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Polymer Electro-optic Switch Using Cross-coupling Five-serial-coupled
Microring Resonator with Ultra-low Crosstalk
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Abstract: A novel 2 X 2 polymer electro-optic switch was optimized and simulated based on two-group
five-serial-coupled microring resonator and their cross-coupling with two channel waveguides. Detailed
structure, theory and formulation were available to characterize the output powers of the switch. For
realizing boxlike spectrum (drop port) as well as low crosstalk and insertion loss, resonance order and
coupling gaps were optimized. Analysis and simulation on output powers and output spectrum indicated
that, a switching voltage of about 4.0 V was desired to realize the exchange between cross-state and bar-
state; the crosstalk under cross state and bar state were extremely low as — 66 dB and —54. 7 dB,
respectively; the insertion losses under the two operation states were 2. 34 dB and 0. 24 dB, respectively.
For the drop port, the 10% ~90% rise time and fall time were estimated to be 15 ps and 90 ps,
respectively, under the operation of 1 GHz switching operation. The bending radius of each electro-optic
polymer microring was as small as 19. 45 um, leading to ultra-compact size of only 0. 407 mm in both
length and width, which was nearly 1/10 of the length of Mach-Zehnder interferometer or directional

coupler type polymer electro-optic switches. Consequently, because of small footprint size and extremely
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low crosstalk, this switching configuration can be densely integrated onto optoelectronic chips, and thus

it possesses potential applications in optical signal control in optical networks-on-chip.

Key words: Integratd optoelectronics; Waveguide device; Electro-optic switch; Microring resonator;

Polymer
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0 Introduction

[1-2]

Electro-optic ( EO) switches are important

components in optical communication systems, optical
sensing systems, etc. Poled polymer materials™*! are
widely used in the fabrication of EO switches and
modulators. Within the available optical switches,
micro-ring resonator (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
Besides.,

building

coupling waveguides.
the MRR structure is more convenient for
large switching arrays by cascading
fundamental element. Until now, the reported MRR
EO switches either in experiment or in theory are
generally the carrier-injection based silicon or GaAs
ones, for example, the single-ring based silicon MRR
switch 1, the double-ring based silicon MRR switch
[Tand GaAs MRR switch “', the ten-ring coupled
silicon MRR switch ™', and the interferometry silicon
MRR switch 7.

Different from the silicon or GaAs MRR switches,
this paper aimed at providing a novel 2 X 2 switching
scheme based on poled polymer materials. The main
achievements of this paper were described below.
First,

resonator (MRR) structure. Air was used as left/right

small footprint device based on microring
cladding, which created high index contrast between
core index and left/right cladding index for the ring
waveguide and leaded to an ultra-small bending radius.
Second, By

microrings (ten rings) which were cross-coupled with

using two-group five-serial-coupled
one parallel channel waveguide and one vertical channel

waveguide, a novel 2 X 2 switching configuration was

proposed, which revealed boxlike flat spectral
response, small device size and ultra-low crosstalk of
less than —50 dB under both operation states,

compared with the simple single-ring coupled MRR
switch " and our previously reported directional
coupler (DC) EO switches M or Mach-Zehnder

interferometer (MZI) switch M*1.

1 Structure and Theory

1.1 Device structure and basic parameters
The structure model of the cross/bar polymer EO
routing switch has been shown in Fig. 1. The device

consists of a horizontal channel, a vertical channel and

two-group five-serial-coupled microrings with identical
ring radius. The waveguide cross-section over the
coupling plane between two adjacent microrings has
been shown in Fig. 2. For the MRR waveguide, the
layers are as: upper confined layer, upper electrode,
upper buffer layer, EO core, under buffer layer, under

The
deposited on microrings, so the EO effect only occurs

electrode, Si substrate. electrodes are only

in the waveguide cores of all microrings. By applying

different operation voltages on microrings, the

switching functions can be realized between the

horizontal channel and the vertical channel.
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Fig. 1 Structure model of the cross/bar polymer MRR
EO switch
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Fig. 2 Waveguide cross-section between MRR waveguide
and channel waveguide
Under the resonance wavelength of 1 550 nm,

relative material parameters are taken as: the refractive
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index of the EO polymer material (AJL8/APC) n,, =
1. 59, its bulk amplitude attenuation coefficient a;, =
0.25 dB/cm, and its EO coefficient y,; =68 pm/V™;
the refractive index of the upper/under buffer layer
material [ poly (pentafluorostyrene-co-glycidyl methacrylate) ,
P(PFS-GMA)] n,, = 1. 461, and its bulk amplitude
attenuation coefficient a,, = 0. 25 dB/ecm™™; the
electrode is made of aurum, its refractive index n,, =
0.19, and its bulk extinction coefficient w,, = 6. 15
Besides, the input waveguide length is designed to be
L, = 100 pm. Air, with an index of only 1. 0 as well as
no absorption loss, is adopted as the left/right cladding
layer, e. g. n,=1.0 and a,, = 0.

