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Abstract

In photonic integrated circuits (PICs), optical isolators and circulators are utilized to protect
active devices from backscattering and to reroute the optical signal. An optical circulator
based on the LNOI platform is required to possess wide bandwidth and high isolation ratio
simultaneously. A 4-port broadband optical circulator for TM mode with high isolation
ratio on the lithium niobate on insulator (LNOI) platform is proposed. The circulator, based
on the Mach—-Zehnder Interferometer (MZI), consists of two 2 x 2 multimode interferome-
ters (MMIs), and a non-reciprocal and reciprocal waveguide. The circulator we designed
based on the magneto-optical effect achieved an ultra-wide 30 dB isolation bandwidth
of 84 nm. We optimized the configuration of the Ce:YIG/LiNbO3; composite waveguide
and 3 dB power splitter/combiner, achieving low-loss and compact non-reciprocal waveg-
uides and MMIs. The total insertion loss is 1.04 dB. The wide bandwidth and low-loss
characteristics give our device significant potential for application in high-density photonic
integrated circuits.

Keywords: non-reciprocal phase shift; magneto-optical waveguide; multimode interferom-
eter; optical circulator; lithium niobate on insulator

1. Introduction

The rapid advancements in optical communications, optical interconnects, microwave
photonics, and quantum information technologies have created an urgent demand for
photonic integrated circuits featuring high speed, broadband, low power consumption,
and a compact footprint. Lithium niobate on insulator has emerged as one of the most
promising platforms for integrated photonics, by virtue of its excellent electro-optical
properties, ultra-low optical loss, and mature manufacturing process [1-3].

Despite the emergence of a variety of active and passive photonic devices on the LNOI
platform, the development of on-chip non-reciprocal photonic devices has lagged signifi-
cantly behind, forming a bottleneck restricting high-performance and large-scale photonic
integration on LNOI. The main function of an optical isolator is to block back-reflected light
from entering lasers, amplifiers, and other active devices, thus reducing the intensity and
phase noise in the system and ensuring the stability and high-performance operating state
of the system [4,5]. The optical circulator, as an extension of the optical isolator possessing
the above functions, is a multi-port optical device serving as a roundabout for photons,
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enabling bidirectional operation in optical interconnects and increasing the capacity in data
centers and communication networks.

The key to realizing optical non-reciprocity is to break the Lorentz reciprocity [6]. Cur-
rently, the main methods to achieve optical non-reciprocity include nonlinear
effects [7-9], spatio-temporal modulation [10-12] and magneto-optical effects [13-18]. Cur-
rently, the implementation of optical isolation on LNOI platforms based on spatio-temporal
modulation [19] and nonlinear effect [8] exhibits the drawbacks of extra power consump-
tion or high insertion loss. The isolator based on nonlinear effect achieves a cascaded
ring isolation of 35dB with 5 dB insertion loss. The isolator based on spatio-temporal
modulation enables a maximum optical isolation of 48.0 dB with low insertion loss of 0.5 dB,
though it has to be assisted with extra microwave drive power of 21 dBm. Compared
with the two former methods, non-reciprocal devices based on the magneto-optical effect
usually have the advantages of wide bandwidth, low insertion loss, simple structure and
independence from circuit control [18]. Yttrium iron garnet (YIG) doped with cerium (Ce)
or bismuth (Bi) is a good candidate for magneto-optical devices due to its large Faraday
rotation coefficient and low optical absorption loss in the near-infrared band [20,21]. By
employing such magneto-optical materials, a magneto-optical isolator on the LNOI plat-
form has been demonstrated, and the device showed a 30 dB isolation bandwidth of about
51.98 nm and 1.20 dB simulated insertion loss [22]. Recently, an optical circulator on the
LNOI platform, which exhibited ultrabroadband performance but a relatively low isolation
ratio of 15 dB, was implemented by means of traveling-wave modulation [23]. Nevertheless,
an optical circulator relying on the magneto-optical effect remains undemonstrated on the
LNOI platform, which is an effective approach to simultaneously achieve wide bandwidth
and high isolation ratio. In this paper, we proposed a magneto-optical circulator for TM
mode on the LNOI platform. The optical circulator adopts an asymmetric MZI structure,
including two symmetric 2 x 2 multimode interferometers, a non-reciprocal waveguide
and an asymmetric reciprocal waveguide as interference arms. Non-reciprocal phase shift
is generated by composite waveguides composing of Ce:YIG and LN. A compact 2 x 23 dB
power splitter/combiner is used to ensure the function of a four-port circulator. The value
of the NRPS is optimized to 4424.42 rad/m and the 30 dB isolation bandwidth reaches up
to 84 nm. The total insertion loss of our circulator is estimated to be around 1.04 dB. In
addition, the influence of deviations in the key parameter on the central wavelength and
isolation bandwidth has been investigated.

