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Characteristics of a Y-fed Coupler Electro-optic Switch Using Two-section
Push-pull Poled Waveguides
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Abstract: Considering that the switching speed of the Y-fed coupler Electro-Optic (EO) switch with two-
section seperated reversed lumped electrodes is slow, through push-pull poling on the wavegides in the
two EO regions, a bias-free high-speed travelling-wave line EO switch was designed. Design and
optimization were performed on electrode parameters for obtaining low driving voltage, good impedance
match and less-mismatch between optical index and microwave index. Besides, by using Fourier
transformation on the applied square-wave switching signal,a novel analytical technique was presented to
model and characterize the switching response. Numerical calculation results of the optimized device
indicate that,under 1 550 nm central operation wavelength,the 3 dB state voltage is 0 V,and the upper-
and lower-branch state voltages are —1. 34 V and +1. 34 V,respectively,indicating a switching voltage
of 2. 68 V. The insertion loss and crosstalk are less than 3. 55 and —30 dB.respectively,and the 10% ~
90% rise time and fall time are both about 3. 90 ps, indicating a cutoff switching frequency up to
128. 2 GHz. The proposed high-speed device structre and numerical technique are of well meaning for the
design and performance evaluation of a similar device based on Y-fed coupler structure.
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0 Introduction

As Silicon-On-Insulator (SOD Electro-Optic (EO)
modulators/switches based on carrier-injection effect
11 poled polymer EO modulators/switches are also
vital components in optical communication systems,
optical sensors, optical computers, etc, and various EO
devices based on different waveguide structures ( Y-fed
coupler, Directional Coupler ( DC), Mach-Zehnder
(MZI), etc),
( MSL ),
(CPW) , AB -reversal, etc) , and fabrication technologies

Interferometer electrode structures

( Microstrip Line Coplanar Waveguide
have been reported “*'. In recent years, for obtaining
low driving voltage, low insertion loss and crosstalk,
fast switching speed and wide spectrum, different EO
served as EO

modulators, have also been demonstrated theoretically

switches ', which can also be
or experimentally.

In 2009 .a AB -reversal Y-fed coupler EO switch!”’
was reported by adopting two-section separated
electrodes,and its 3-dB modulation bandwidth or cutoff
switching frequency cannot be too high, because the
device cannot be configured to be traveling-wave style.
In our recent report, for enabling the AR -reversal
standard DC EO switch working at traveling-wave
style, a CPW grounded ( CPWG)

used"*! , where both two waveguide cores in the two EO

electrode was

sections are uniformly poled along the same direction.
Alternatively, for the Y-fed coupler device in this
paper,only one waveguide core in each section is poled,
and hereby a push-pull poled traveling-wave Y-fed
coupler EO switch using non-bending uniform MSL
electrode was demonstrated,and through optimization,
high cut-off
frequency up to 128. 2 GHz. The differences between

this modulator reveals a switching
this electrode structure and that reported in Ref. [13]
are:1) only one signal electrode is required, but in Ref.
[13].0ne signal electrode and two grounded electrodes
are all required; 2) because the two waveguide sections
in this paper are push-pull poled,the electrode need not
be bent for resulting in phase mismatch between two
sections; in Ref. [ 13 ], because the two waveguide
sections are uniformly poled,the signal electrode should
be bent to move from one waveguide to another, for
generating phase mismatch between the two sections.
Besides  that, for

characteristics for the proposed device at its design

investigating  switching
stage, a formulation technique was presented in this
paper. The basic concept of this technique is that for a
driving signal with any form, the instantaneous applied
voltage along the electrode can be treated as the

superposition of definite or infinite amount of harmonic

signals, and the total transfer matrix was achievable
through the numerical integration on micro transfer
matrix during the whole propagation process of an

optical microelement.

