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We developed an electroabsorption modulator module for analog 60-GHz radio-over- ber (RoF)
applications. The temperature-dependent characteristics of an electroabsorption modulator were
demonstrated and analyzed from 15  C to 45  C. The insertion loss increased from 13.1 dB
to 17.2 dB and the extinction ratio from 0 V to 5 V also increased from 14.5 dB to 26.2 dB
with temperature at 0-dBm input power. The optimum operation voltages with the highest
modulation eciencies at di erent temperatures were investigated using a 60-GHz RoF link.
The gain of the RoF link decreased by as much as 7 dB from 25  C to 45  C at a bias voltage
1:5 V; the gain of the RoF link had a maximum value at 25  C. For the RoF link, a steady
gain could be obtained by adjusting the bias voltage to an optimum value for the given temperature.
PACS numbers: 42.79.Hp, 42.60.Lh, 85.60.Bt
Keywords: Temperature-dependent, 60-GHz, Electroabsorption modulator, Radio-over- ber link

I. INTRODUCTION

There seems to be no limit to the increases in speed
and capacity in information communications. Trends in
increasing transmission speeds herald the coming of an
era in which wired communications using optical bers
and wireless communications will connect seamlessly at
similarly increasing bit rates. As one of the millimeter
wave bands for wireless transmission, the 60-GHz band
is of much interest because it is the band in which a massive amount of spectral space has been allocated worldwide for dense wireless local communications [1]. High
natural atmospheric loss in the band makes the systems
operate well in pico-cell zones. The 60-GHz radio-overber (RoF) link would be a good candidate for future
ultra-wide-bandwidth wireless access systems [2,3].
Electroabsorption modulators (EAMs) based on the
quantum-con ned Stark e ect in multiple-quantum wells
(MQWs) have advantages for high-speed, low-drivevoltage and high-extinction-ratio applications. They are
compact in size and can be monolithically integrated
with source lasers [4, 5]. To achieve both high-speed
and low-drive-voltage operation, travelling-wave electrode structures have been attracting research interest [6,
7]. EAM modules have been functionalized in a systemon-package (SoP) design with hybrid integrated electri E-mail:
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cal components, such as band-pass lters and low-noise
ampli ers [8{10]. These SoP modules made of a 60-GHz
RoF wireless link can transmit large CATV data successfully [11, 12]. Also, electroabsorption duplexers for
dual functions of both E/O and O/E conversions have
been reported [13,14]. The high analog performance of
an electroabsorption lumped-element modulator monolithically integrated with a semiconductor ampli er over
a broad temperature and wavelength range has also been
reported [15].
High-speed operation over a wide temperature range
would make EAMs more useful. Modulation characteristics are very sensitive to changes in temperature. If
the temperature of the modulators is not controlled, the
band-gap energy shifts when the temperature changes
and the wavelength spacing between modulated incident light and the fundamental absorption edge is not
maintained. The extinction ratio then changes under
a constant signal voltage [16]. Wide-temperature-range
operation of a 1550 nm, 40-Gbit/s InGaAlAs multiplequantum-well electro absorption optical modulators was
demonstrated [17]. The temperature-dependent e ects
in a segmented travelling-wave EAM have been demonstrated and analyzed. Optimum operation voltages with
the highest modulation eciencies at di erent temperatures have been identi ed [18]. An approach to predict
the dc bias needed for high performance over a large
temperature range by using the quantum con ned Stark
e ect in the modulators to exactly compensate for the
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Fig. 1. Optical transmission against reverse bias for di erent temperatures at 0-dBm for wavelength of 1550 nm.

Fig. 2. Insertion loss and extinction ratio at a bias voltage
of 5 V for di erent temperatures.

band-gap variation with temperature has also been presented [19]. However, the temperature-dependent characteristics of an EAM were not carefully investigated in
these research e orts at frequencies as high as 60-GHz.
In this paper, we present an EAM module for 60GHz RoF applications. We characterize an EAM module
at di erent temperatures. Optimum operation voltages
with the highest modulation eciencies at di erent temperatures are also discussed for a 60-GHz RoF link.

wavelength. As the temperature was increased from 15
 C to 45  C, the insertion loss increased from 13.1 dB
to 17.2 dB and the extinction ratio from 0 V to 5 V
also increased from 14.5 dB to 26.2 dB, as summarized
in Figure 2.
RoF links employ optical carriers that are intensity
modulated by the microwave signals and are transmitted or distributed to optical receivers via optical bers.
Since the optical loss for bers is very low, the distance
for photonic transmission and distribution of microwaves
can be very long. When the modulation of an optical carrier is detected at a receiver, the RF signal is regenerated.
The gain of the RoF link is de ned as the ratio of `the
RF power at the photodetector output' to `the available
RF power at the input and delivered to the modulation
device.' The gain of the RoF link is known to be proportional to T  dT =dV , where T is the transmission of
the optical power and V is the bias voltage. As a result,
T  dT =dV is used as a
gure of merit to search for the
optimum operation voltage at a xed temperature [23].
The steepest slope (dT =dV ) of the transmission gave the
highest modulation eciency and practical applications
require the EAMs to have a high light transmission (T ).
From Figure 2, we nd there is a trade-o between the
modulation eciency and the light transmission when
the temperature is changed. Therefore, an optimum operating temperature exists, at which the EAM module
can reach not only high modulation eciency but also
high light transmission. Figure 3 shows the calculated
optimum bias voltage for a RoF link with a high gain
from the transfer function and the normalized gure of
merit against reverse bias at di erent temperatures. The
optimum bias voltage for the high-gain RoF link was expected to decrease as the temperatures was increased.
The EAM module was expected to have an optimum
temperature for a high-gain RoF link.
An RF output power of 60-GHz through the RoF link
was directly measured to investigate the temperature ef-

