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Abstract— We developed a flexible printed circuit (FPC) RF
interface InP-based high-bandwidth coherent driver modulator
(CDM) for 128-Gbaud class operations. To increase the band-
width of the CDM, an FPC RF interface was introduced to
the CDM package, which significantly improved the roll-off
frequency by about 40 GHz compared with a conventional pack-
age with a surface-mount-type RF interface. The FPC package
has a 3-dB bandwidth of about 75 GHz and roll-off frequency
above 110 GHz. These are the best characteristics among the
CDM packages reported so far. By integrating a modulator
with an electro-optic (EO) 3-dB bandwidth of >67 GHz and
a driver IC with an electrical 3-dB bandwidth of >75 GHz
in this package, the CDM had an EO 3-dB bandwidth of
>72 GHz. This EO 3-dB bandwidth is sufficient for 128 Gbaud-
class operations. Furthermore, we performed 128-Gbaud dual
polarization 16QAM modulations and confirmed good back-to-
back bit-error-rate characteristics.

Index Terms— Electro-optic modulation, indium compounds,
digital coherent, quadrature amplitude modulation, SiGe
BiCMOS technology, flexible printed circuit.

I. INTRODUCTION

IGH baud-rates and high multi-level modulation formats

are important for increasing the capacity of optical
communication systems using digital coherent technology [1],
[2]. In particular, a high-bandwidth coherent driver modulator
(HB-CDM) [3] is a key component for the optical transmitters
of metro and long-haul applications to achieve high speeds
and flexible modulation formats. The HB-CDM integrates
a driver IC and an optical modulator chip next to each
other in one package to reduce RF losses for increasing
bandwidth. The CDMs reported to date have a 3-dB band-
width of over 65 GHz [4], and research and development on
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higher-bandwidth CDM for over 128-Gbaud-class operations
is progressing.

Regarding optical 1Q modulator chips that are assembled
in the HB-CDM, InP-based IQ modulators have been used
for their superior material properties that enable them to
achieve high speeds and low driving voltages with a small
footprint [4], [S]. An InP IQ modulator with 3-dB electro-
optic (EO) bandwidth of 80 GHz and half-wave voltage (V)
of 1.5 V has been reported [6]. There are Si modulators and
LiNbO3 (LN) modulators using other materials. The 3-dB
EO bandwidth of Si photonics modulators is limited to up
to about 50 GHz and the V, exceeds 8 V [7], which are not
sufficient for high-speed operations. Two types of high-speed
thin-film LN (TFLN) modulators have been proposed: one is
fabricated on a quartz substrate and the other is fabricated
on a Si substrate. A TFLN modulator fabricated on a quartz
shows excellent performance with a 3-dB EO bandwidth of
over 100 GHz and a V,; of 1 V [8]. However, this modulator
is too large to be applied to a small form factor such as a
HB-CDM. TFLN modulators fabricated on Si have stronger
optical confinement, resulting in a smaller chip size with
both a 3-dB bandwidth of over 67 GHz and a V, of around
2.5V [9], [10]. Moreover, a HB-CDM using TFLN modulators
on Si has been reported [11]. However, these modulators
have a single-ended configuration [12], which is inferior to
differential drive modulators in terms of cooperative design
and efficient connection with driver ICs [13].

The RF packages reported so far for HB-CDMs have
surface-mount-type (SMT) RF interfaces. This is because the
SMT configuration is preferred for ease of handling such as
in solder mounting. However, the SMT packages have lead
pins, and a large impedance mismatch occurs in the connection
area between the lead pins and the package ceramics. This
limits the roll-off frequency of the SMT package to around
70 GHz [14].

In this letter, we report an InP-based HB-CDM with flexible
printed circuit (FPC) RF interface. S-parameter measurements
confirmed the FPC package to have a roll-off frequency of
over 110 GHz. We used an n-i-p-n heterostructure based twin-
IQ modulator, which has low-loss characteristics in both RF
and optical aspects. The modulator has a differential capaci-
tively loaded traveling-wave electrode (CL-TWE) structure to
achieve efficient connection with a 4-channel linear differential
SiGe BiCMOS driver IC with an open-collector output. The
HB-CDM has a 3-dB EO bandwidth of over 72 GHz and
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Fig. 1. Schematic diagram of the package structure with (a) SMT and (b) FPC
RF interface.
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Fig. 2. (a) Sdd21 and (b) Sdd11 simulation results of the SMT and FPC

package.

had a bit error rate (BER) of 2.2 x 1073 in an experiment on
back-to-back 128-Gbaud dual-polarization (DP) 16 quadrature
amplitude modulation (QAM).