The upper/under buffer layer thickness is taken as
t,= 2.5 pm, and the electrode thickness is taken as
t;=0. 2 pm. For assuring single-mode propagation in
width and
thickness are both taken as w,=¢ =1.7 pm. We take

microring rectangular waveguide, its
the ring bending radius as R = 19. 49 pm, and the
calculated mode effective refractive index is about
1.5189, under the case of applying no voltage. We
take the core thickness of the channel equals that of the
microring as ¢, = 1. 7 pm and select the width of the
channel waveguide as w.=1. 85 um, and in this case,
the channel and microring possess identical mode
effective refractive index. Besides, under the above
parameters, the mode loss in MRR waveguide is almost
equal to that of the channel waveguide, which are oy =
ac = 0. 256 dB/cm. The coupling gap between two
adjacent microrings and that between the microring
waveguide and channel waveguide are hy, and heg s
respectively, the resonance order of microring is
denoted by m, and these three parameters will be
optimized in Section 2.

With poling on the polymer along the vertical
direction, the obtained EO coefficient y,, is the largest
one within all 18 elements''”’. To make best use of this
element, the applied voltage should be along the
vertical direction ( y-direction), and also the electric
component of the optical field should also be along the
y-direction. Then, the selected mode should be EI, .,
whose mode components are H, and E,. Therefore,
the device reveals obvious polarization characteristics,
since it does not work for E!, mode with E,
component.

1.2 Theory and formulation

Analysis of the five-serial-coupled microrings is
divided into three sections, including the transfer
matrix of the first two microings (defined as P,z) , that
of the center microring (defined as M), and that of the
second two microrings (defined as P,;). They are

obtained by using the transfer matrix method as follows

0 (—Jgri )
szzi[ exp I }X

JKRR exp(jgom ) 0
|: —exp(jer ) Z‘RRCXp(ij@RI)] D
xR eXp(jSDRL ) exp( _j§0m )

t —1 0 (—Jgr)
M- 1 |: RR :|[ ' expl—J¢gre }X
Jerr L1 IR eXP(JSDRa ) 0

L|:tkk —1 } 2

Jrre L1 — Irr
= TCR(,QR —Jar ) s Pre — 0. STtR(ﬂR —Jar ) s
¢ore = 1. SR ( By — jar )s and kpp and fgr are the

where gr,

amplitude coupling ratio and amplitude transmission
ratio between two adjacent microrings, respectively.
Finally, the transfer matrix of the five-serial-coupled
microrings is obtained by using the transfer matrix
method as

M, =P,, MP,, (3)
According to EO modulation theory, we can obtain the
variation of the refractive index An,, of the core EO
material versus the operation voltage U as

3 2
Any, (U) :%n?o Y B :%

where U can be equal to zero or not. The refractive

4

index of the core EO material of the microring n;,, will
be changed to n;, + An,,. Then the mode propagation
constant in each microring can be regarded as a function
of U, denoted by B (U). Note that M, is a function of
U, thatis, M,=M, (U).

The case of the light inputting into the horizon
waveguide only and that of the light inputting into the
vertical waveguide only can be similarly analyzed, and
the first case is only considered here. In the following
analysis, the resonance of the two-group MRRs with
the two channel waveguides are both considered. Let
a,, be the input light amplitude into the left coupling
point of the horizontal channel, b5 be the output light
amplitude from the upper coupling point of the vertical
channel, and by, be the output light amplitude from the
right coupling point of the horizontal channel. Define
ker and fex as the amplitude coupling ratio and
amplitude transmission ratio between channel and
microring, respectively, and they satisfy the relation of
ker Ttig =1. By using CMT, we obtain the following

relations
Dot = ter@or — JKcr A1y (&))
by = terar — JKer@on (6)
bs1 = terag 7jK(‘Ra;1 7
b:ﬁl = t(‘l{a;l — JKcr @s1 (8
boz = ter@oz — JKer @iz (9
b1z = ter@oz — JKcr Aoz (10)
[);2 :[(‘Ra;Z (1D
b;z = —Jkcr ujsz (12)

The relation between a,, and b,, and that between ag
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and b;, are
(13)
(14)
By using Eq. (3), we derived

ag = by exp( *Jsbz )
gy = by exp( 7J¢2 )
where ¢, =L, (B —jac).