2. Methods

A schematic diagram of the proposed optical circulator built on an LNOI platform is
shown in Figure 1a. The circulator is based on an MZI structure and is composed of two
same 2 x 2 multimode interferometer couplers and magneto-optical waveguides. The MMI
is utilized as a 3 dB power splitter /combiner, while magneto-optic waveguides, formed by
Ce:YIG deposited on top of LN waveguides, are employed to induce non-reciprocal phase
shifts for TM-polarized light. The cross-section of the magneto-optic waveguides and Hy
field distribution are shown in the inset of Figure 1a. The direction of incidence from port 1
is defined as the forward direction.

The TM-polarized light injected from port 1 is split into two asymmetric interference
arms with equal power and an initial phase difference of 7t/2 by virtue of MMI as shown
in Figure 1b. By engineering the lengths of reciprocal and non-reciprocal waveguides, the
reciprocal phase difference and non-reciprocal phase difference between two arms can be
adjusted respectively as

{ AGDNRPS,forward = 7% (1)
A(PRPS,forwurd = % +2mmn’
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where m is an integer. Considering the 7t/2 phase difference accumulated in the first MMI,
the accumulated total phase difference before entering the second MMI is

T
AQ = Pupper — Plower = 5 + 2mrt. ()

Consequently, the entire optical power is output from port 3 of the second MMI, 3 dB
power combiner.
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Figure 1. (a) Schematic configuration of the optical circulator based on MZI and the cross-section of
the magneto-optic waveguides and Hy field distribution. (b) Forward transmission of the optical
circulator. (c) Backward transmission of the optical circulator.

For the backward direction, similarly, the TM-polarized light injected from port 3 will
be split by MMI with equal power and a phase difference of 71/2 as shown in Figure 1c.
The reciprocal phase difference and non-reciprocal phase difference are given by

AQDNRPS,backwurd = _A¢NRPS,forzuard = %
_ _ T 4 (3)
AQDRPS,lmckwar&l - AGDRPS,forwarﬂl -7 +2mr
Under this case, the accumulated total phase difference before entering the second
MMI is -
Ap = Pupper — Plower = ) +2mrt. 4)

Hence, the entire optical power eventually exits from port 2 instead of port 1.
The dielectric constant tensor of MO material can be expressed as:

£x 0 0
0 Fiy g4

where v = nAfp/ 7t is the off-diagonal term of Ce: YIG, n is the refractive index, A is the
wavelength of light, and 6r is the Faraday rotation coefficient of MO material. Due to the
influence of off-diagonal terms, the forward and backward propagation constants S, fy,
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are different. The non-reciprocal phase shift (NRPS) is defined as the difference of two
propagation constants [24]:
_ 2Ptm

NRPS = Apry = 10 {f %Hxanydxdy, ©6)

where B is the propagation constant for the fundamental TM mode, and w and ¢( are
the angular frequency and vacuum dielectric constant, respectively. P is the normalized
power flow along the z direction.

3. Simulation and Results

This optical circulator is designed on an X-cut LNOI platform with a 500 nm thick
lithium niobate thin film and a 2 pm SiO; insulation layer. The ordinary and extraordinary
refractive indices of LN are 1, = 2.21 and ne = 2.14, respectively. The refractive indices of Ce:
YIG and SiO; are ncetyig = 2.20 and ngijop = 1.44 at a wavelength of 1550 nm, respectively.
The Faraday rotation coefficient of Ce: YIG is 6 = —4500° /cm. The sidewall angle is set
at 75° to match the manufacturing process. The Finite Difference Eigenmode (FDE) and
Finite-Difference Time-Domain (FDTD) methods are employed to simulate and analyze the
structural parameters and performance of our proposed optical circulator.