II. PACKAGE CONFIGURATION

Figure 1 (a) and (b) are simplified schematic diagrams
showing the difference in RF interface structure between the
SMT package and the FPC package for the HB-CDM. The
lead pins and FPC are soldered to the PCB. The SMT package
requires RF signal vias to draw RF signals from the lead pins
into the package. The smaller the RF via diameter, the higher
the roll-off frequency. However, manufacturing restrictions on
the RF via diameter limit the RF characteristics. Furthermore,
the RF bandwidth is also limited by impedance mismatches in
two areas: high impedance due to gaps near the printed circuit
board (PCB) contact area caused by the bent structure of the
lead pins and low impedance at the connection between the
ceramic package and the lead pins.

Figure 2 shows the S-parameter simulation results com-
paring Sdd21 and Sddl1 of the SMT and FPC packages
including the soldering connection area. The FPC package
simulation model had a channel pitch of 2.4 mm, the signal-
to-signal pad pitch of 0.45 mm, the PCB length (from the
FPC connection) of 2.5 mm, and the FPC length of 15 mm.
The same channel pitch and PCB length were used for the
SMT model, and the two different signal-to-signal lead pitches
(0.8 mm and 0.65 mm) were simulated. The Sdd21 results
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Fig. 3. S-parameter measurement results of the SMT and FPC package.
confirmed the roll-off frequency is improved by reducing the
lead pitch from 0.8 mm to 0.65 mm. Even then, the roll-off
frequency is still limited to around 80 GHz. In addition, there
are manufacturing issues such as the fact that reducing the
pitch between the lead pins degrades the mechanical strength
of the lead pins. On the other hand, the FPC package does not
require RF vias and does not have a large impedance mismatch
at each connection surface. Therefore, the Sdd11 of the FPC
package is lower than the SMT package. This means that the
FPC has better impedance matching. If the lead pins are not
bent to a minimum, an air gap is created between the lead
pins and the PCB, resulting in a large impedance mismatch.
In contrast, FPCs are stable RF transmission lines, so that
the impedance mismatch is sufficiently small even if they are
bent with a small bending radius. Therefore, unlike lead pins,
FPCs can be bent flexibly, eliminating the need for PADs for
RF connections on the ceramic surface near the PCB as well
as the need for the RF vias. Thus, the FPC package is superior
in terms of RF characteristics.

Figure 3 shows the results of S-parameter measurement on
the SMT (blue) and FPC package (red). The SMT package
has a ground-signal-signal-ground (GSSG) lead configura-
tion with a lead pitch of 0.8 mm and the lead pins were
soldered to the PCB for the RF measurement. The results
for the SMT package include the PCB length of 2.5 mm
from the lead tip [14]. The SMT package has a roll-off
frequency around 65 GHz. The S-parameter measurements of
the FPC package confirmed that it has a roll-off frequency
of over 110 GHz; this is more than 40 GHz higher than that
of the measured SMT packages. The FPC has a double-sided
FPC structure with a 50 gm-thick polyimide-based core and
12.5 um-thick polyimide-based coverlay films on both sides.
Both the length and width of the FPC are approximately
10 mm. The results do not include the PCB characteristics
because the measurements were carried out by directly probing
to the FPC. There is a ripple around 100 GHz, but it can
be reduced by using smaller-diameter ground vias. This FPC
package has a roll-off frequency of over 110 GHz and the
potential to support 200-Gbaud class operations.

III. HIGH-BANDWIDTH CDM DESIGN

Figure 4 shows the fabricated HB-CDM with the FPC RF
interface. The package size is 12 x 30 x 5.3 mm>and the
DC interface is based on the SMT configuration. The FPC
is made of polyimide and has a length of 10 mm or less.
A differential InP-based twin 1Q modulator chip based on an
n-i-p-n heterostructure [6] and a 4-channel SiGe BiCMOS
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Fig. 5. EO response of the modulator chip standardized at 1 GHz.

differential linear driver IC are assembled together in the
package. The modulator chip is mounted on a thermoelectric
cooler to maintain a constant operating temperature.

Now, let us describe the structure of the modulator in
detail. A spot size converter (SSC) is integrated at the optical
input and output ports of the modulator chip. A thermo-optic
(TO) heater is used as a phase controller for both child and
parent Mach-Zehnder interferometers (MZI). By employing
the heater, only the RF area has to have an n-i-p-n structure;
the top n-layer can be removed from the other area. This helps
to reduce the optical propagation loss. Moreover, the n-i-p-n
structure has a thinner p-doped cladding layer and it leads
to lower optical and RF propagation loss in the RF region
compared with the conventional p-i-n structure. As a result, the
on-chip optical loss (excluding the coupling loss) at maximum
transmission for each polarization was less than 6.0 dB over
the C-band, which is an excellent characteristic. Regarding the
RF design of the modulator, a differential CL-TWE structure is
used and on-chip RF termination resistors are integrated at the
output of the RF electrodes. The characteristic impedance was
designed to be 60 €, which was determined by co-designing
with the driver IC. The EO 3-dB bandwidth of the modulator
chip is more than 67 GHz (Fig. 5), and V, is below 2 V.

