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In this Letter we present the design of a novel (to our best knowledge) integrated TE isolator realized using ultra-low-
loss Si3N4 waveguides. The device is made of two straight waveguides coupled to an array of ring resonators
including a Ce:YIG garnet grown on their internal side. The analysis demonstrates advantages in loss, isolation,
and passband width as the number of rings is increased. © 2011 Optical Society of America
OCIS codes: 230.3240, 230.5750, 230.3810.

An optical isolator is one of the most challenging devices
to be integrated with high performance [1]. Several solu-
tions have been recently proposed based on nonrecipro-
cal radiation mode conversion [2], nonreciprocal losses
[3], interferometric configuration [4], and nonreciprocal
phase shift (NRPS) [5]. The more reliable ones are those
based on theNRPS [6], where thewhole device or a part of
it is made of a nonreciprocal material [e.g., magneto-
optical (MO) material]. Using this kind of material, photo-
nic crystal isolators [7,8] and ring resonator isolators [6,9]
have been recently designed. While the former require
high precision and magnetization control over a micro-
meter scale, the latter are more robust to fabrication
errors. Moreover, ring resonators can also be easily ther-
mally tuned to align the isolation bandwidth with the laser
wavelength. Recently a TM isolator was realized by bond-
ing a silicon ring resonator with a cerium-substituted
yttrium iron garnet (Ce:YIG), obtaining an isolation ratio
(IR) of 9 dB [10]. By applying a radial magnetic field to the
Ce:YIG, the clockwise (CW)andcounterclockwise (CCW)
propagation constants are significantly differentiated, al-
lowing for backreflection isolation. One of themain issues
of this device is the difficulties in applying a radial mag-
netic field with a permanent magnet. Further, the smaller
the ring, themore difficult is the generation of such a field.
Based on recent progress in the realization of low-loss
Si3N4 waveguides [11], in this Letter we propose and op-
timize a novel (to our best knowledge) integrated isolator
structure for TE modes at 1550 nm. Such waveguides are
characterized by ultra low loss (down to 1 dB=m), materi-
al stability, and high refractive index regularity.Moreover,
the high aspect ratio of these waveguides and their high
birefringence increase the polarization maintaining prop-
erties reducing the cross-polarization effect, which char-
acterizes high-index-contrast waveguides.
The device we propose is shown in Fig. 1. It is made

up of two straight Si3N4 waveguides (nSi3N4 ¼ 1:99)
coupled to an array of ring resonators also made on
Si3N4. A Ce:YIG (nCe:YIG ¼ 2:22, [12]) has been grown
on the internal wall of each ring [13]. The whole structure
is buried in a silica coating (nSiO2 ¼ 1:46). By applying a
vertical magnetostatic field, the resonance wavelength of
the rings can be effectively differentiated. When the rings

are on resonance, the light from the input bus [Eþ
1 in the

upper waveguide in Fig. 1(a)] is coupled to the drop bus
[E−

1 in the lower waveguide in Fig. 1(a)]; oppositely, when
the light is backreflected from the drop bus, the rings are
out of resonance and the input port is isolated.

The mode profile and the resonance wavelength shift
have been estimated employing an equivalent straight
waveguide with the same ring cross section, as shown in
Fig. 1(b). We verified that such approximation provides a
small field error (less than 2% on the main component)
for a large ring radii (R ≥ 100 μm). When the external
magnetic field is not null, the Ce:YIG relative permittivity
tensor is

KCe:YIG ¼
0
@n2 0 0

0 n2 0
0 0 n2

1
Aþ

0
@ 0 0 −jεxz

0 0 0
jεxz 0 0

1
A: ð1Þ

Considering an external magnetic flux density saturating
the Ce:YIG (∼50 Gauss), the MO effect is described by
εxz ¼ 7:65 · 10−3 at λ ¼ 1550 nm [10,12,14]. To estimate

Fig. 1. (Color online) Top view of the (a) isolator and
(b) device cross section. The equivalent waveguide cross
section has been highlighted.
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the difference between the propagation constants in the
two directions, we solve the curl–curl equation for the
magnetic field H using the full vectorial finite element
method [14]

