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Abstract  LiNbOs optical modulators for band-operation with a resonant modulating electrode are investigated in this
paper. We propose an asymmetric resonant structure consisting of two arms of modulating electrodes, where one arm is
open-ended and the other arm is short-ended. The optical response at 6.2 GHz of a resonant modulator designed by
maximizing the normalized induced phase was 4.94 of the response at dc with a non-resonant modulator.
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1 Introduction

High-speed optical modulators are key devices used
in wide-band communication systems. In con-
vent,ional modulators, traveling-wave electrodes are
used to achieve broad-band optical response up to
t,he millimeter wave region [1, 2, 3, 4]. The veloc-
ity of an elect,ric guided wave on a traveling-wave
electrode matches that of a lightwave propagating
in an opt.ical waveguide. The electric field induced
by the guided wave can interact with the lightwave,
while the guided wave propagates on the electrode.
Thus, the interact,ion can be enhanced by using a
long traveling-wave electrode in the broadband re-
gion (ex. dc-40 GHz). On the other hand, band-
operation optical modulators are required in radio-
on-flber systems [5, 6]. By using resonant struc-
tures, we can obtain effective optical modulation in
aparticular band [7, 8, 9].

The voltage on the modulating electrode can be
enhanced by t,he resonance of transmission lines,
which increases the efficiency of the optical mod-
ulation even with a short electrode. If the feed-
ing point of the modulating electrode is close to
the node of the standing-wave voltage proflle, the
peak voltage on the electrode is much higher than
the voltage at the feeding point. However, the
impedance at the feeding point is low, so that the
voltage at the feeding point is also low. Thus,
the peak voltage is low in relation to the input
voltage. To enhance the peak voltage, it is nec-
essary to increase the impedance at the feeding
point, while keeping the feeding point, close to the
node of the standing wave. Sasaki and lzutsu
(1997) proposed an optical modulator for band-
operation. It consisted of two resonant electrodes
with a patch capacitance at the feeding point [10].
The two electrodes were the same length; they were
dlightly longer than one-quarter or three-quarters
of the wavelength propagating on the electrode.
The impedance of the electrodes is inductive and
very small. The patch capacitance was designed
to match the impedance at the feeding point, bi-
tween the feeding line and the combined impedance
of t,he electrodes and the capacitance. However, the
modulator described in the previous work is diffi-
cult to make because its patch capacitance consisted
of a complicated three-dimensional structure. In
the work described in this paper, we investigated
a resonant-type Mach-Zehnder optical modulator

consisting of planar structures, designed to over-
come the problems of making such a device and to
increase the efficiency of the optical modulation.

2  Asymmetric resonant structure

As shown in Fig. 1, the modulating electrode has
two arms that are asymmetric coplanar waveguides
(ACPWSs). The ground plane, modulating elec-
trode, and feeding line consist of gold whose thick-
ness is te, Where s is the width of the gap between
the ground plane and the modulating electrode, and
w is the width of the modulating electrode. The
feeding line, which is connected at the junction of
the two arms, is a coplanar waveguide. A buffer
layer, whose thickness is tsur, is there to reduce the
loss of the lightwave propagating in the optical
waveguides under the metal electrodes. The short
am (Arm 1) , with length denoted by Li, is short-
ended, while the long arm (Arm 11), with length
denoted by L2, is open-ended. The two arms dif-
fer in length and termination, so that we termed
this configuration the asymmetric resonant struc-
ture. The equivalent circuit is shown in Fig. 2,
where the impedance of Arm | (Z1) and that of Arm
Il (Z2) are expressed by

Z, =
Zy =

Zp tanh yL,
Zg cothyLs.

(1)
(2)

Zo is the characteristic impedance of ACPW. y(= a
+iB) denotes the propagation coefficient. The total
impedance of the asymmetric resonant structure is
given by

2, =7 tanh yL; cothyLs

3
0tanh ~L1 + cothyL, (3)

The voltage on the modulating electrode is given

by .

V(y,t) = Re [TG(y)Vine™ )], (8)
where Ving?'0 js the input voltage whose fre-
guency isf. For simplicity, we assume Vin=1. The
voltage transmittance at the junction is defined by

271,
T= ,
Zr, + Zf

(5)

where Z: is the characteristic impedance of the
feeding line. [T] is an increasing function of |Z.|, and
therangeisfrom O (|Z.] = 0) to 2 (JZL| = ).



