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Double-Stub Structure for Resonant-Type Optical 
Modulators Using 20-µm-Thick Electrode

Satoshi Oikawa, Tetsuya Kawanishi, Kaoru Higuma, Yoshiro Matsuo, and Masayuki lzutsu, Senior Member, IEEE

Abstract � We propose a resonant-type LiNbO3 optical modu-
lator with low halfwave voltage. We optimize the phase constant 
of the electric wave with thick electrodes to reduce the halfwave 
voltage. The halfwave voltage of the fabricated modulator with 
20-µµm-thick electrodes is 5.8 V at 10.6 GHz.

Index Terms�Electrode, halfwave voltage, LiNbO3, optical 
modulator, resonance.

PTICAL MODULATORS using electric resonant struc-
tures will be essential components for band-operation 

systems such as radio-on-fiber systems [1]. The voltage on 
the modulating electrode can be enhanced by the resonance 
of transmission lines which increases the efficiency of the 
optical modulation even with a short electrode. It is important 
to set the feeding point of the modulating electrode near the 
node of the standing-wave voltage profile, because the peak 
voltage on the electrode is much higher than the voltage at 
the feeding point. However, the impedance of the electrode at 
the feeding point is so small that it is necessary to increase 
the impedance at the feeding point while keeping the feeding 
point close to the node of the standing wave. We propose the 
resonant-type modulator using a double-stub structure con-
sisting of a modulating electrode and two stubs [2]. Enhanced 
voltage can be obtained due to the resonance of the modulating 
electrode and the stubs. In our previous work [2], we designed 
the optical modulators with high modulation efficiency per 
unit length of the electrodes. The fabricated optical modulators 
were compact in size and had high modulation efficiency but 
had high halfwave voltages. And Krähenbühl and Howerton 
proposed several resonant-type modulators [3]. Because they 
also focused the modulation efficiency, the halfwave voltages of 
their modulators were high, for example, the halfwave voltage 
of the reduced-length, short-ended type was 17 V. In this letter, 
we design resonant-type optical modulators with low halfwave 
voltages. By changing the thickness of the electrodes, the phase 
velocity of the electric standing wave on the electrode can be 
optimized to obtain an optical modulator with low halfwave 
voltage. 

As shown in Figs. 1 and 2, the optical modulator consists of a 
Mach-Zehnder-type optical waveguide, a feeder, a modulating 
electrode, and two stubs. The modulating electrode has two arms 
of the same length and is an asymmetric coplanar waveguide 
(ACPW). This configuration has several merits. Conductor loss 
is low and the electric field efficiency of the optical waveguide 
is high relative to a coplanar-waveguide (CPW) structure, thus 
providing higher modulation efficiency than that afforded by 
a CPW structure. A feeder, which is a CPW, is connected at 
the center of the modulating electrode. Two stubs, which are 
also CPWs of the same length are also connected at the junc-
tion of the modulating electrode and the feeder. We call this a 
double-stub structure. The equivalent circuit model is shown in 
Fig. 3. The total impedance is given by

(1) 

when the modulating electrode and the stubs are short-ended. 
Li, γ i, and Z0i denote the lengths, the propagation constants,
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Fig. 1.    Top view of optical modulator with double-stub structure.

Fig. 2.    Cross section of optical modulator with double-stub structure.
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Fig. 3.    Equivalent circuit of double-stub structure.

Fig.  4.    Phase constant as a function of electrode thickness. The values on 
the vertical axis are normalized by the phase constant when the thickness 
of the electrode is 2 µm. When the thickness is 2 µm, the phase constant is 
735.2 rad/m. 

and the characteristic impedances of the modulating electrode 
(i = 1), and the stub (i = 2), respectively. The voltage on the 
modulating electrode is given by 

where V inej2πf(t-t0) is the input voltage at the frequency f.  
Zf is the characteristic impedance of the feeder. The induced 
phase at each optical waveguide is given by the sum of the phase 
shift due to the Pockels effect. Thus, the difference of the in-
duced phases of two optical waveguides, which consists of the 
Mach-Zehnder structure, can be expressed by 

where c is the speed of light. λ0 and n0 are the wavelength and 
the refractive index of the lightwave, respectively. s is the gap 
between the ground plane and the hot electrode of the modu-
lating electrode. L � 2L1 is the total length of the modulating 
electrodes. � is the overlap integral between the field of the 
lightwave and the field induced by the electrode. The integral 
of the voltages on the electrodes defined by (4), |Φ|, is called 
the normalized induced phase, and shows the modulation effi-
ciency per unit length of the electrode. The halfwave voltage Vπ

of an optical modulator is given by Vinπ/|φ|.

