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Packaging technologies for a broadband and
narrowband modulator with a traveing wave dectro-
absorption modulator (TWEAM) device were developed.
In deveoping a broadband modulator, the effects of the
device and packaging designs on the broadband
performance were investigated. The optimized designs
wer e obtained through a smulation with theresult that we
developed a broadband modulator with a 3 dB bandwidth
of 38 GHz in the dectrical-to-optical (E/O) response, an
dectrical return loss of lessthan -10 dB at up to 26 GHz,
an rmsjitter of 1.832 ps, and an extinction ratio of 5.38 dB
in a 40 Gbps non-return to zero (NRZ) eye diagram. For
analog application, the effect of the RF termination
scheme on the fractional bandwidth was studied. The
microgrip line with a double stub as a matching circuit
and alaser trimming process were used to obtain an Sy of
-34.58 dB at 40 GHz and 2.9 GHz bandwidth of lessthan
-15dB.
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I. Introduction

External optical modulators are versatile in digital and analog
applications [1]. They have optically-broadband characteristics
so that widening the optical transmission band for wavelength
division multiplexing is easily achievable in the digital area.
The requirements of modulators for digital applications are a
wide modulation bandwidth, high extinction ratio, low optical
insertion loss, low electrical return loss, and low driving
voltage. Also, their low transmission loss and compatibility
with RF systems makes them useful in an RF transmission
system. For analog application, the modulators should have
such properties as a high link gain at the operating frequency,
bandwidth, linearity, and low link noise figure [2].

We developed a traveling wave electro-absorption modulator
(TWEAM) for digital and analog applications. A TWEAM is
very attractive for many applications, especially at high
frequency because it overcomes the bandwidth limitation of the
lumped electroabsorption modulator [3]. To make real the
high-speed properties of the TWEAM in a packaged module
level, an optimized packaging design was developed. It is the
packaging design that determines the application area of a
packaged module because there is no difference in the device
chip either for digital or analog applications.

In this study, the packaging technologies of the TWEAM
modules for digital and analog applications were investigated.
The packaging design for the digital modulator was focused on
the broadband characteristics because the electrode structure of
the device was a grounded coplanar waveguide (GCPW) which
was vulnerable to the parallel plate mode. This mode plays the
role of a resonance source [4]-{6]. The resonance suppression
method was analyzed with High Frequency Structure Simulator
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(HFSS) simulation and validated with the experimental
measurements. From these processes, a broadband modulator
without resonance was developed. For the analog modulator, to
achieve a wide fractional bandwidth, the effect of the RF
termination scheme was studied. The microstrip line with a
double stub design was adopted as an impedance matching
circuit at 40 GHz, and the laser trimming process was applied for
the minimum return loss at 40 GHz. With an electrical-to-optical
(E/O) response measurement, this approach was proven to be
effective in obtaining an increase in the frequency response.

II. TWEAM Device and Its Characterization

The frequency response of a TWEAM is related to the
structural parameters such as the epi and electrode structure.
Since the epi structure directly affects the high-frequency
response and extinction ratio [7], the epi-layer was carefully
designed through the finite difference time domain simulation.
A 0.5 um thick n'-layer grown on a semi-insulating InP substrate
was designed for slow wave mode operation. A 0.3 um intrinsic
layer contained the strain-compensated multiple quantum
well structure which consisted of thirteen pairs of wells (10 nm,
—0.38 % tensile strained) and barriers (7 nm, 0.5 % compressive
strained). The photo-luminescence peak was at 1.5 um.

To study the effect of electrodes on the response, we
prepared three types of devices with 100, 200, and 300 pm
long active waveguides for comparison. At each side of the
active waveguide was a 250 pm long passive waveguide butt-
jointed. For the high-frequency operation, we employed the
coplanar waveguide (CPW) electrode and formed it by
evaporation. The details of the device fabrication process were
presented in [8]. Figure 1 shows the schematic diagram of a
TWEAM device.

INnGaAsP/InGaAsP MQW

Fig. 1. Schematic diagram of TWEAM device.

For comparison, we prepared three kinds of CPW
electrodes which differed in the width of the signal electrode
and in the gap between the signal and ground electrodes. We
observed the return loss and the insertion loss from the 100
pum long devices as presented in Fig. 2. It was found that the
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S,1 of the devices became small with the narrow electrode
width. For a given width, the device exhibited a larger return
loss with the wider gap. Since a narrow electrode width and a
wide gap means high characteristic impedance in the CPW
structure, these results agreed well with the fact that the
characteristic impedance of an InP TWEAM was lower than
50 Q [9]. On the other hand, the S,; was observed to be less
than —2.5 dB in the range of frequency of up to 65 GHz for all
the electrode structures. Figure 3 shows the characteristic
impedance calculated from the measured S parameters of the
fabricated devices with the electrode structure of a 6 um width
and 3 um gap as a function of frequency. The characteristic
impedance was about 30 Q regardless of the length of the
active waveguide.
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Fig. 2. Measured S parameters of fabricated TWEAM devices
with various traveling wave electrode structures.
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Fig. 3. Characteristic impedance of the devices with 100 pm-and
200 um-long electrodes.
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III. Packaging Design for the Broadband Module and
the Performance of the Packaged Module