G(y) expresses the distribution of the standing
voltage wave on the electrode and is defined by

cosh y(L2—y)
cw =] w2k, V70
sinh'y}/l (y<0)

The induced phase at, each optical waveguide is the
sum of t.he Pockels effect with respect to the co-
ordinate system moving along with the lightwave
propagating in the optical waveguide. Thus, the
difference of the induced phases of the two optical
waveguides of the Mach-Zehnder structure can be
expressed by

g T
I—TZST‘33—§L¢)

. ™

l/h Vi, ¥no +1)d (8)
L _L y’C 0 Y,

where c is the speed of light. Ao and no are the
wavelength and refractive index of the lightwave,
respectively. L = L1 + L2 is the total length of the
modulating electrodes. I is the overlap integral
between t.he fleld of the light,wave and the field in-
duced bv the electrode. The Pockels effect between
the z-direction component of the electric field in-
duced by the modulating electrode and lightwave
whose electric field is polarized in the z-direction is
considered, because the electrooptic coefacient of
the effect mentioned above (rss) is the largest one.
The factor of i + t means the phase difference due
to the propagation delay of the lightwave.

The integral of the voltage on the electrode de-
fined by Eq. (8), ®, is termed normalized induced
phase, and shows the effect, of the resonant struc-
ture. The normalized induced phase for an optical
modulator with a resonant structure can be larger
than unity, while the normalized induced phase for
alossless perfectly velocity-matched traveling wave
modulator equals unity. The half-wave voltage of
the modulator VrTis given by m/gSimilarly, Vi,
deflned by miL/@ ([® ™), is the voltage-length
product which shows the degree of the modulation
efficiency and the scale of the modulator. To obtain
compact and effective optical modulators for band-
operation, we designed them to have large normal-
ized induced phases, as shown in following sections.

(@)

Optical waveguide L: Sy 1

Modulating electrode
+

Figure 1: Structure of an optical modulator with an
asymmetric resonant structure. (a) top view, (b)
Ccross-section.

| B L.

A 4

Figure 2: Equivalent circuit for the asymmetric
resonant electrode.

wlum] | «[l/m] | B[rad/m]|{ Zo[Q]
5 25.92 735.2 7010
10 21.16 808.0 55.68
20 16.54 851.9 45.22
50 11.24 891.8 34.71

Table 1 : Dependence of the propagating constant
and the characteristic impedance of the modulating
electrode on the width of the electrode.



3 DeSign by maximizing the nor-
malized induced phase

We consider a ACPW with the following: teur =
0.55 um, s=27 pum, and tg = 2 um. Depen-
denceof y and Zo on w at 10 GHz was calculated
by using an electro-magnetic field calculator with
the finite element method (HP-HFSS5.4), as shown
in Table 1. To reduce theloss o, w was set to be
50 pm. Thus, the wavelength of a 10 GHz Volt-
age wave on the ACPW (A = 2773) was 7.03 mm.
The following parameters were used for numeri-
cal calculations: €sop = 4.0, €Linbosx = 43.0,
gLinboziz = 28.0 and oau = 4.3 x 10" (Qm)™ .
€Linbog[xy] and ELinbos[z denote permittivities of
LiNbQs in the xy-plane and the z-direction, re-
spectively. €so, and oau are permittivity of the
buffer layer (SO2) and conductivity of the elec-
trodes (Au), respectively.

By using Egs. (7) and (8), we obtained a combi-
nation of L: and Lz, which gave a maximum of .
When L1 = 0.03A and L2 = 0.22\, ® had a max-
imum of 3.7 at 10 GHz. Fig. 3 shows the normal-
ized induced phase as a function of the frequency
f. In addition to a peak at 10 GHz, there are peaks
due to high-order resonance at 30 and 50 GHz. In
Fig. 4, the voltage reflectivity at the junction and
the total impedance of these two modulating elec-
trodes were shown as functions of f. The denom-
inator of Eg. (3) goes to a minimum at resonance,
which corresponds to parallel resonance of the two
arms, so that the impedance has peaks at the res-
onant frequencies (10, 30, 50, and 70 GHz). As
shown in Fig. 4, the reflectivity has dips, where the
impedance has peaks. The peaks of t,he optica re-
sponse were caused by enhancement of T.