Single-mode operation is essential in non-reciprocal photonic devices because higher-
order modes introduce modal crosstalk, modal dispersion and unexpected propagation
loss, which severely degrade device performance. In addition, multimode transmission
implies that non-reciprocal phase shifts specific to different modes will be generated in
the magneto-optical waveguide, making it difficult to achieve the ideal phase interference
conditions, thereby restricting the operating bandwidth of the circulator. Figure 2a shows
the influence of waveguide dimensions on the number of supported guided modes and
effective refractive index of different modes at the wavelength of 1550 nm. The width
of the waveguide in the circulator was ultimately determined to be 800 nm to ensure
single-mode operation.

To acquire a compact optical circulator with low loss, the value of the NRPS should
be as large as possible to reduce the length of the NRPS waveguide. Hence, the impact of
the thickness of the top Ce: YIG layer on the NRPS should be simulated and investigated.
Figure 2b illustrates the variation in the NRPS of MO waveguides with different thicknesses
of the Ce: YIG layer at the wavelength of 1550 nm. According to Figure 2b, the NRPS
reaches its maximum value of 4424.42 rad /m when the thickness of the magneto-optical
layer is 300 nm and the inset shows the H intensity distribution of the fundamental TM
mode in the MO waveguide. According to Equation (1), the non-reciprocal phase difference
of the two interference arms should be 71/2 to satisfy the interference conditions required
for isolation and the length of the NRPS waveguide in the MZI can be calculated as
355.03 pum.

The 3 dB MMl in this circulator is a paired-interference MMI. The input positions of
the paired-interference MMI are located at £w./6. Under this condition, the self-imaging
length of the multimode interference coupler is reduced to one-third of that for a general
interference MMI, thereby shortening the length of the multimode interference region. The
N-fold image positions of the paired-interference MMI are given by [25]:

L= (Lz)/N, @)

L represents the beat length, defined as the propagation distance required to accumu-
late a 7t phase difference between the fundamental mode and the first-order mode, which
can be calculated by:
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CBo—B1 - 3A ]
where W, represents the effective width. Figure 3a shows the schematic of the 2 x 2 MMI
used in the circulator. The width of the multimode region is determined as 9 um to reserve
adequate gap between two ports. According to Equation (8), the length of the multimode
waveguide region is calculated to be around 67 um. To determine the optimal imaging

Ly (8)

position of the multimode region, we simulated the transmission of MMI with different
lengths at the wavelength of 1550 nm, as shown in Figure 3b. Two beams of equal power
with a 90° phase difference are input into the MMI from the left and the light output from
the right upper waveguide. It can be observed that the transmittance reaches its maximum
when L is equal to 65 pm.
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Figure 2. (a) The effective refractive index of TEy, TMy, TE;, TM; modes as a function of widths of
LN waveguide. (b) NRPS of Ce: YIG/LN waveguide with different /1p;o. The inset shows the H
intensity distribution of the fundamental TM mode in the MO waveguide.

The tapered waveguide is adopted as a transition to reduce the coupling loss between
the single-mode waveguide and the multimode interference region. To determine the
optimal position of the input/output waveguide, Ly was fixed at the value of 65 pm and
the tapered waveguide length was set to 10 um. Two equal power TM mode signals with a
90° phase difference are input into the MMI from the left; by varying d, the transmission
of the right upper waveguide in the wavelength range of 1520-1580 nm was obtained, as
shown in Figure 3c. It can be seen that the transmittance reaches its maximum when d is
equal to 1.6 pm.

Furthermore, we simulated the transmission of MMI with different widths of the
tapered waveguide for obtaining appropriate Wiaper. It can be seen that the loss of MMI
can be reduced to 0.25 dB by increasing Wiaper to 2 pum and further increasing the value of
Wiaper does not lead to a substantial improvement in the propagation loss. Moreover, the
reduction in the gap between two tapered waveguides would result in undesired crosstalk.