TWEAM modules were packaged in a butterfly-type
housing with a V-connector, as shown in Fig. 4. It consists of
the device, submounts, fibers, a thermoelectric cooler, a
thermistor, and a V-connector. For a broadband modulator, a 50 Q
thin film termination resistor was used to obtain a large
electrical return loss over a wide frequency range. The design
of a feeding submount between the device and V-connector
was a tapered CPW transmission line with a 50 Q
characteristic impedance. The wide section of the tapered CPW
was connected to the V-connector and its narrow section was
bonded by the ribbon interconnection. The narrow section is
preferred in the high frequency performance because of the
weak leakage coupling and radiation [5]. Vias were designed in
the feeding submount to connect top grounds to the back
metallization of the submount in order to suppress unwanted
parallel plate modes and stabilize the coplanar quasi-TEM
mode. The exact dimension and position of the vias were
determined using HFSS simulation to achieve a good electrical
return loss and insertion loss over the wide range of frequency.
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Fig. 4. (a) Structure and (b) picture of TWEAM module.
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The feeding submount, the device, and the termination
submount were interconnected with 2 mil.-wide gold ribbons.
For the optical coupling of the device with the fibers, tapered
optical fibers were actively aligned at each facet of the device.
The typical insertion loss between fiber and fiber was around
12 dB.

Since the CPW structure was designed on the device, it
actually formed a GCPW structure with the bottom ground of
the device. The GCPW structure was reported to tend to have a
parallel plate mode which can cause resonances. Usually, most
coupling to parallel plate mode occurs at the input/output feeds
and at the interconnections [4]-[6].

The packaged module was simulated using HFSS to check
the resonance associated with the packaged structure. The
device was modeled as a simple GCPW with a dielectric
constant because the device properties were considered to have
little effect on the resonance phenomena. Figure 5 shows the
simulated return loss as a function of frequency. Sharp
resonances occurred near 22 and 39 GHz. From the field
distribution at the resonance frequencies, it was concluded that
the resonances near 22 and 39 GHz were caused by the parallel
plate mode and the cavity formed by the ceramic submount,
respectively. The parallel plate mode can be suppressed by
several methods: adding via holes to connect the top grounds
of the CPW to the backside ground, using an additional
absorbing  substrate, introducing patterned backside
metallization, and using integrated resistors to damp resonance
[4]-[6]. Among them, we adopted the method using an
additional absorbing substrate because the other methods could
not be realized easily in this modulator module. The cavity
resonance can be controlled with the cavity dimension and
dielectric constant of the substrate material in the cavity.

Silicon was chosen as the absorbing substrate and the proper
resistivity of silicon was determined using HFSS simulation.
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Fig. 5. Simulated return loss of the module with GCPW device.
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Fig. 6. Simulated return loss of the modified module.

The proper thickness of the device was also obtained with the
simulation because the silicon can increase the electrical insertion
loss. For the application of the silicon block, the bottom ground
on the device chip was removed and non-conductive epoxy was
used to mount the silicon block between the device and ground.
Figure 6 shows the simulation results of the modified packaged
module. The resonance near 22 GHz disappeared. The
resonance near 40 GHz was still observed but its magnitude was
decreased below 10 dB because of the silicon. Its effect on the
performance of the module was not considered severe because
the resonance frequency was beyond the bandwidth required to
meet a 40 Gbps NRZ data transmission.

Two types of packaged modules were prepared to verify the
simulation results: a type I with the device having a GCPW
structure, and type II with a silicon block between the device
and the bottom ground. The electrical return loss and E/O
frequency response were measured with an Anritsu 37397C
vector network analyzer and a photodetector with the known
frequency response. The electrical return losses of module
types I and II with a 100 um-long device as a function of
frequency are shown in Fig. 7. The resonances at 24 GHz and
39 GHz were observed in the module type I as expected in the
simulation. The amplitude of S;; was below —10 dB at up to 28
GHz. The module type II exhibited no resonance near 24 GHz
which agreed well with the simulation result. The resonance
near 39 GHz was also hidden because of the small magnitude
of the resonance peak as expected in the simulation. The
amplitude of S;; was below -10 dB at up to 26 GHz. Figure 8
shows the measured small signal E/O responses of module
types I and II at the wavelength of 1550 nm with a —1.5 V bias
voltage. The resonances at 24 and 39 GHz were also observed
in the module type 1. Similar to the measured S;; results, the
E/O response of the module type II did not show the resonance
peak. The frequency roll-off in the E/O response was observed
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Fig. 7. Measured return loss of the module types I and I1.
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Fig. 8. Measured E/O response of the module types I and II.

at a low frequency below 4 GHz in modules I and II, which is
currently under investigation. Excluding the low frequency
roll-off, the small signal 3 dB bandwidth of module types I and
I was about 38 GHz.