If both arms were terminated by the same
impedance (e.g. open or short), the polarity of the
standing-wave voltage profile would change on the
electrodes and the length L1 or L2 should be longer
to obtain the resonance. In an asymmetric reso-
nant, structure, however, both L1 and L2 are smaller
than a quarter of the wavelength A. As shown in
Fig. 5, the polarity does not change, which is why
an asymmetric structure can reduce the half-wave
voltage and the electrode length. At the end of Arm
I1, the voltage amplitude is approximately six times
as large as the input voltage. The length of Arm Il
is dlightly shorter than A/4, so that Arm Il is nearly
in resonance and that the impedance of Arm Il is

Normalized induced phase

T T T T T T T
0 10 20 30 40 50 60 70
Frequency [GHz]

Figure 3: Optical response of a designed modulator,
where L1 = 0.03\ and L2 = 0.22A.

small. But, the total impedance 2. is large owing
to Arm | which has two functions: as a stub to en-
hance the impedance and as a modulating electrode.
Arms| and |l arein parallel resonance, where Arm
| is capacitive and Arm |1 is inductive. In addition,
the resonance can occur even when the length L
or L2 aredightly varied, as shown in Fig. 6.

4  Experimental results

We measured the optical and electrical response of
a fabricated modulator having the following: tsur =
055 um, w= 50 um, s= 27 um, te. = 2 pm,
L1 = 0.03A = 0.21 mm and Lz = 0.22A = 1.55
mm. Thus, the total length L was 1.76 mm. The
central inductor of the feeding line was 50 um wide
and the characteristic impedance was 50 Q. The
Mach-Zehnder interferometer consisted of two op-
tical waveguides formed by the titanium diffusion
technique on a z-cut LiNbOs substrate. The re-
fractive index no was assumed to be 2.2 for Ao =
1.55 um. The effective width and depth of the
optical waveguides were 10 um and 8 pum, respec-
tively. The positions of the waveguides were as fol-
lows: di = 2um and dz2 = 3um. The overlap inte-
gral I', calculated by TEM approximation [11], was
0.92, where the thickness of the electrode tg. was
neglected. The profile of the mode guided in the
optical waveguide was dlliptic and the field distri-
bution was assumed to be uniform. The modula-
tor also had an open-ended dc-bias electrode to set
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Figure 4: Electric response of a designed modulator.
Solid line and dashed line denote voltage reflectivity
at, the junction and impedance of the asymmetric
resonant structure, respectively, where L1 = 0.03\
and L2 = 0.22A.
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Figure 5: Voltage wave distribution on modulat-
ing electrodes, with respect to the corrdinate sys-
tem moving aong with the lightwave propagating
in the optical waveguide V(y, £no + t). Solid line
and dashed line denote the amplitude and the phase
of the voltage wave, respectively.
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Figure 6: Dependence of the optical response on the
lengths of the modulating electrodes. Solid lines de-
note the resonant frequency of the optical response
and the induced phase at the resonance as func-
tions of variation of Li. Dashed lines show the res-
onant frequency and the induced phase as functions
of variation of Lo.

the Mach-Zehnder switch function to the quadra-
ture point. The normalized induced phase can be
measured as the ratio of the optical response of a
resonant electrode at a particular frequency to that
of a non-resonant electrode at dc, where both elec-
trodes were the same length. I obtained by the
response measured at dc was 0.82, which was 89%
of the calculated one. This discrepancy was due to
the effect of the thickness of the electrode or defor-
mation of the lightwave field pattern. As shown in
Fig. 7, the optical response for the 1.55-um region,
obtained from the responses of the resonant and
dc-bias electrodes, had a peak of 4.94 at 6.2 GHz.
The halfwave-voltage was 17.9 V at the peak. The
fitting curve was obtained by changing the propaga-
tion constant y from the numerically obtained one.
y was set to be 0.4a + j1.6[3, where a and 3 are red
and imaginary parts of numerically obtained prop-
agation constant (see Table. 1). This result may be
due to the difference between the numerically cal-
culated wavenumber and the actual one, and to the
deformation of the field at the junction. The mea-
sured electric response (reflectivity) is also shown
in Fig. 7. There are three dips near the resonant,
peak of the optical response. The dips at 5 GHz
and 8 GHz may have been caused by a reflection at
aconnector or ajunction.
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Figure 7: Responses of the fabricated modulator.
Optical responses (normalized induced phase) and
electric responses (reflectivity) are shown as func-
tions of the frequency. Solid lines denote measured
responses. Dashed lines denote the fitting curves.

5 Conclusion

An optical modulator with an asymmetric modul at-
ing electrode for band-operation was invcstigated.
We proposed two design methods: maximizing the
normalized induced phase and maximizing the peak
voltage. The latter one is much simpler than the
former one, but both methods gave the same re-
sult. The normalized induced phase of the fabri-
cated modulator was 4.94. The half-wave voltage
was 17.9 V in the 1.55-/Im wavelength range, in
spite of the short elect,rode length of 1.76 mm.
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