Regarding the driver IC, an open-collector configuration
is used to achieve both high bandwidth and low power
consumption [15]. The differential output amplitude is more
than 2 Vppa with 60-Q differential output load resistance,
and the power dissipation is less than 3 W. The measured
results for Sdd21 of the driver IC are shown in the Fig. 6.
These results were re-calculated with the input and output port
impedance set to differential 100 Q and 60 Q, respectively.
Moreover, an inductance of 100 pH was added to the input
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Experimental setup for back-to-back IQ modulations.

and output ports of the driver, assuming a connecting wire
between the package and the driver and between the driver
and the modulator. As shown in the graph, the electrical 3-dB
bandwidth is over 75 GHz under conditions that take into
account the assembly.

IV. EXPERIMENTAL RESULTS

Figure 7 shows the measured small-signal EO response
at 1550 nm for the fabricated CDM soldered to a PCB
(Fig. 8). This result includes RF losses on the PCB 2.5 mm
from the edge of the FPC and PCB connection area. Trans-
mission line and RF connector losses on the PCB were
de-embedded by using a test coupon. The 3-dB EO bandwidth
was over 72 GHz. Moreover, the amount of peaking was about
12 dB at 60 GHz relative to 1 GHz. The peaking amount may
seem too large for the CDM alone; however, it is designed
to compensate for the electrical losses of other components
when the CDM is connected to a digital signal processor.
In this assembly, the inductance of the wires between the
driver and the modulator, which affects the RF characteristics,
is estimated to be about 100 pH. The bandwidth and roll-off
frequency of the CDM is mainly determined by the RF
characteristics of the driver IC. Therefore, the improvement in
Sdd21 of the driver IC is the most important factor for further
bandwidth expansion. Regarding the other important charac-
teristics of the CDM, the insertion loss (IL) per polarization
at the maximum transmission is 8.7 dB for X polarization
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Fig. 9. Constellation diagrams of 128-Gbaud DP-16QAM at best OSNR.

and 8.6 for Y polarization at 1550 nm. The extinction ratio
(ER) of child and parent MZIs at 1550 nm are >29 dB and
>40 dB, respectively. The optical loss is the lowest among the
CDMs reported so far, and the extinction ratio is sufficient for
higher-order modulation formats.

The experimental setup for back-to-back IQ modulations
is shown in Fig. 8. An external cavity laser (ECL) with
a <100 kHz linewidth was used; the output power was
416 dBm and the wavelength was 1550 nm. The RF signal
source was a 256 GS/s arbitrary waveform generator (AWG)
with a DAC having a 3-dB analog bandwidth of up to 70 GHz,
and an optical modulation analyzer (OMA) with a 3-dB analog
bandwidth of > 100 GHz was used for signal characterization.
The RF signals w ere input by connecting the AWG and the
PCB via an RF cable, in total about 25-cm long. An erbium-
doped fiber amplifier (EDFA) and a variable optical attenuator
(VOA) were used to adjust the optical signal power to a
constant value. An amplified spontaneous emission (ASE)
noise source and a 5.5-nm band-pass filter (BPF) were used
to control the received OSNR. The optical output spectrum
through a 3-nm BPF was measured by an optical spectrum
analyzer (OSA) for the OSNR measurements.

Figure 9 shows the constellations and the BER perfor-
mance of back-to-back 128-Gbaud DP-16QAM operations at
an OSNR of around 42 dB (best OSNR). The OSNR was
measured in a 0.1-nm reference noise bandwidth. The RF
signals from the AWG were pulse-shaped using a root-raised-
cosine (RRC) filter, and the roll-off factor and PRBS were
0.1 and 25!, respectively. The modulator bias was set to
obtain a V, of 2.0 V, and the differential gain of the driver
at 1 GHz was adjusted to about 12 dB so that modulation depth
would be 30%. The modulation loss calculated from the optical
output power was about 15 dB in the settings. We confirmed
a very clear constellation of 128-Gbaud DP-16QAM with
BERs of 2.41 x 1073 for X-polarization and 1.96 x 1073 for
Y-polarization at best OSNR. In addition, we have confirmed
that the OSNR giving the BERs of 2.0 x 1072 (the pre-FEC
BER threshold) is about 26 dB. These results confirm that the
bandwidth and other characteristics of the CDM are sufficient
for 128-Gbaud-class operations.

V. CONCLUSION

We developed an InP-based high-bandwidth coherent driver
modulator with an FPC RF interface. By changing the RF
interface of the package from the SMT to FPC configuration,
the roll-off frequency was increased to above 110 GHz.
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In addition, by integrating a modulator with a 3-dB EO
bandwidth greater than 67 GHz and a driver IC with a
3-dB electrical bandwidth greater than 80 GHz in the FPC
package, a CDM with a 3-dB EO bandwidth of more than
72 GHz was achieved. Sufficient RF and optical character-
istics resulted in good BER characteristics for 128-Gbaud
DP-16QAM operations. The HB-CDM will be employed in
pluggable transceivers and for beyond 800-Gb/s per lambda
optical transmission systems.
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