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A 2x2 cross/bar polymer electro-optic (EO) routing switch is proposed, which is composed of two passive channel
waveguides and two active EO polymer microrings with bending radius of only 13.76 um. Detailed structure, theory
and formulation are provided to characterize the output power of the switch. For obtaining fundamental mode propa-
gation, small bending loss and phase-matching between channel waveguide and microring resonator (MRR)
waveguide, the structural parameters are optimized under the wavelength of 1550 nm. Analyses and simulations on
output power and output spectra indicate that a switching voltage of 5 V is desired to realize the exchange between
cross state and bar state, the crosstalk under cross state and that under bar state are about —28.8 dB and —39.9 dB, re-
spectively, and the insertion losses under these two states are about 2.42 dB and 0.13 dB, respectively. Compared with
our four EO switches reported before, this device possesses ultra-compact size of 0.233 mmx0.233 mm as well as low
crosstalk and insertion loss, and therefore it can serve as a good candidate for constructing large-scale optical routers
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or switching arrays in photonic network-on-chip (NoC).
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The core part of a photonic network-on-chip (NoC) is an
on-chip photonic interconnection network, which is
composed of passive waveguides and optical routers!"),
and it has better performance to meet various needs. A
basic 2x2 switching element and the reasonable archi-
tecture are the first step for constructing optical routers.
Previously, by using directional coupler (DC), Y-fed
coupler, Mach-Zehnder interferometer (MZI), multimode
interference (MMI), etc, different 2x2 polymer elec-
tro-optic (EO) switches have been reported”®. However,
they are found to be unsuitable to form large-scale
switching arrays because of the long waveguide and
electrode, and scalability may be a serious problem.
Among the available optical switches, microring resona-
tor (MRR) based optical switches are typically preferred
due to their ultra-compact size, simple-mode resonances
and ease of phase-matching between an MRR and its
coupling waveguides'”. Besides, the MRR structure is
more convenient for building large switching arrays by
cascading fundamental elements. Therefore, in recent
years, using EO material and the microring with filtering
function, some EO MRR switches™®'" were reported. In
this paper, by using two MRRs, a compact 2x2 cross/bar

EO routing switch is designed and optimized, and by
tuning the applied voltage on the two microrings, favor-
able routing operation is realized with crosstalk lower
than —28.8 dB and —40 dB.

Fig.1(a) and (b) depict the structure of the cross/bar
EO routing switch, and the cross-section view over the
coupling region between the MRR waveguide and chan-
nel waveguide. The device consists of a horizontal rec-
tangular waveguide, a vertical rectangular waveguide
and two microrings with the same radius. The distance
between the input port and its neighboring coupling point
and that between the output port and its neighboring
coupling point are both L;=100 um. As shown in Fig.1(b),
the electrode is only deposited upon the MRR waveguide,
and the channel waveguide is passive without electrode.
Due to the bending effect, the mode propagation constant
is different from that of the straight waveguide with the
same size!''l. Therefore, under the case without applying
voltage, for obtaining the same mode propagation con-
stant, the two core widths of the MRR waveguide and
channel waveguide are slightly different, defined as w;
and w, respectively. Also, the under cladding layer thick-
ness of the channel waveguide is slightly larger than that
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of the MRR waveguide, and their relation is #,=t,+#,
where #, and #; are the under cladding thickness and elec-
trode thickness of the MRR waveguide, respectively. When
t, is taken sufficiently large, a small increase of the under
cladding thickness has no influence on mode constant.