Based on the MMI structural parameters obtained from the above optimization, the
transmission spectra of the MMI serving as the power splitter and combiner, respectively,
were simulated over the wavelength range of 1500-1600 nm. Figure 4a shows the trans-
mission spectrum when the incident light enters from port 1 and the MMI acts as a 3 dB
power splitter. The white arrow represents the direction of the incident light. Figure 4b
presents the transmission spectrum when the MMI serves as the power combiner at the
end of the circulator. In this case, two beams of equal power with a 90° phase difference
are input into the MMI and then output from port 3. The input optical signal simulated
here corresponds to the situation where, after passing through the first MMI and the
asymmetric interferometer arms within the circulator, the light enters the output-end MML
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Figure 4c,d illustrate the evolution of the electric field transmission within the MMI for
these two scenarios, respectively.
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Figure 3. (a) Schematic of 2 x 2 MMI splitter/combiner. (b) The simulated transmission as a function
of Lymvr- (€) The simulated transmission of MMI with different values of d. (d) The simulated
transmission of MMI with different Waper-

To investigate the influence of reciprocal waveguides on the isolation and bandwidth
of the circulator, assuming the 3 dB MMI operates under ideal conditions and the loss
of MMI is addressed separately in the subsequent analysis, the forward and backward
transmission of the optical circulator with different values of m at the wavelength of
1500-1600 nm is presented in Figure 5. The transmittance between port 1 and 3 can be
calculated using Equation (10).

1+ cos(FNRPS(A) - L + Bo(A) - L
Trorward Backward = 1010g10< ( (A) 2NRPS Bo(A) RPS)>. ©)

As illustrated in Figure 5, the device exhibits a 30 dB isolation bandwidth of 84 nm at
m = 0. As the length of the reciprocal waveguides increases, the 30 dB isolation bandwidth
gradually decreases to 4 nm and 2 nm when m = 5 and m = 10, respectively.

To achieve an accurate evaluation of device performance, the influence of the simulated
wavelength-dependent MMI response should be incorporated. By substituting the MMI
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response simulated with FDTD solution into the transfer matrix of the MZI device, the
transmission response of the device under non-ideal conditions was calculated. Figure 6
shows the simulated transmission spectra when 3 dB MMI is under ideal and non-ideal
conditions. Under non-ideal conditions, the presence of the two MMIs introduces a 0.38 dB
loss to the device at the center wavelength of 1550 nm, while the 30 dB isolation bandwidth

is 84 nm.
(a) 0.55 (b) 1.0
upper waveguide Nﬁ*‘_\\.ﬁ
~~ —— lower waveguide ~0.8F _
= 0.50F = —— upper waveguide
< < lower waveguide
g 0.6}
2 S
2045F @
.z 204k
. .
= =
= 0.40f 50%
0.0
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l 0.836 ' 13
- M : 0.669 - 1.04
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) 0.334 § 0.518
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Figure 4. (a) The simulated transmission spectrum when the MMI functions as power splitter.
(b) The simulated transmission spectrum when the MMI functions as power combiner. (c) Electric
field intensity of the power splitter. The white arrow indicates the direction of the incident signal.
(d) Electric field intensity of the power combiner. The white arrows indicate the directions of the
incident signals and the initial phases are set to 90° and 0°, respectively.

The insertion loss of our optical circulator originates from the MMISs, reciprocal waveg-
uide, non-reciprocal waveguide, as well as the coupling loss between the reciprocal and
non-reciprocal waveguides. Considering the small refractive index difference between
LN and YIG, the mode overlap integral in the reciprocal and non-reciprocal waveguides
is close to 100%, and the coupling loss of this part can be neglected [22]. The loss of the
non-reciprocal waveguide mainly originates from the absorption loss of Ce:YIG, which
is set as 42 dB/cm [26]. The transmission loss of the fully etched LN waveguide is set as
0.5 dB/cm based on the current fabrication technology. The propagation loss of 5iO, and
air can be regarded as 0 at 1550 nm. The confinement factor I' can be calculated as:

ncoeo [[ 1 E1*dxdy

U= [ Re(E x &) - 2dxdy’

(10)
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The I of Ce:YIG and LN in the NRPS waveguide is simulated to be 44.08% and 33.81%,
respectively. The length of the NRPS waveguide in each interference arm is 355.03 pm and
the loss of the NRPS waveguide can be calculated as 0.66 dB. Therefore, the total loss of the
optical circulator is around 1.04 dB.

Tforward’m=o Tforward’m=5 T Tforward’m=1 0
Tbackward ;M= 0 Tbackward’ m=5 ’ Tbackward’ m=10

\F\ 84nm . / "I/

1520 1540 1560 1580 1600
Wavelength(nm)

Figure 5. The simulated transmission spectrum between port 1 and port 3.