The 40 Gbps NRZ eye patterns at 1550 nm of both modules
were measured. Figures 9 and 10 show the measured 40 Gbps
eye patterns of modules I and II, respectively. The input optical
power to the modules with a bias voltage of —1.5 V was 10
dBm. The eye opening of module type I was not clear, which
was considered to be related with the optical coupling loss
between the device and fibers and the package resonance. It
was reported that the package resonance affected the eye
opening [9]. The eye diagram of module type II showed a clear
eye pattern which was achieved through enhancing the optical
coupling between the device and fibers and eliminating the
resonance. The rms jitter was 1.832 ps, and the extinction ratio
was 5.38 dB.
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Fig. 9. Measured 40 Gbps NRZ eye patterns of the module type 1.
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Fig. 10. Measured 40 Gbps NRZ eye patterns of the module type II.

IV. Packaging Design for the Narrowband Module
and the Performance of the Packaged Module

The design of the feeding submount for a narrowband
module was the microstrip transmission line with a 50 Q
characteristic impedance. Its design contained the transition
between the microstrip line and the CPW because of the device
structure. The microstrip had a double stub as a matching
circuit to achieve the maximum electrical return loss at 40 GHz.
In designing the shunt stub, the stub was balanced along the
series transmission line to minimize transition interaction
between the shunt stub and the series transmission line [10].
The S parameters of the device were measured to give the
estimated input impedance value at 40 GHz so that HFSS
simulation was utilized to design the pattern on the feeding
submount.

For the RF termination of the module, any value of
termination could be used as long as the reflection at the RF
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input port is sufficiently suppressed with the matching circuit.
However, there is one design factor known as the quality factor
determining the fractional bandwidth of the module. J. Lim et
al. [11] reported that to obtain a wide fractional bandwidth, 30
Q termination was preferred, which was the characteristic
impedance of the TWEAM device.

To evaluate the effect of the termination, the input
impedances of submodules with open and 30 Q termination
were simulated using the following process. Here, open
termination was adopted for a small return loss over a wide
frequency range except at 40 GHz. The simulation model
contained the termination, interconnections, and part of the
feeding submount. Then, the simulation results were combined
with the measured S parameters of a device to give the input
impedance of the submodule. Figure 11 shows the simulated
input impedances of the submodules with open and 30 Q
termination at 40 GHz, respectively. From the simulation
results, it can be concluded that 30 Q termination is more
appropriate to achieve the module with wider fractional
bandwidth because the quality factor of the submodule with 30
Q is smaller than that of the submodule with open termination.
With HFSS simulation, the matching circuits for the
submodules with open and 30 Q termination were designed,
and the return losses of the whole modules with open and 30 Q
termination were simulated, respectively, as shown in Fig. 12.
The bandwidth of S;; of less than —15 dB of the module with
30 Q termination is more than twice as wide as that of the
module with open termination.

Fig. 11. Simulated input impedance of the submodules with open
and 30 Q termination at 40 GHz.
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Fig. 12. Simulated return loss of the modules with open and 30 Q
termination.

To verify the simulation results, two types of modules were
prepared: one with open termination and the other with 30 Q
termination. The return losses of the modules were measured
with an Anritsu 37397C vector network analyzer. Figure 13
shows the measured return losses of the modules. The
bandwidth of S;; of less than —15 dB of the module with 30 Q
termination is about 2 GHz, which is twice as large as that of
the module with open termination. From the results, we
conclude that the simulated results agree well with the
measured results and a 30 Q termination scheme is one of the
effective ways to increase the bandwidth. However, 30 Q
termination leads to the increase of the return loss at a low
frequency range, so that in the system level, it can require an
additional filter to cut off low frequency noise.

The proper impedance matching of a modulator at 40 GHz
was performed with the laser trimming process. The laser was
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Fig. 13. Measured return loss of the modules with open and 30
termination.
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a Ti:Sapphire laser and was applied to the open stubs. Figure
14 shows the electrical return loss of a narrow band modulator
before and after the trimming process. The S;; at 40 GHz after
the trimming was enhanced from —10.92 to —34.58 dB. The
bandwidth of S;; of less than —15 dB was 2.9 GHz. The
bandwidth was increased due to the peak at 41.25 GHz, which
was caused by A4 of the resonance. Figure 15 shows the E/O
response of the same narrow band modulator with various bias
voltages. The response shows the characteristics of the narrow
band modulator as expected from the measured electrical
return loss.
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Fig. 14. Electrical return loss of a narrowband modulator before
and after trimming process.
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Fig. 15. E/O response of a narrowband modulator.

V. Conclusion

Packaging technologies for a broadband and a narrowband
modulator with a TWEAM device were developed. A
broadband modulator exhibited a 3 dB bandwidth of 38 GHz
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in the E/O response, an electrical return loss of less than -10 dB
at up to 26 GHz, and an rms jitter of 1.832 ps and extinction
ratio of 5.38 dB in a 40 Gbps NRZ eye diagram. For analog
application, 30 Q termination was proper to obtain a wide
fractional bandwidth compared with open termination. The
microstrip line with a double stub as a matching circuit and the
laser trimming process were used to obtain an S;; of —34.58 dB
at 40 GHz and a 2.9 GHz bandwidth of less than —15 dB. The
measured E/O response shows an increased frequency
response of over 40 GHz.
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