1 Device structure

Fig. 1 (a) shows the schematic diagram of the
polymer Y-fed coupler EO modulator with traveling-
wave MSL electrode and push-pull poled waveguide
sections. A Y-branch splitting waveguide is utilized in
the input region,and the input power and amplitude are
defined as P,, and R, . respectively. Two identical
parallel rib waveguides with a total length L are used in
the EO active region, and their coupling distance is d.
The EO region is divided into two sections, and each
section has a length of L/2. The output power from the
upper waveguide and that from the under waveguide are
P,,. and P, ,respectively,and the corresponding light
amplitudes are R,,, and S,,, ,respectively. For increasing
bandwidth, the

configured as distributed traveling-wave style. The

modulation driving electrode is
input time-variation Radio-Frequency (RF) signal is
u(t) ,and the load impedance is Z; .

Li(t)+ __The 1st section_: The 2nd section
— EOreg Q’HA_ '5 EO region

Poled waveguide:

MTR: [\
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Fig. 1 Structure of the polymer Y-fed coupler EO modulator
with traveling-wave MSL electrode and push-pull
poled waveguide sections. WTR: waveguide transitive
region; MTR:microwave transitive region

The cross-section view AA' in the EO section

region is shown in Fig. 1(b),and the driving electrode

includes the upper operation electrode and the under
grounded electrode. The structure of the rib waveguide
is as: air/upper electrode/upper buffer layer/core/
under buffer layer/under electrode/substrate, where
only the core is EO material. LLet W, be the width of the
central operation electrode, and b, be the thickness of
the upper and under electrodes. For the rib waveguide,

the core width, rib height and core thickness are a,h
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and b, , respectively. The thickness of the upper/under

buffer layers is b,.

2 Parameter optimization

2.1 Basic parameters

Under 1 550 nm, the refractive index, bulk
amplitude attenuation coefficient and EO coefficient of
the Diels-Alder cross-linkable EO core polymer AJ309
are n,, = 1. 643,a,,=2. 0 dB/cm,and y,;, =138 pm/V,
respectively M. The refractive index and bulk
amplitude attenuation coefficient of the upper and under
buffer layers and the cladding beside the core PFS-
GMA are n,, = 1. 461 and ay = 0. 25 dB/cm"*, and
those of the confined layer air are n,, =1. 0 and a,, =
0 dB/cm, respectively. The refractive index and bulk
extinction coefficient of the gold electrode are ny,, =
0.19 and x;, =6. 1, respectively ', The parameters are
optimized as:a=4.0 pm,b, =1.5 pm,h=0.5 pm,b, =
1.5 pm,and b, ==0. 10 pm,. The calculated Ej, mode

loss coefficient is about ap = 2. 32 dB/cm, and its

effective refractive index is about n, =1.593 6.
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Fig. 2
2.2 EO overlap integral

Curves of T'y versus W, where b; =0.1 pm

For the lower waveguide core in the first section or
the upper waveguide core in the second section, the EO
overlap integral along the y-direction can be described

as

JJ'F() %E}.(I,y) ‘ Enpm(l"y) ‘ Zdldy
L= D
JJ;WN%V ‘ Eopuc(x’y) ‘ zdIdy

where E,,. (x, y) is the Ej, mode optical field

distribution,and E, (x, y) is the applied electric field
component along y direction which can be analyzed by
using point-matching method ™. Fig. 2 exhibits the
curve of I, versus W, , where d =3. 0 pm and b, =
0.10 pm. It can be found that as W increases, I,
increases in magnitude, so a larger W, is required.
However, when W, =18 pm.,I"}, changes slightly.
2.3 Microwave parameters

On another aspect,a microwave impedance (Z.) of

50 Q and a less mismatch between microwave index

(n,) and lightwave index (n,,) are both demanded for

realizing normal high-frequency modulation
performance. For the electrode structure shown in Fig.
1(b), Fig. 3 shows the curves of (a) n, and (b) Z,
versus W, , where d=3.0 pm,and b, =0.1 pm. From
Fig. 3 (b), to realize the impedance match among
electric coaxial cable, electrode and load impedance, we

choose W, = 14. 0 pm. The corresponding microwave

parameters are n,, = 1. 401 0 and Z, =50. 2 Q. From
Fig. 2, when W,=14.0 pm,we have I',=0.19 pm .
1.46
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Fig.3 Curves of n, and Z. versus W, where S, =50 um and

b, =0.1 pm

3 Static characteristics analysis

In the first section, only the lower waveguide is
poled,and the change of mode effective index is
3
Ang, (U =—"3,, U, (2)
Then the propagation constant mismatch between
the lower waveguide and the upper waveguide is Ag' =
B — Bl = kyAnp,. In the second section, since only the
upper waveguide is poled, the change of its mode
effective index is
n,
2