During design, the resonance wavelength is selected as
A0=1550 nm; the refractive index, amplitude loss coeffi-
cient and EO coefficient of the core material are n,,=1.59,
016=0.25 dB/cm and y;;=68 pm/V, respectively!'”; the
refractive index and amplitude loss coefficient are
ny0=1.461 and a,;=0.25 dB/cm, respectivelym]; the elec-
trode material is Au, and its refractive index and bulk
extinction coefficient are 73,=0.19 and #x3,=6.1, respec-
tively!"; the left and right cladding layer materials are
both air, and its refractive index and amplitude loss coef-
ficient are n40=1 and a4o=0, respectively. The high index
contrast »n;o—74 between EO core and left/right cladding
layer allows small bending radius and device size.
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Fig.1 (a) Structure of the cross/bar MRR EO routing
switch; (b) Cross-section view over the coupling re-
gion between the MRR waveguide and the channel
waveguide

Let the light with resonance wavelength input into the
horizontal waveguide. (1) When the applied voltage U on
the two microrings R; and R; is zero, the output power
from the vertical waveguide becomes the maximum,
whereas the output power from the parallel waveguide
becomes the minimum. This state is named as the cross
state. (2) When a voltage is applied on R; and R,, the
core refractive index of the MRR waveguide is changed,
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and the mode propagation constant reveals mismatch
with that of the channel waveguide, therefore the output
power values from the horizontal and vertical waveguides
are changed. With a suitable voltage (named as the switch-
ing voltage), the output power from the vertical waveguide
becomes the minimum, whereas the output power from
the parallel waveguide becomes the maximum. This state
is named as the bar state.

The refractive index change of the MRR EO core ma-
terial resulting from the applied voltage U is

3.2
An. = 1, E = nlonzo’ﬁsU
Mo = S Mol = 2 2 .
2 2(2myt, +mypt,)

(1

Then the refractive index of the EO core material can be
changed from 7, to ngtAny, and the indices of other
materials are not changed, since they are non-EO materi-
als.

For the microring R,, define ay; as the input light am-
plitude into the coupling point with the horizontal
waveguide, by, as the output light amplitude from the
coupling point with the horizontal waveguide, and the
other amplitudes including ay,, by, as1, b3y, as and by,
are also labeled in Fig.1(a). For the microring R,, define
ay; as the input light amplitude into the coupling point
with the horizontal waveguide, by, as the output light
amplitude from the coupling point with the horizontal
waveguide, and the other amplitudes including ay, by,
as, by, ayy and by, are also labeled in Fig.1(a). Over the
cross-section planes S, S,, S; and Sy, we can obtain the
following relations among the above amplitudes as

b, =ta, — jkb, exp(-j@,) , 2
b, =—jKa, +1b, exp(-j@,), )
b, =—jka,, +1tb, exp(—j®,), )
b, =ta, — jkb, exp(—j@,), ©)
by, =tay, — jkby, exp(—j@,) , ©
by, =—jKa, +tby, exp(—jp,), 7
b32 = tbzz exp(—j (01) > (8)
b42 = _j szz eXp(_j ¢1 ) > (9)
a, = b42 exp(—j ‘//2) ’ (] 0)
a, :bnexp(_j 1/12)5 (11)
a, =0, (12)
and the phases can be expressed as
3 .
9 =3 mR(By = jow) » (13)
1 .
¢, =Ry~ jt) » (1)
v, =L(Be-ja), (1)

where fc=f, is the mode propagation constant of the
channel waveguide, fr=p is that of the MRR waveguide
under U=0, fr=L=Po+Ap is that of the MRR waveguide
under U#0, and A is the propagation constant variation
induced by the index change of Anyg. ac and ag are mode
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loss coefficients of the channel waveguide and MRR
waveguide, respectively.

Finally, we derive the transfer coefficients of the de-
vice as

b, C{f-K expl-i(o +¢,)]} y

M=% =
all fz
exp(=jy, ){1—exp[-i(p, + )]} (16)
f‘z b
N :ﬁz_szz exp(=jg,) _
a, A
vk’ eXp[—j((Pl +2l//2 ):I{fl -k’ exp[_j(¢| + o, ):I}2
A ’
(17)
where
fi=1-rexp[-i(g,+9)]. (18)
fo= 17 =k exp[ =20, +2y,) | x
{fi+7exp[=i(p +9,)]} (19)