[Cl;1:|_ M1(171> Ml(l’z) an (15)
[)ﬂ |:Ml(2,1) Ml(292):|[b11}
[a;ﬁ} M. (1,1) M. (,2)7ra;

: :[ I } (16)
/)32 M‘(291> M|(2’2) blZ

Combining Egs. (5) ~ (16), we obtain the output

powers from the drop port and through port as,

respectively
boz . :
P, (dB)=10lg " exp(—j2¢))
01
10lg %exm—jzw ' an
P, (dB)=10lg bz:;iexp(—j&/;l) =
10lg| frexp(—j2¢) | (18)

where . and acare the mode propagation constant and

mode loss coefficient of the channel waveguide,
respectively, ¢ =L, (f: —jac)» and with the definition
of M; ' as the invert matrix of M, , other parameters are
listed below

(M (1, D +M, (1,20, IM,(1,2)

I M T L DM, (Lt ML
o —ikerexp(—j¢y)
fg:# (19b)
£ =texexpC—id) —ikex f1 f (19¢)
fi="ikerexp(—j,) *

(M, (1, f,+M,(1,.2)]f, (19d
fo=tex— 1M, (1,2)[ M, (1, D)+

M, (1,2 tep J—ter [M, (1, 1)+

M, (1,2t J[M, (1,1 +M,(1,2) 1y ] (19e)
fo=14kM (1,2) f,—[M ' (1,1 +

M, (1,2t X [M (1, D +M, (1,2t ] (19D

f;:%[tmf‘+Ml(1,1)+ML(1,2)t(<R]—
{tex [ML (LD +M (12t ]+ rieM(1,2) ) (199)
2 Parameter optimization

The aim of parameter optimization is to make the
crosstalk and insertion loss as low as possible under
U=0 V (drop state). Based on the resonance theory
on serial-coupled microrings [17], the resonance order
(m) and two coupling gaps (hgrand heg) will influence
the shape and flatness of output spectrum and then
affect the crosstalk and insertion loss. Therefore, they
should all be optimized.

2.1 Optimization on resonance order m

Under U= 0 V, the switch is operated at cross
state. By using Eqgs. (17) and (18), we first analyzed
the effect of resonance order on the output powers of

the switch, as shown in Fig. 3(a) , where the resonance

order is taken as m=60, 80, 120 and 160, and the two
coupling gaps are hpz = 0. 68 pm and heg = 0. 14 pm.
It can be found that when m is too small, e. g. m=60,
the output power from the horizon channel is larger
than that from the vertical channel, and the cross state
cannot be realized. So m shouldn’t be taken too small.
When m increases to 80, the resonance light power
from the horizon channel drops to (40 dB, but the
spectrum is not flat over the wavelength range around
1 550 nm. An extremely low crosstalk (P, — Py) can
be achieved as m increases to 120; however, as m is
equal to 160, the crosstalk increases. The curves of
insertion loss and crosstalk under cross state versus m
are shown in Fig. 3(b). One can find that the values of
m are different for the two cases to obtain the minimum
crosstalk, but they almost reach to their smallest

values under m=120. Therefore, m is taken as 120.

0 — P

Output powers/dB

-120 L
1549.9 1550.0 1550.1
Wavelength //nm
(a) P, P~ A
5 0
-
N 120
"'J\\- J-40
oy
8 3k N . = =9
5 \0'°'°-0-o:5=g.g-o-o-0-°-°;8;'_° 160 ¢
] 2F I : e ©
: "l 1-80
Ir 1-100
0 R ) H ) +1-120
60 80 100 120 140 160
Resonance order m
(b) IL o CT =
Fig. 3 Effects of resonance order m on the output powers,

curves of insertion loss and crosstalk under
Ccross state
2.2 Optimization on coupling gap hy,

The effects of the coupling gap hg, on the output
powers P, and P;, are shown in Figs. 4(a) and 4(b),
0.14 pm, hg = 0. 48,
0.68, 0.88 and 1. 08 um. One can find that when hygis

too small, the output power from the through port

respectively, where hqy =

reveals extremely large vibration; while when hggis too
The

influences of hgg on insertion loss and crosstalk are

large, the device cannot realize cross state.
further illustrated in Fig. 4(c). We observe that hgg

should be selected as small as possible to decrease
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insertion loss, and when g = 0. 68um, the crosstalk
reaches to its
0.68 y.m.

minimum value. So we selected hgz =

0

Output powers/dB
A
(=]

x - h=0.88um
S =1.08pm
-80 )
1549.9 1550.0 1550.1
Wavelength //nm
(a) Py~ A

m

=
5
g
o

f=¥ I

E:_ < , .