Then the propagation constant mismatch between the

Ang (U) = V3 UFy 3

under waveguide and the upper waveguide is AR* =g —
,8? = —kyAngy . Since Angy = Angp = Any s let ABI =+
AR for the first EO section and AF = — AR for the

second EO section.
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Let K be the coupling coefficient between two
directional coupling waveguides, and L, = % be the

the For

convenience in the following analysis, we introduce two

coupling length of directional coupler.
amplitude transfer matrices T (u,v) and T (u,v),
corresponding to the first waveguide section and the

second waveguide section,as

ACusv) —1B(u,v)
T (u,v) = 4
(e <_J‘B" (u,v) A" (u,v) ) “

- A" (u,v) —jB(u,v)
T yU) = 5
(o) <—jB*<u,v> Au.o) ) ©
where A (u, v) = cos (%«/uzﬁ—vz ) +j % .

'+

. (T : u
sin{ —— v/’ + and B (u, v) = —— =
(4 ) /uz+v2

sin(%«/ '+ ) The output light amplitudes from the

upper/lower branches can be expressed as

R R, /J2 }

°”‘):T o) T (s )

Sou R../J2
w2 (6)
( MCCu,v) *jN(u,v)) R./\J2
— N (u,v) M (u,v) R, /J2
MCu,v) = | ACuso) |*— | B" (uso) |* (7
NCu,v)=A" (u,v)Blu,v) +A" (u,v)Blu,v) (8)

where u=L/L, and v= ABL/n. Therefore, the output
powers from the upper/lower branches are determined
as,respectively

From the discussion in Ref. [9],in order to realize

perfect with  the

crosstalk, it is desired that u = A/2+/2 , and another

variable v can be treated as a function of the applied

switching operation minimum

voltage U, that is,

v(U) =k, Ang; (U)L /=% 9)
where Ang is given by Egs. (2) and (3). Then the
static response can be determined as
Pl (L =ul, ,U)=

1 . , (10)
10lg (7\M(u,v>—JN<u,«u> |2 ) =24, Lo
P;):):n (L=ulL, 9U) -
‘ (1D
10lg (% | —IN" o) + M (us0) | *) =20, Ly

Fig. 4 exhibits the curves of the output powers
P,.. and P, versus the applied direct-current voltage
U,where d=3.0 pym,b, =0. 10 pm, W, =14 pm, and

L=+/2+/2 L,=7.648 mm. It can be found that when
the applied voltage is U= 1. 34 V, the output power
from the upper branch becomes the maximum, while
that from the lower branch becomes the minimum;
when the applied voltage is U= —1. 34 V, the output

power from the upper branch becomes the minimum,

the the
maximum. Therefore, the half-wave voltage of the
modulator is determined to be U, =2. 68 V. Under the
operation voltages of +=U,/2, the insertion loss under
ON state is less than 3. 55 dB. and the crosstalk
between OFF and ON states is less than —30 dB.

while that from lower branch becomes

I Insertion loss=3.548:dB

_;{Ploul
. : e
) :
i :

(=]
T

U =13426V

upper

U _.=13426V

lower

d=3.0 um
-60 L 1 ML L L L L
-8 6 4 2 0 2 4 6 8
Applied voltage U/V

Fig.4 Curves of Py, and P, versus U

4 Dynamic characteristics analysis

Suppose a biased square-wave signal is used to
operate the device,and let its frequency,amplitude and
duty cycle be f, .U, and 1/2, separately. Based on
Fourier transformation,such signal can be expanded to
a series of harmonic cosine-wave signals,as

i Gm/2) o (nfye]