Define the input light amplitude into the horizontal
waveguide as a,,, the output light amplitudes from the
horizontal waveguide and vertical waveguide as b, and
b,, , respectively, and they can be written as

a, =a, exp(jy,) , (20)
b{2 =b,exp(-jy,), (21
b:” = b41 exp(—j U4 ) 5 (22)

where y, =L /(f.—jo.). Finally, the power transfer
functions can be expressed as
b, b . . 2
| B =~ = -Eexp(=i2y,) = [Mexp(=j2y)] , (23)

11 11

b, b . .
| D= == —exp(=j2y,) =| N exp(=j2y,) [, (24)
a, a,
and the output power functions in dB form are

P, =10log,, (|B|2) : (25)

P, =10log,,(|D['). (26)

Since the applied external electric field is along the y
direction, for increasing EO overlap integral, the selected
propagation mode is Ej,, whose main field components
are E, and H,. For the active MRR waveguide, by using
the technique proposed in Ref.[2], the upper/under clad-
ding thickness and electrode thickness are optimized as
£©=2.0 um and £#=0.15 pm, respectively, in this case, the
upper/under cladding and upper/under electrode can both
be treated as half-infinite, and the absorption loss of
electrode can be decreased to the minimum value. With-
out considering the influence of bending on mode con-
stants, Fig.2(a) shows the relation of effective refractive
indices of £, , E;, and E;; modes versus MRR waveguide
core width w,, where the thickness and width of the core
are equal, i.e., w=t,. It can be found that the single mode

Optoelectron. Lett. Vol.9 No.5 < 0339 ¢

condition is 1.2 pm <w,=t;<2.1 pm, and here we select
w,=t;=1.7 um. The influence of bending on refractive
index of Ej; mode is further considered, as shown in
Fig.2(a), where the bending radius is R=13.76 um. As
can be seen, the mode index is increased because of
bending, and the mode effective index is n.g=1.5243
when w=t,=1.7 pm.

For the channel waveguide, the core thickness is equal
to that of the MRR waveguide, which is 1.7 um. When
the applied voltage is zero, the mode effective indices of
the two waveguides should be identical. Fig.2(b) also
presents the curve of effective index of Ej, mode ver-
sus the channel waveguide core width w.. For making
sure the two effective indices of MRR waveguide and
channel waveguide to be identical, we obtain w.=2.03 pum.
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Fig.2 (a) Effective refractive indices of £}, EJ) and
E}. modes versus core width of MRR waveguide with
and without considering bending effect; (b) Effective
refractive index of E) mode versus core width of
channel waveguide and core width of MRR waveguide

considering bending effect

The bending radius should satisfy the resonance con-
dition
2nRn_, =mA, 27

where m is the resonance order, and #.r is the mode ef-
fective index which is also dependent on bending radius.
Fig.3(a) shows the curves of fundamental mode effective
index n.x and bending radius R versus the resonance
order m, where w,=t;=1.7 pum, and the upper/under clad-
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ding is assumed to be half-infinite. As m increases, n,;
decreases and R increases. Properly, we select m=85, and
the bending radius is determined to be R=13.76 um.

On the other hand, the bending will cause extra power
bending loss of the propagation mode along MRR
waveguide. Fig.3(b) exhibits the effects of R on n g and
power bending loss a,. It can be observed that «, de-
creases exponentially as the increase of R, and when
R=13.76 um, oy, drops below 10 dB/cm.
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Fig.3 (a) Fundamental mode effective index n.r and
bending radius R versus resonance order m; (b) Ef-
fects of bending radius R on mode effective index ncr
and power bending loss coefficient ap

The coupling coefficient between the MRR waveguide
and channel waveguide is a key parameter of the device,
which should be carefully selected during the design of
the device. Fig.4 shows the effect of coupling gap d be-
tween the channel waveguide and MRR waveguide on
the coupling coefficient xcr, where w=t;=1.7 pum and
we=2.03 um. The gap cannot be taken too small, otherwise
the fabrication accuracy may be a problem, whereas it can-
not be taken too large, either, otherwise the coupling effect
becomes too weak. Therefore, we choose d=0.14 pum, the
corresponding coupling coefficient is kcg =0.08664, and the

transmittance coefficient is 7., =+/1—k¢p =0.99624.