80 i/ A . 7

g % i L= =0.48um
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4 ORR_ g,!. Fy it
120L i’ Bl s ‘;"z”‘»iu‘.fg?“‘ﬁ
1549.9 1550.0 1550.1
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(b) P~ 2
24 20
20F CT /-/:/. 1o
16 o /

g 0.68 / / 120 2
2 nm 2
g 12

= AN / /i s

=~ 1-40 ©

0 L L L -80
0.48 0.64 0.80 0.96 1.12
Ap/um
(O IL oo CT i Py

Fig. 4 Effects of coupling gap hrron the output
powers.curves of insertion loss and

crosstalk under cross state
2.3 Optimization on coupling gap hc
The effects of the coupling gap hcg on the output
powers P, and P, are shown in Figs. 5(a) and 5(b),
0. 68 pm, he = 0. 08,
0.14, 0.20, 0.26 pm. We can see that when hcis too

respectively, where hgx =

small or too large, the output power from the drop port
reveals extremely large vibration, and the crosstalk
under this state does not reach to the minimum value.
The influences of hcgon insertion loss and crosstalk are
detailed illustrated in Fig. 5(c). It can be determined
that when hex = 0. 14 pm, both insertion loss and
crosstalk reach to their minimum values.

heg= 0. 14 pm.

So we select

as)
2
5
z
1<)
a
5
&
3 .
Y - h,;=0.20pum
== h,=0.26um
“1549.95 1550.00 1550.05
Wavelength //nm
(@) Py~ 4
ok

Output powers/dB
A
(=)

R
’- R
A — /1, =0.08um "™y
== h,=0.14ym -~
s ho=0.20pm
- - ho=0.26pum
-80 L
1549.95 1550.00 1550.05
Wavelength /nm
(b) P~ 4
4.0 / 0
'.-.
35 . 4-20
° /)
/Mm l\. /' m
= \ =
2z 3.0F \ ®, o 1-40 T2
- "N / B
~ \. L 4 &)
25k Ny \/ _/'/ 1-60
TR i
20 . s : -80
0 0.08 0.16 0.24 0.32
h/um
(O IL CT Py,
Fig. 5 Effects of the coupling gap hcgon the output

powers, curves of insertion loss and

crosstalk under cross state
3 Characteristics analysis

3.1 Output powers versus applied voltage

After optimization, we investigated the switching
and spectral characteristics of the device. By using
Egs. (17) and (18), Fig. 6 presents the curves of
output powers Py and P from the drop and through
ports versus the applied voltage U under 1 550 nm
wavelength. One can observe that when U < 0. 01 V,
P, is the maximum, and the switch is operated at cross
state; as U increases, Py gets larger and P, gets
smaller, and the larger U is, the smaller P;, becomes
and the lower the crosstalk (P, — Py) becomes. As a
comparison, the output powers versus applied voltage
of the device with three rings in a group are also plotted
in Fig. 5. They show the same trend as those of the
device with five rings.
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Fig. 6 Curves of output powers Py and Py, from the drop
and through ports versus the applied voltage U
3.2 Crosstalk and switching voltage
The relations between the device' s crosstalk
(CT,,, and CT.,.) and the difference value of P, — Py
can be described as
—CT...=P,—P,,P,>P, 20)
CT,,=P,—P,.P,>P, (@2D)
Fig. 7 presents the curves of the difference value P, —
P, versus the applied voltage U. In this figure, when
P,— P, >0, the switch is under cross state, and the
value represents — CT.,,.. as marked in the figure;
when P,— P, < 0, the switch is under bar state, and
the value represents CT,,, as also marked in the
figure. One can observe that as U<C0. 01 V, the values
of CT,,. is as low as — 66 dB. A larger U will be
helpful for decreasing the crosstalk under bar state,
and for obtaining the same wavelength turning range,
the applied voltage (e. g. switching voltages) of the
switch is taken as U, = 4 V. Under this case, the
crosstalk under bar state is — 54. 7 dB. The two
crosstalks are obviously lower than those of the device
with three rings, which are —51. 2 and — 28. 8 dB

under cross state and bar state, respectively.
120
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Fig. 7 Curve of the difference value Pp,— Py
versus the applied voltage U