= nn/2

We can see that u,, () contains infinite components

U, (1) =U, (12)

with different frequencies. In the EO active region,
define the v, = ¢/ng,. The
lightwave microelement that inputs into 2 =0 at t will

the

waveguide at x=L and ¢+ L/v.. There are two stages

lightwave velocity as

experience two stages before output from
analyzed below

1) In the first electrode section region during
1<t'<<t+L/(2v,) ,the electrode and the waveguide are
parallel. At the moment t', the position of the lightwave

element is

2 ()= (e/na) (= 1) (13)
and the applied voltage at =, (¢') is
u[zl (t/) vt/]:qu: {M %
n=1 717(/2
(14)

o [Zn(nfm )t/iwzl () } }

So the amplitude transfer matrix of the first electrode
section can be obtained as

T (ulz ()] [z =

H(L/2) /0,

lim H T [v.At/ Ly s ABCul 2 ()t Do.At/x]

At—>0

(15)
where AB(u[ 2, (. =Ag".

2) In the second electrode section region during
t+ (L/2)/v. <t < t+ L/v., the position of the

lightwave element is
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5 ()Y=L/24o [t —(L/2)/v.] (16)
and the applied voltage at z, (¢') is
, re_ ° (sin (nx/2)

ul =z (£t ] U”E}l R — X an

cos [ 2n(nf, ' — [2r(nf,)n,/c]z (t/)] }
Then the transfer matrix T, in this region can be
expressed as
T, Culz ()t DImHES ., =
v Al Aﬂ(u[zz(l/),z/])'cht} (18)
L,”’ w

t+L/v,

lim [] T[
=t+(L/2) /v,

A0,

where AB(u[ 2, ) ,Z/] ) =AR.

Therefore, the dynamic transfer matrix of the

switch related to ¢ can be written as

o o Mdyn (1) _deyn (1)
To[t+L/o =T, xT,=( " x ) 19
—JNg. () Mg, ()
where M,, and N, are achieved from numerical
integration, and the baseband responses are
P (1) =20lg [ My, (t—L/v) | —2ala (20
P (1) =20lg [ Ni, (t—L/v) | —2aliu (21

Under the modulation of square-wave signal, Fig. 5
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(c) Time-domain response for one period@10 MHz
Fig. 5
5 Conclusions

Through push-pull poling on a selective waveguide
core in each EO section, a polymer Y-fed coupler EO
switch with traveling-wave driving configuration was
proposed. Both the waveguide and electrode parameters

were thoroughly optimized. Analytical results under 1

Time-domain responses under 10

shows the calculated results of (a) the time-domain
response for one period as well as (b) the detailed
response for the rise and fall edges under f, =
10 MHz,and (c) the time-domain response for two
periods as well as (d) the detailed response for the fall
10 GHz, where

frequency components are considered in the Fourier

edge under f,, 400 harmonic
expansion of each square-wave signal,U, =U, /2. We
find from Figs. 5(a) and 5(c) that the driving signal
does not changes in a step style, because definite
amounts of harmonic components are used to form the
To further decide
parameters, we use a 10 GHz square-wave signal to
operate the device (shown in Figs. 5(b) and 5(d)) ,the
10% ~90% rise time and fall time are both determined

signal. switching  response

to be about . st =3. 90 ps,and the switching time is
t,=40. 2 ps. So the cutoff switching frequency can be
estimated to be about

1

w=——"7——-=128.2 GHz (22)
/ (Lo )
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(b) Response for the rise and fall edgeds @10 MHz
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(d) Response at the fall edged@10 MHz

MHz and 10 GHz switching operations

550 nm reveal that,its upper-branch and lower-branch
state voltages are 4 1. 34 V, respectively, and the
insertion loss and crosstalk are less than 3. 55 and
—30 dB, respectively. The that the
modulator possesses a cutoff switching frequency up to
128.2 GHz. The 10 ~90% rise time and fall time are
both about 3. 90 ps. The switch shows potential

results show
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