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ABSTRACT

We studied a LiNbO3 light modulator with a resonant type electrode operating at 60GHz band. In modulating

1.55um wavelength light in on-off keying, the 3dB modulation band width was about 1GHz around 57.4GHz and

the product between driving voltage and modulation length was 3.3 Vπcm.From this result, it will be possible

to increase the modulation efficiency by improving the design of electrodes.

1. Introduction
The explosive boom of cellular phones and other means

of mobile communications demands exploration of fre-

quency resources for radio communications, especially in

the millimeter band. However, high frequency transmis-

sion in the millimeter and other bands cannot cover long

distances due to the large transmission losses, whether

wired or radio. Studies have been made, as a result, to

develop new technologies that combine broad-band opti-

cal fibers of low transmission losses for long distance trans-

mission with radio communication.1)~4) Light modulated by

radio signals travels through the optical fiber and is de-

modulated to electric signals at the other end. Here, the

optical fiber is considered a transmission line of low-loss

and broad-band radio communication. This will realize a

new communication system that combines the

distributability and mobility of radio communication and

the broad-band capabilities and broad-band transferabil-

ity of optical fiber communication. Such a system may be

applied not only to cellular and other outdoor communica-

tions but to radio LAN for computers and other indoor

communications as well.

This type of optoelectronic communication presents a

need for transmitters, receivers, receiving optics, light modu-

lators that are capable of high frequency modulation that

are also compact in design and driven by low electric power.

This paper concerns a light modulator for converting

electric signals from radio signals to optical signals. Vari-

ous types of light modulators have been proposed. Some

of them are based on direct modulation of LD while other

external modulators are based on electric field absorption

effect or electro-optic effect. Among them, the LiNbO
3
 (LN)

light modulator based on electro-optic effect has been in

use as a key element in long-distance digital communica-

tion because of low chirping in a broad-band application.

This modulator requires a broad frequency band from the

DC components, and contains a progressive wave elec-

trode to meet this requirement. The modulating efficiency

of this electrode configuration decreases at higher frequen-

cies due to the speed matching between electricity and

light, etc. For this reason, a high driving voltage is re-

quired to use the modulator in millimeter wave or higher

frequencies.

On the other hand, optoelectronic communication needs

a frequency response of only several GHz from the carrier

frequency. This calls for a modulator that operates at a

low driving voltage rather than the frequency bandwidth.

Modulators with resonant electrodes have been proposed

in this regard.5), 6) We have been doing basic studies on

resonant type modulators with the carrier frequencies of

30GHz and 60GHz. Reported below is the result of

prototyping and evaluation of such modulators in the 60GHz



14     TECHNICAL REPORT 2000  Papers

c) The amount of optical phase change due to electric

signals must be large.

These three requirements are explained in more detail

below starting with requirements a) and b).

The feeder line consists of coplanar lines with 50Ω im-

pedance for matching with transmitters and

The resonant line of  a finite length is connected to the

feeder line in such a way the signal is reflected at line

ends to produce amplitude higher than the input voltage

amplitude, so that a high modulation efficiency can be

band.

The study being reported below is a joint study by Op-

toelectronics Research Group, New Technology Research

Laboratory of Sumitomo Osaka Cement Co., Ltd., and Com-

munications Research Laboratory, Ministry of Posts and

Telecommunications.

2. Operating Principle
The modulator consists of an optical waveguide of the

Mach-Zehnder design and a modulating electrode. Light

reaching the modulator is intensity-modulated by the elec-

trode before it is emitted. Fig. 1 (a) shows the element

configuration of the modulator.

The electrode consists of a feeding line, a resonant line,

and an impedance matching element. The resonant line

consists of an open-ended line of an finite length, and the

line length is a key design element because of the three

requirements mentioned below.

a) Resonance must occur at the desired frequency in the

resonant line.

b) Impedances must match between the resonant line and

the feeder line to ensure efficient application of input

signals to the resonant line.

Fig. 1(a)   Resonant modulator model

Fig. 1(b)   Cross section A-A

Fig. 1(c)   Cross section B-B

Fig. 2   Equivalent circuit model

achieved.Fig. 2 shows an approximate TEM equivalent

circuit model.

Assume impedances of the feeder line and the resonant

line to be Zf and Zr, respectively, and the propagation

constant of the resonant line to be γ (= α+jβ). Then, the

standard admittance (Y
e
) of the resonant line standardized

to the feeder line may be expressed as following:

Since the propagation constant γ is determined by the

frequency and the line design, it may be considered a con-

stant. Now, a capacity element is inserted between the

feeder line and the resonant line while considering imped-

ance matching between them. Assuming the standardized

susceptance of the capacity element to be b
c
, the standard-

ized admittance (Y
N
) as seen from the feeder line can be

expressed as following:

b
c
 will take a positive value since the capacity element is

inserted in parallel to the resonant line. Therefore, the elec-

trode length L is selected in such a way g
e
 = 1 and b

c
 is a

negative value so that impedances will match between the

feeder line and the resonant line.

Requirement c), the amount of optical phase change due

to electric signals, is explained next.

Ye= 2 tan γL=g e+j be • • • (1)
Zf

Zγ

YN=Ye+j bc

=ge+j(be+bc) • • • (2)
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Assuming the waveguide extends in the direction of

axis-z and that the feed point is represented by z=0 and,

further, that a modulation signal E
0
cos(ω(t-t

o
)) is entered

to the feed point, the electric field standing wave on the

line may be expressed as following:

where, T represents a voltage transmission coefficient at

the feed point. Assuming the refractive index of the

waveguide to be n
o
, the electric field felt by light being

guided can be expressed as following:

Further, the difference in the amount of phase change

between the waveguides, θ can be expressed as following:

where, λ represents the light wavelength, Γ
21
 is the cou-

pling coefficient of the electric field and light, r
3
 is an electro-

optic constant of LN, V
o
 is the voltage amplitude of the

modulation signal, and Ψ (ω) is the modulation factor.