During the fabrication of integrated photonic devices, inevitable fabrication errors
will be induced by the inherent limitations of microfabrication technologies, which may
deviate the actual structural parameters from the designed target values and eventually
degrade its overall performance. For MZI-type magneto-optical circulators, the length
of the reciprocal waveguide, as a key structural parameter that determines the reciprocal
phase difference between the two arms of the MZI, directly governs the isolation ratio and
isolation bandwidth. To evaluate the fabrication tolerance of the reciprocal waveguide
length, backward transmission curves with different deviations in length of reciprocal
waveguide were calculated, as shown in Figure 7. For the case of m = 0, corresponding to a
RPS waveguide length of 0.226 um, a 20 dB isolation ratio at 1550 nm can be maintained with
a length deviation up to 10%, even though the actual central wavelength is considerably
shifted away from the designed value. In comparison, for m = 5, corresponding to a RPS
waveguide length of 4.753 pum, 20 dB isolation at 1550 nm can still be achieved with a length
deviation of 0.5% and the isolation ratio degrades significantly as the deviation increases
further. Nevertheless, owing to the smaller free spectral range (FSR), the shift of the central
wavelength is relatively less than the former.
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Figure 6. The simulated transmission spectra under ideal and non-ideal conditions.
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Figure 7. The simulated backward transmission spectra with different deviations in length of

reciprocal waveguide. (a) m =0. (b) m =5.

Apart from the length of the reciprocal waveguide, the variation in waveguide width

also has an impact on the device performance. Figure 8 illustrates the effect of the errors in

width of LN waveguides on the backward transmission spectra for the case of m = 0. It
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was found that the center wavelength shifts away from 1550 nm when the errors in width
increased. However, the 30 dB isolation bandwidth remains above 70 nm.

—100nm——W +50nm

error? error?

—50nm W -+ 100nm

error?

— W
— W

error?

Transmission(dB)
ho A
- -

_60 . 1 : 1 . . 1 .
1500 1520 1540 1560 1580 1600
Wavelength(nm)

Figure 8. The simulated backward transmission spectra with different errors in the width of
LN waveguide.

Another important factor that can influence device performance is the accuracy of
the magneto-optical material thickness. The forward and backward transmittances at the
central wavelength of 1550 nm were calculated with different thickness deviations when
m = 0, as shown in Figure 9. It is found that the 30 dB isolation ratio can be maintained at
the central wavelength when the thickness varies from 240 nm to 330 nm.

The performance of the optical circulator we designed and other broadband optical
isolators is shown in Table 1.

Table 1. Performance of broadband optical isolators and circulators.

Device Type Bandwidth (nm) Loss (dB)
LN-MZI 51.98 (30 dB) 1.20 Ref. [22]
LN-MZI 48.3 (30 dB) 2.74 Ref. [27]
GaAs-MZI 70 (35 dB) 2.25 Ref. [28]
AlGaAs-MZI 91 (30 dB) 1.47 Ref. [29]
LN-MZI 84 (30 dB) 1.04 This work
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Figure 9. The forward and backward transmittances at the central wavelength of 1550 nm as a
function of thickness of Ce:YIG.

4. Conclusions

A four-port optical circulator for TM mode based on an MZI is proposed on an
LNOI platform. The structure utilized LN/Ce: YIG composite waveguides to generate
the NRPS in the two interference arms of MZI. By optimizing the structural parameters
of the magneto-optical waveguide, the NRPS reaches 4424.42 rad /m, allowing the device
to achieve a large isolation with a small size. 2 x 2 MMIs were designed with compact
size to utilize a 3 dB power splitter and combiner to achieve the function of a 4-port
circulator. The circulator has a 30 dB isolation bandwidth of 84 nm and the total loss
of the optical circulator is around 1.04 dB. The proposed optical circulator exhibits good
performance in terms of bandwidth and the insertion loss is superior to that of isolators
based on other platforms [17,18,29,30]. Meanwhile, the isolation ratio is higher than that
of optical circulators based on spatio-temporal modulation methods on the same LNOI
platform [23]. The fabrication tolerance of the reciprocal waveguide length was calculated.
Owing to its wide bandwidth and high isolation ratio, the optical circulator we designed
shows great application potential in high-density photonic integrated circuits based on the
LNOI platform.
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