∇ × ðK−1∇ ×HÞ − k20H ¼ 0; ð2Þ
where K is the relative permittivity tensor and k0 is the
wavenumber in vacuum. Considering the Cartesian coor-
dinate systems, as shown in Fig. 1(b), the magnetic field
is assumed to be of the form

H ¼ ½Hxðx; yÞix þHyðx; yÞiy þ jHzðx; yÞiz�ejωt−jβz: ð3Þ

From Eq. (2), we have computed the field H�, the phase
constant β�ðλÞ, and the effective index n�

eff ¼ β�=k0 as a
function of the wavelength, where the superscript � in-
dicates the CW and CCW modes. Note that the different
phase velocities in the two directions result into different
ring resonance wavelengths. Labeling with λþ and λ− the
CW and the CCW resonance wavelengths, the split is
Δλ ¼ jλþ − λ−j ¼ λΔneff=ng, where ng is the average
group index with respect to the two directions. To max-
imize the optical isolation, the minimal ring radius is cho-
sen so that the transmission spectra for the forward and
backward resonances are offset by half of the free spec-
tral range FSR ¼ λ2=ð2πRngÞ ¼ 2Δλ.
Thetransfer functionof thedevice iscomputedusing the

transfer matrix method [15]. Being κ the ring-waveguide
power coupling ratio, we assume a lossless coupler.
According to this hypothesis, the field cross coupled and
transmission coefficients at the ring-waveguide coupling
area are c ¼ j

ffiffiffiκp
and t ¼ ffiffiffiffiffiffiffiffiffiffi

1 − κ
p

, respectively. Label-
ingwithonethe inputbusandtwothedropbus, thetransfer
matrices for arbitrary unit cell MUCi (i ¼ 1; 2;…; N − 1)
and the closing ring MCN are given by

MUCi ¼
1
R2i

� ðR1iR2i −T1iT2iÞexpðγwgLÞ T2i expðγwgLÞ
−T1i expð−γwgLÞ expð−γwgLÞ

�
;

ð4aÞ

MCN ¼ 1
R2N

� ðR1NR2N − T1NT2NÞ T2N

−T1N 1

�
; ð4bÞ

where R1i, R2i, T1i, and T2i are

R1i ¼
t1i − t�2iðjt1ij2 þ jc1ij2Þ expð2πRγrrÞ

1 − t�1it
�
2i expð2πRγrrÞ

; ð5aÞ

R2i ¼
t2i − t�1iðjt2ij2 þ jc2ij2Þ expð2πRγrrÞ

1 − t�1it
�
2i expð2πRγrrÞ

; ð5bÞ

T1i ¼ −
c�1ic2i expðπRγrrÞ

1 − t�1it
�
2i expð2πRγrrÞ

; ð5cÞ

T2i ¼ −
c�2ic1i expðπRγrrÞ

1 − t�1it
�
2i expð2πRγrrÞ

; ð5dÞ

where L is the ring separation, γwg¼jβwg − αwg is the
waveguide propagation constant, βwg and αwg are the
waveguide phase and attenuation constants, respectively;
similarly, γrr¼jβrr − αrr, βrr, and αrr are the propagation,

phase, and attenuation constants for the ring. In our ana-
lysis, we assume that αrr accounts for the bending loss,
the scattering loss and theCe:YIGabsorption.The transfer
matrix is�

Eþ
N

E−
N

�
¼ MCNMUCðN−1Þ…MUC1

�
Eþ
1

E−
1

�

¼
�
M11 M12

M21 M22

��
Eþ
1

E−
1

�
: ð6Þ

From Eq. (6), the total reflection is

R ¼ E−
1

Eþ
1

����
E−

N¼0
¼ −

M21

M22
: ð7Þ

In order to maximize the resonance wavelength shift Δλ,
we consider a 100 nmwaveguide thickness and we varied
its width and the thickness of the Ce:YIG. Because the re-
fractive indexoftheSi3N4 issmaller thanthatoftheCe:YIG,
thewider theCe:YIG layer, themore the field is confined in
it. When the Ce:YIG is too thick (more than 300 nm), the
mode is almost not confined in the Si3N4 ring, as can been
seen in Fig. 2. Another important issue is the single-mode
regime.Letusconsidera100 nm × 2:3 μmSi3N4waveguide
crosssection: theringissinglemodeforaCe:YIGlayerthin-
ner than 200 nm, whereas for a wider MO layer, the struc-
ture becomes multimodal. In this case, the second-order
modehasamaximumcloser to theexternalwall of the ring
and it can be coupled easier to the bus with respect to the
fundamentalmode.Toavoid this,weshrink thewaveguide
down to900 nm.Figure3shows the resonancewavelength
split and the fieldconfinement factor in theCe:YIGbyvary-
ing the MO-layer thickness. We have identified the opti-
mum configuration considering a 100 nm × 0:9 μm Si3N4
waveguide cross section and a 300 nm wide Ce:YIG layer.
This ensures a wavelength splitΔλ ¼ 0:307 nm. The mini-
mal radius is R ¼ 313:9 μm, with an FSR ¼ 0:614 nm.

To compensate for the ring loss, we have fixed the
ring-waveguide power coupling coefficient κ, such as
κ ¼ ½1 − expð−2αrr2πRÞ�=2, where [1 − expð−2αrr2πRÞ] is
the total power cavity loss. In case of low loss, the pre-
vious condition can be approximated with κ ∼ αrr2πR,
as reported in [14]. Because the optical absorption in
the Ce:YIG is less than 4 dB=cm at 1550 nm [16], and the
power confinement factor on the MO layer is around
30% (Fig. 3), we considered two possible values for the
round trip loss, αrr ¼ 1 dB=cm and αrr ¼ 3 dB=cm, which
are realistic values for a large ring radius of few hundred
micrometers. Assuming αwg ¼ 0:1 dB=cm and L ¼ πR,
the insertion loss (IL), the IR, and the bandwidth at 3 and
10 dB have been computed for different isolator struc-
tures with 1, 3, and 10 rings, respectively. The results
have been reported in Table 1, while Fig. 4 compares
the spectra in cases of 1 ring and 10 rings. It is worth not-
ing that the IL depends more on the coupled power than
on αrr. Indeed, the more rings there are, the higher the
power coupled between the two buses. Alternately, in-
creasing αrr from 1dB=cm up to 3 dB=cm, the IL is not
significantly affected due to the relatively small ring ra-
dius (πRαrr ≈ 0:1 dB, when αrr ¼ 1dB=cm). Besides, as
2πR is the optical path difference between the rings, the
fields interfere constructively at the resonance and the
phase response results to be linear.
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As it can be clearly seen from Table 1, increasing the
number of rings improves the IR, the isolation bandwidth
and decreases the IL. In addition, being the phase re-
sponse of the device linear in the bandwidth of interest

(BW3 dB and BW10 dB), the isolator introduces only a delay
without distortion. Note that although a smaller ring ra-
dius would reduce the device footprint, too-tiny rings
should be avoided in order to limit the bending loss.
Moreover, the tolerance fabrication error can be im-
proved using a tapered SCISSOR structure, like in [17].

In conclusion, we have proposed a novel (to our best
knowledge) isolator structure and demonstrated advan-
tages in loss, isolation, and passband width. We calcu-
lated the high performance of a TE isolator made of
ultra-low-loss Si3N4 waveguides and Ce:YIG. The device
has been optimized considering a ring resonator array,
and the most important parameters of the isolator have
been computed.
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Fig. 2. (Color online) TE Poynting vector for a 100nm ×
0:9 μm Si3N4 waveguide and four different Ce:YIG layer thick-
nesses.

Fig. 3. (Color online) TE wavelength split (left axis) and field
confinement factor in the Ce:YIG layer (right axis) with respect
to three Si3N4 waveguide cross sections and several Ce:YIG
layer thickness.

Fig. 4. (Color online) Input–output transfer function R for
αrr ¼ 1 dB=cm.

Table 1. Calculated Device Performance

αrr Rings IL IR BW3 dB BW10dB

1 dB=cm 1 6:07dB 32:9 dB 8:5pm 26:3pm
3 2:54dB 36:4 dB 17:8 pm 53:0pm
10 0:90dB 38:1 dB 50:0 pm 86:3pm

3 dB=cm 1 6:18dB 23:5 dB 26:0 pm 79:0pm
3 2:60dB 27:1 dB 54:3 pm 143:0 pm
10 0:95dB 28:7 dB 101:0 pm 131:5 pm
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