We can reduce Vπ by using long electrodes when the nor-
malized induced phase can be kept the same as in the case 
of the short electrode. However, the normalized induced phase 
strongly depends on the length of the electrode and on the phase 
constants of the electric wave and lightwave. Generally, when 
the length of the modulating electrode is long, the electric wave 
at the modulating electrode is not in phase with the lightwave in 
the optical waveguide. Because we needed to match the phase 
constant of the electric wave with that of the lightwave, the

thickness of the electrodes was changed to optimize the phase 
constants of the electric waves. We needed to accurately calcu-
late the phase constants of the electric waves at the modulating 
electrodes. We considered the shape of the designed electrodes 
rectangles but the shape of the fabricated electrodes is not rect-
angular when the electrodes are thick. Deformation of the elec-
trodes makes a difference between calculated phase constants 
and measured ones. We have confirmed that this influence is 
large when the thickness is larger than 20 µm, because we cal-
culated the structures whose electrodes are smaller than 20 µm. 
The phase constants were calculated by using the finite element 
method, HP HFSS ver.5.4, as shown in Fig. 4. The following pa-
rameters were used for numeric calculations: tSiO2

= 0.55 µm, 
εSiO2

=4.0, εLiNbO3[x] = 43.0, εLiNbO3[z] = 28.0, and 
�Au = 4.3�l07 (Ωm)-1. εLiNbO3[x] and εLiNbO3[z] de-
note permittivities of LiNbO3 in x and z directions, respec-
tively, tSiO2

and εSiO22
are the thickness and the permittivity 

of the buffer layer (SiO2). �Au is the conductivity of the elec-
trodes (Au). For each thickness of the electrodes, we calcu-
lated the minimum Vπ at 10 GHz by optimizing the length of 
the electrodes, when the modulating electrodes are open-ended 
or short-ended. The results are shown in Table I. The param-
eter to obtain the minimum Vπ is that the modulating electrode 
and the stubs are short-ended, the thickness is 20µm, 2L1 = 
29.624 mm (L1 = 1.41λm), and L2 = 1.370 mm (L2 = 
0.12λs), where λm and λs are the wavelength on the modu-
lating electrode and the stubs, respectively. 

We measured the optical response of the fabricated modulator 
using an optical network analyzer for the 1.55-µm region. As a 
result, the maximum of the optical response, where the Vπ is 
the minimum, is obtained at 10.6 GHz. Fig. 5 shows the experi-
mental result of the halfwave voltage calculated from the optical 
response and the Vπ measured at 10.6 GHz. The measured Vπ is 
5.8 V at 10.6 GHz, though the calculated Vπ is 7.3 V at 10 GHz. 

III. DESIGN AND EXPERIMENTAL RESULTS

(2) 

(3) 

(4) 
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Fig.  5.   Measured halfwave voltage Vπ as a function of radio-frequency. The 
minimum halfwave voltage of the fabricated modulator is 5.8 V at 10.6 GHz.

TABLE I 
THE MINIMUM HALFWAVE VOLTAGES Vπ AT 10 GHZ ARE CALCULATED BY EQUIVALENT CIRCUlT MODEL. L1 AND L2 ARE THE LENGTH OF THE MODULATING 
ELECTRODE AND THE STUB, RESPECTIVELY. EACH CHARACTERISTIC PARAMETER OF THE ELECTRODES is CALCULATED BY THE FINITE-ELEMENT METHOD

The frequency at which the minimum Vπ Was obtained in the ex-
periment was in agreement with the calculated one. The value

of Vπ in the experiment is slightly different from the calculated 
one because the overlap integral and the propagation constants 
in the calculation are different from the values of the fabricated 
structures.

We have investigated a resonant-type optical modulator with 
low halfwave voltage. Long electrodes and phase matching are 
required to reduce the halfwave voltage. We have optimized the 
phase constants by changing the thickness of the electrodes. The 
minimum halfwave voltage of the fabricated modulator with a 
20-µm-thick electrode is 5.8 V at 10.6 GHz, when the length of 
the modulating electrode is 29.624 mm.

IV. CONCLUSION 
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