelength are shown in Fig. 4.
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Fig. 4. 𝑆-parameters of the isolator.

Fig. 5. 𝐻𝑧 field profile in the isolator for (a) input signal applied to port 1 (𝑓 = 𝑓−), (b) input signal applied to port 2 (𝑓 = 𝑓−), (c) input signal applied to port 1 (𝑓 = 𝑓+), and
(d) input signal applied to port 2 (𝑓 = 𝑓+).



Optics and Laser Technology 157 (2023) 108638

6

G. Portela et al.

Fig. 6. 𝑆-parameters of the isolator obtained from computational simulations and TCMT equations.

The device has two operating frequency bands, both highlighted in
yellow in Fig. 4: one around the first resonance of the ring resonator
(with center frequency 𝑓−) and the other one around the second
resonance of the ring resonator (with center frequency 𝑓+).

The bandwidth of the device for operation around the first reso-
nance, defined at the levels −3 dB of the 𝑆21 curve and −10 dB of the
𝑆12 curve, is 2.51 GHz and, at the center frequency 𝑓− = 228.7739 THz,
the insertion loss and isolation levels are about −1.8 dB and −22.9 dB,
respectively.

Concerning the operation around the second resonance, the band-
width of the device is also 2.51 GHz when one considers the −3 dB
and −10 dB levels of the 𝑆12 and 𝑆21 curves, respectively. At the center
frequency 𝑓+ = 228.7792 THz, the insertion loss is about −1.9 dB, while
the isolation level is about −23.1 dB.

The field profiles of the 𝐻𝑧 component at the center frequencies 𝑓−
and 𝑓+, considering the input signal applied to ports 1 and 2, are shown
in Fig. 5.

One can see from Fig. 5(a) and 5(b) that, at the center frequency
𝑓−, an input signal applied to port 1 is transmitted to port 2 with low
insertion losses, while an input signal applied to port 2 strongly couples
to the clockwise rotating mode of the ring resonator and does not reach
port 1. On the other hand, one can see from Fig. 5(c) and 5(d) that, at
the center frequency 𝑓+, the opposite situation takes place, that is, an
input signal applied to port 1 does not reach port 2 because it strongly
couples to the counterclockwise rotating mode of the resonator, while
an input signal applied to port 2 is transmitted to port 1 with low
insertion losses.

4.2. Analytical results provided by the TCMT method

We have calculated the frequency response of the circulator by using
the TCMT equations presented in Section 3.2, in order to show that the
presented TCMT-based model of the isolator can be used to evaluate the
performance of the device. Fig. 6 presents the 𝑆-parameters obtained
from (3) and (4), as well as those acquired from the computational
simulations of the device.

There is a good agreement between the results provided by the
TCMT equations and those obtained from the 3D simulations of the de-
vice performed with COMSOL Multiphysics, as one can see from Fig. 6.
We have considered the following values of the TCMT parameters in
order to obtain the TCMT curves presented in Fig. 6: 𝛾+ = 𝛾− = 𝛾 =
2.3 × 1010 rad/s, 𝛾𝑖+ = 𝛾𝑖− = 𝛾𝑖 = 0.17 × 1010 rad/s, 𝜔− = 1.437429 × 1015

rad/s, and 𝜔+ = 1.437462 × 1015 rad/s.
We have presented in Section 3.3 the two conditions that must

be satisfied by the design with a view to obtaining insertion loss and
isolation levels better than −3 dB and −10 dB, respectively, in a given
frequency band. In order to meet such conditions, we have derived the
relationships (9) and (10), which in turn contain the TCMT parameters
of the model. One can see that both relationships are satisfied for the
aforementioned values of the TCMT parameters.

Specifically, we have 𝛾 ≈ 13.5𝛾𝑖, that is, the inequality (9) is
satisfied. Besides, the inequality (10) is satisfied, since the left-hand
side of (10) is equal to 3.29 × 1010 rad/s and the right-hand side of
(10) is equal to 1.65 × 1010 rad/s. We have managed to satisfy these
two relationships by properly tuning the geometrical parameters of
the design and by making use of low-loss materials, as discussed in
Section 3.3.

5. Conclusions

The numerical results presented in this paper, obtained from three-
dimensional electromagnetic simulations performed with the software
product COMSOL Multiphysics, confirm the feasibility of the suggested
magnetless optical isolator.

The elimination of the bias magnet allowed us to reduce the foot-
print of the design by one order of magnitude in comparison with the
designs presented in [7,8,10]. The reduced dimensions of our design
make it very appropriate for optical communication systems with high
integration density.

Besides, we have employed the TCMT method in order to obtain
an analytical model the device. We have derived formulas for the
calculation of the 𝑆-parameters of the isolator and the results obtained
from such formulas are in good agreement with those obtained from
the 3D simulations of the device. The suggested TCMT-based model
allowed us to define relationships concerning the decay rates and
resonant frequencies of the resonator modes that must be satisfied and
the corresponding discussion can be very useful for the design of similar
nonreciprocal devices.
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