3.3 Output spectrum

Under the operations of two state driving voltages
(U=0 V for cross state and U=4 V for bar state),
Fig. 8 shows the spectral response of the switch under
both operation states. The simulation results indicate

that, under the applied voltages of 0 and 4 V, the

switch performs good switching functions at 1550 nm
wavelength, and it reveals boxlike spectral responses
for the drop port as well as extremely low crosstalk for
both states.
0.24 dB, while that is about 2. 34 dB under cross
state. The crosstalk at bar state is —54. 7 dB, while
that at cross state is about —66 dB.

The insertion loss at bar state is about

0
o}
= L
z 4ot
ES L
)
&
5 L
£ ot
o L
-120 ke=Z 1 i L
1549.8 1549.9 1550.0 1550.1 1550.2
Wavelength //nm

Fig. 8 Spectral response of the MRR switch under
both operation states
3.4 [Estimation on response time
Since the cross/bar switch is driven in lumped
manner, under the operation of a square-wave voltage,
can be

the electrical electrode

response on the
calculated by

u (1)=F '"[V,(«)H (w) ] (22)
where V, (w) is the Fourier transformation of the
applied voltage, and H (w)is the transfer function of
the device. By using Eq. (22) as well as Eqs. (17) and
(18), the dynamic response of the switch under the
oo 27 Vi s
1 GHz2) is shown in Fig. 9. For the drop port, the 10~

operation of 1GHz square-wave signal (4-V

90% rise time and fall time are estimated to be ¢, =

15 ps and t,=90 ps. respectively.

10
. L0
5 2
2 08 p
o 2
5} 1S
2 g
3 04 5
= 5
g 02 2
s m
Z
0
: - 4
0 0.4 0.8 1.2
Response time #/ns
Fig. 9 Dynamic responses under 1 GHz switching operation

3.5 Comparison and discussion

As shown in Table 1, we made a comparison on
the performances of this 2 X 2 cross/bar MRR switch
and those of our previously reported 2 X2 or 1 X2 EO
switches based on DC, Y-fed DC, MZI and multimode

interference (MMI) MZI structures. It can be found
that, the total length of this device is only 0. 407 mm,

which is much shorter than that of other four devices
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(3.1 mm at least for a 1 X2 device, and 4. 1 mm at
least for a 2 X 2 device), and this device reveals low
insertion loss extremely at bar state (about 0. 24 dB).
This device also has extremely low crosstalk as when
compared with other non-resonance switches, which
are as low as —54. 7 dB and — 66 dB under bar and
cross states, respectively, Furthermore, this switching
MRR EO
switch (<. — 20 dB) with only one microring coupled

scheme shows lower crosstalk than the

with two parallel waveguides.

Table 1 Comparisons among this MRR switch and our
previously reported four polymer EO switches
S UV IL,, CT,, L./
truct . toral / TRITL
e T L, dB T, aB T
DC 1.98 <—30
. 1. 64 4,139
2% 2 1.98 <—30
Y-fed 1.42 < —30
. o 1.78 3.126
Coupler 1 X 28 1.42 <—30
o 2.64 <—30
MZI 2 X2 2,23 5.049
2.64 <—30
MMI-MZI 3.75 < —42
- 1.37 5. 000
2% 20 3.75 <—42
MRR 0.35 < —20
B 10.0 4. 000
1 20 1. 20 <—20
MRR 0.24 < —54
. 4. 00 0. 407
2X2 (this) 2.34 < —66

4 Conclusions

A cross/bar EO routing switch using two-group
microrings optimized.

that

five-serial-coupled was

Simulation results show the device possesses

boxlike flat spectral response (drop port) by using two-

group cross-coupling five-serial-coupled microrings.

The switching voltage is about 4. 0 V, the crosstalks

under cross state and bar state are extremely low as

—66 dB and —54. 7 dB, respectively, and the insertion

losses under cross state and bar state are 2. 34 dB and

0. 24 dB, respectively. Another superiority of this

device is its ultra-compact size of only 0. 407 mm in

both length and width, which is nearly 1/10 of the
length of MZI or DC type polymer EO switches.
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