The final optimized parameters are listed in Tab.1.

For the optimized device, let the light input the hori-
zontal waveguide only, that is, P;;#0 and Pp=0. By using
Egs.(25) and (26), under the resonance wavelength of
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1550 nm, Fig.5(a) shows the curves of output power P,
and P, versus the applied voltage on the two microrings
R, and R,. It can be found that when U=0 V, the device is
operated at cross state. The insertion loss under this state
is about 2.42 dB, and the crosstalk between the two ports
is —28.8 dB. As the increase of the applied voltage, the
mode mismatch between the channel waveguide and
MRR waveguide is enhanced, the output power from the
cross port drops, and the output power from the through
port increases. When the applied voltage is 5.0 V, the
crosstalk between the two ports is below —39.9 dB, and
the insertion loss of the through port is about 0.13 dB.
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Fig.4 Effect of coupling gap d between the channel
waveguide and MRR waveguide on the coupling co-
efficient kcr, where wi=t,=1.7 pm, and w.=2.03 pm

Tab.1 Optimized parameters of the MRR EO switch

Parameter Value Parameter Value

Core thickness

1.70 pm  Resonance order m 85

Core width w, 2.03 um Ring radius R 13.76 pum

Transmittance coefficient
1.70 pm 0.99624

fer
Buffer thickness #, 2.00 um  Coupling coefficient kcg  0.08664
0.14 pm

Core width w,

Electrode thickness #; 0.15 um  Coupling gap d

Under the applied voltages of 0, 5 V and 10 V, Fig.5(b)
presents the curves of output power P, and Py, from the
cross port and through port versus the light wavelength.
It can be found that under U=0 V and /=1550 nm, the
input power into the horizontal waveguide will fully
output from the cross port through the coupling with
microrings, the device operates at cross state, and the
crosstalk is less than —28.8 dB. Under U=5 V, the output
power of the cross port drops from point a to d, and that
of the bar port increases from point b to c. This state is
named as bar state, and the crosstalk is less than —39.9
dB. Under U=10V, the crosstalk is lower than that under
U=5 V, which is below —50 dB.

As shown in Tab.2, we make a comparison on the
performance (including switching voltage, insertion loss
and crosstalk under cross and bar states, and the total
length of the core part of the device) of this 2x2 cross/bar
MRR switch and our previously reported 2x2 or 1x2 EO
switches based on directional coupler (DC), Y-fed cou-
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pler, MZI and MMI-MZI structures. It can be found that
the total length of this device is only 0.233 mm, which is
much shorter than those of other four devices, and be-
cause of short waveguide length, this device reveals low
insertion loss extremely at bar state. This device also has
competitive crosstalk compared with other four switches,
which is —28.8 dB and —39.9 dB at the cross and bar
states, respectively.

Optoelectron. Lett. Vol.9 No.5 + 0341 «

theory, a 2x2 cross/bar polymer EO switch is proposed
by using two channel waveguides and two electro-optic
microrings. Device structure is presented, and theory and
formulation are derived to characterize the output power
of the switch. In order to realize fundamental mode
propagation, small bending loss and mode effective re-
fractive index match between channel waveguide and
MRR waveguide, the device structure is optimized under
1550 nm wavelength. A switching voltage of 5 V is de-
sired to change the operation states, the crosstalks under
cross state and bar state are about —28.8 dB and —39.9 dB,
respectively, and the insertion losses under these two
states are about 2.42 dB and 0.13 dB, respectively. Com-
pared with our four EO switches reported before, this
device possesses the ultra-short length of 0.233 mm,
which can serve as a good switching element for con-
structing large-scale optical routers or switching arrays in
next generation phonic NoC.
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