II. DESIGN AND FABRICATION OF
MODULES

We fabricated an EAM module. The module consisted of an EAM device, an RF-feeding submount for
impedance matching, a termination, a thermo-electric
cooler and a thermistor. The EAM modules used in this
experiment had a multiple-quantum-well structure. The
details of the EAM fabrication process and the characteristics can be found in Refs. 20 and 21. The ber-to- ber
insertion loss and the extinction ratio of the EAM module at a wavelength of 1550 nm, at room temperature
and for di erent optical powers were investigated [22].

III. EXPERIMENTS AND RESULTS

Figure 1 showed the measured optical transmission
against reverse bias voltage, which is called the extinction curve, at di erent temperatures with 0-dBm input
optical power at a 1550-nm wavelength. As expected, at
higher temperatures, the residual optical absorption due
to the interband absorption was larger and the extinction curve shifted to lower voltages due to the reduced
detuning between the modulator and the laser source
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Fig. 3. Optimum bias voltage and gure of merit for a
radio-over ber link, as calculated from the extinction curve.

Fig. 5. 60-GHz RF output power against reverse bias voltage for di erent temperatures.

Fig. 4. Experimental setup for measuring the 60-GHz RF
output power of the RoF link for di erent temperatures.

Fig. 6. Optimum bias and 60-GHz RF output power under
optimum bias versus temperature.

fects of an EAM module because the RF output power
represents the gain of the RoF link at a xed RF input
power. Figure 4 shows the experimental setup for the RF
power at 60-GHz for di erent temperatures. In the EAM
module, an RF input power of 10 dBm at 60-GHz from
a sweep signal generator modulated the 0-dBm 1550-nm
continuous-wave light from the laser source. The temperature of the EAM module was controlled by using a
temperature controller with a thermistor and a thermoelectric cooler integrated in the EAM module. The modulated signal was carried by optical ber through the
optical ampli er and the optical attenuator to regulate
the input optical power to a photodetector at constant
0-dBm. Finally, the modulated signal was converted to
a 60-GHz RF signal by the photodetector and the converted 60-GHz RF signal was ampli ed by using a lownoise ampli er to enhance the amplitude of the signal.
The 60-GHz RF signal was measured with an RF spectrum analyzer.

The optimum operation voltages with the highest
modulation eciencies at di erent temperatures were investigated with a 60-GHz RoF link. Figure 5 shows the
60-GHz RF output power against reverse bias voltage
for di erent temperatures. The bias voltage of the maximum RF output power decreased with increasing temperature, as expected in Figure 3. The bias voltage of
the maximum RF output power shifted from 1:8 V to
0:6 V with temperature. The gain of the RoF link,
which corresponds to the RF output power at xed RF
input power, decreased by as much as 7 dB from 25  C to
45  C at a bias voltage 1:5 V and the gain of RoF link
had its maximum value at 25  C. The optimum bias and
the RF output power under optimum bias against temperature are plotted in Figure 6. The behaviors of the
optimum bias voltage with temperature had similar decreasing trends but the values of the optimum bias voltage were di erent from those which were expected from
Figure 3. The experimental results showed the gain of
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the RoF link was steady with temperature at optimum
bias voltage while the gure of merit was predicted to
have a higher RoF link gain at a higher temperature.
In conclusion, a RoF link with a steady gain can be obtained by adjusting the bias voltage to an optimum value
for a given temperature. The bias voltage of the EAM
module should be controlled or the temperature of module should be constant to maintain a RoF link with a
stable gain.

IV. CONCLUSIONS

We developed an EAM module for analog 60-GHz RoF
applications. The EAM module consisted of an EAM device, an RF-feeding submount for impedance matching,
a termination, a thermo-electric cooler and a thermistor.
The temperature-dependent characteristics of the EAM
module were demonstrated and analyzed from 15  C to
45  C. The insertion loss increased from 13.1 dB to 17.2
dB and the extinction ratio from 0 V to 5 V increased
from 14.5 dB to 26.2 dB with increasing temperature
at 0-dBm input power. At higher temperatures, the extinction curve shifted to lower voltages. The optimum
operation voltages with the highest modulation eciencies at di erent temperatures were estimated from the
gure of merit in the transfer function and were investigated with a 60-GHz RoF link. The bias voltage of
the maximum RF output power shifted from 1:8 V to
0:6 V with increasing temperatures. The gain of the
RoF link, which is equivalent to the RF output power
at xed RF input power, decreased by as much as 7 dB
from 25  C to 45  C at a bias voltage of 1:5 V and the
RoF link had its maximum gain at 25  C. A RoF link
with a steady gain could be obtained by adjusting the
bias voltage to an optimum value for the given temperature. The bias voltage of the EAM module should be
controlled according to temperatures or the temperature
of module at a xed bias voltage should be constant to
maintain a RoF link with a stable gain.
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