While the electrode length L is limited by two other

requirements a) and b), it can take one of several values.

The amount of phase change θ increases when  the elec-

trode length L is increased, but the change  is only mini-

mal due to the speed matching between the electric signal

and light, etc. Consequently, the electrode length L is de-

termined based on the amount of phase change based on

design needs.

3. Evaluation Method
The modulator fabricated in the course of this study

was evaluated at the driving voltage (half-wave voltage

Bπ). The method of calculating Bπ is explained below. Fig.

3 shows a schematic drawing of the light waveguides.

The incident light E
in
, branched at branch-Y, is sub-

jected to phase changes Φ1 and Φ2, respectively, when

they travel through the waveguides and merged before

being emitted as E
out

, which can be expressed as the sum

of Bessel functions as following:

Assuming P
main

 represents the light intensity of the inci-

dent light component (the term ejωt in the above expres-

sion) and P
side

 represents the light intensity of the modula-

tion signal component, they may be expressed as follow-

ing:

Fig. 3   Schematic drawing of the waveguides

Since these light intensities can be measured using an

optical spectrum analyzer, P
side

/P
main

 can be determined

from the measured light intensities and then applied to the

above expressions to determine phase changes Φ1 and

Φ2. Finally, the voltage, where the amount of phase change

∆φ (=|Φ2 -Φ1|) equals to π from the relationship between

∆φ and the applied voltage V
0
 in the expression (4) above,

is estimated to be half-wave voltage Vπ.

4. Production Parameters
Light waveguides are created by thermal diffusion of Ti

on the Z-cut LN substrate, on which SiO
2
 is laminated as a

0.55µm buffer layer. An electrode, 1µm thick, is formed

over the buffer layer.

A capacity element for impedance matching is provided

by forming a film dielectric (SiO
2
) over the electrode and

an electrode is constructed over the film to form a batch

type capacitance.

The prototype was tested for operation at the central

frequency of 60GHz. For the test purpose, the electrode

length of 1.2mm was chosen based on the parameters in

Table 1 and in such a way the requirements in Section 2

were met.

E ( z,t )=Re{E0T e jω (t-t 0 )} • • • (3)
cosh[γ  (L  – z ) ]

cosh(γL)

E (z, no+ t )
z
c

∆φ(t) = n3
0 r 33Γ 21 ∫ L

– LE (z, n0+t )dzπ
λ

z
c

= n3
0 r 33Γ 21 • 2L j (ω)cos(ωt +θ) • • • (4)π

λ
V0

s

Eout= [J0(Φ1) ejB1+J 0(Φ 2)e jB2 ] ejωtA
2

+ [J1 (Φ 1) ejB1+J 1(Φ 2)e jB2] ej (Ω +ω) tA
2

+ • • • • • • (5)

Pmain = •  J0(Φ 1)+J 0(Φ2)e j ( B2 –B1) 2 • • • (6)
A 2

4

Pside = •  J1(Φ 1 )+J1(Φ2)e j ( B2 –B1) 2 • • • (7)
A 2

4

Table 1   Design parameters

Frequency (GHz)

Dielectric loss (cm-1)

Conductor loss (cm-1)

Microwave effective 
index of refraction

60

0.138

0.216

3.37
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Fig. 7   Frequency dependence of the modulation factor

5. Methods and Results of Measure-

ment
Fig. 4 shows the measurement setup in which the modu-

lation signal is measured in one of the two methods: The

modulation signal is received by a photo diode (PD) and

the actual waveform (time waveform) is measured with a

digital oscilloscope; or measured with an optical spectrum

analyzer.

Fig. 5 shows the observation of the actual waveform

measured with the optical output connected to the PD. A

modulation signal at 57.4GHz was identified.

Fig. 4   Measurement setup

Fig. 5   Observed waveform of modulated light signal

The measurement results were analyzed by the meth-

ods explained in Section 3 above. The half-wave voltage

was estimated to be approximately 14V, and the product

of the half-wave voltage and the electrode length Vπ.2L to

be 3.3V.cm.

Fig. 7 shows the measured and theoretical values of fre-

quency dependence of the modulation factor Ψ(ω). This

suggests the 3dB modulation band to be around 1GHz.

The designed central frequency of 60GHz turned out to

be 57.4GHz, likely due to the deviations of the designed

electrode loss and effective index of refraction of the elec-

tric signal.

Fig. 6   Optical spectrum of modulated light

Fig. 6 shows the results of observation by an optical

spectrum analyzer. Fig. 6(a) shows the result without the

modulation signal. The LD wavelength characteristics are

observed. Fig. 6(b) shows the result with the modulation

signal applied to the modulator. The modulation signal

frequency is 57.4GHz. Sidebands can be seen next to the

LD wavelength, indicating that the modulation was suc-

cessful.
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6. Conclusions
A 60GHz band resonant modulator was designed and

prototyped with the electrode length of L=1.2mm. It yielded

a half-wave voltage of Vπ=14V, and a modulation index of

Vπ.2L=3.3V.cm at the central frequency of 57.4GHz. In

comparison with a progressive wave type modulator with

the electrode length of about 40mm, the Vπ was nearly the

same but the Vπ.2L showed some improvement because

of the shorter electrode length. This suggests that the pro-

totype represents a modulator of high efficiency. Contin-

ued efforts will be made to reduce the Vπ value by means

of optimizing the electrode design such as a modified elec-

trode structure, using tiered electrodes, etc. In addition to

the 60GHz band application, similar studies are planned

for the 30GHz band for which a high demand is expected.
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