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We demonstrate a low-cost hybrid integrated and compact 100 GBaud four-lane coarse wavelength division mul-
tiplexing (CWDM) receiver optical sub-assembly (ROSA) based on an arrayed waveguide grating de-multiplexer
in the O band. To achieve the horizontal light coupling between the planar light-wave circuit (PLC) based
arrayed waveguide grating de-multiplexer and photodetector array, a 42° polished facet is applied for total
reflection. A flexible printed circuit with high-frequency coplanar waveguides is used for a power supply of
trans-impedance amplifier and signal transmission. The fabricated CWDM ROSA module, whose size is
18 mm x 22 mm x 6 mm, shows a 3 dB bandwidth of 21.2, 18.4, 19.6, and 19.3 GHz, respectively, in each lane.
The overall symbol error rates are at a magnitude of 107 for 25 GBaud four-level pulse amplitude modulation

(PAM-4) transmission with an average input optical power of 5 dBm.
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1. INTRODUCTION

With the rapid growth of data traffic in the internet data center
and the fifth-generation (5G) mobile front-haul network, low-
cost and high-speed receiver optical sub-assemblies (ROSAs) are
of great demand and recently essential [1-7]. Compared with
coherent detection, intensity-modulation direct detection is
more compact, power-frugal, and cost-effective for short reach
applications. Advanced modulation formats have been em-
ployed in high-speed transmission systems, such as carrier-less
amplitude and phase modulation, half-cycle quadrature ampli-
tude modulation, pulse amplitude modulation (PAM), and
discrete multi-tone [8—11]. The multi-lane method is also com-
monly utilized in ROSA because the bandwidth requirement
of opto-electronic devices can be reduced, such as in wavelength
division multiplexing (WDM) and the parallel four-lane method
[12-14]. For WDM technology, coarse WDM (CWDM),
dense WDM (DWDM), and local area network WDM
(LAN-WDM) are commonly used for multi-lane ROSA, which
are compatible with the International Telecommunication
Union Telecommunication Standardization Sector (ITU-T)
standards [15—17]. For CWDM in the O band, the center wave-
lengths are 1270 nm (lane 0), 1290 nm (lane 1), 1310 nm (lane
2), and 1330 nm (lane 3), respectively. So far, 100 GbE ROSAs

have been developed and applied based on silica planar
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light-wave circuit (PLC) hybrid integration [18]. Arrayed wave-
guide grating (AWG) wavelength de-multiplexers (De-MUX)
based on silica PLCs demonstrate the special advantage of low
insertion loss, low-cost, large fabrication tolerance, and lower
thermal sensitivity [19]. The center wavelength shift of the
AWG is only 0.011 nm per centigrade, so the center wavelength
drift caused by operating temperature will be less than 1.4 nm
when the temperature range is ~40°C to 85°C. Due to the wide
wavelength spacing of the adjacent lanes of CWDM (20 nm)
and the broad 3 dB bandwidth of each lane of the AWG, the
requirement of wavelength accuracy and the cost of distributed
feedback (DFB) laser diodes of transmitter optical sub-assembly
(TOSA) will be relaxed. Thermo-electric coolers for lasers can
also be removed, resulting in the total power consumption of
the CWDM system being greatly reduced. Besides, polarization
insensitivity of the PLC CWDM AWG will increase the respon-
sivity of the module. Otherwise, high stability and reliability of
the PLC device will increase the fabrication yield.

Vertical assemblies of a De-MUX and a photodetector
(PD) have been commonly employed, but the complexity
of design and assembly increased [12-14]. A 2x 50 Gb/s
(2 x 25 GBaud) ROSA has been fabricated using a transistor
outline (TO) package [7]. The center wavelengths of the
De-MUX are 1271 and 1311 nm. The De-MUX with a
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zig-zag scheme and attached thin-film filters and mirror plane
will separate and transmit the optical beams into the two-
channel PDs directly. The measured four-level PAM (PAM-4)
eye patterns of the ROSA are not sharp and clearly opened
enough, and the measured bit error rates (BERs) are at a mag-
nitude of 107°.

In this paper, we have demonstrated a cost-effective hybrid
integrated 100 GBaud (4 x 25 GBaud) CWDM ROSA using a
four-channel pin PD array and a silica-PLC-based AWG
De-MUX. The silica PLC with a polished inclined surface is
horizontal light coupled with the pin PD. A flexible printed cir-
cuit (FPC) board is used for high-frequency signal transmission
and coupling photocurrent monitoring. The packaged ROSA
isonly 18 mm x 22 mm x 6 mm in size. The 3 dB bandwidths
of the ROSA are 21.2, 18.4, 19.6, and 19.3 GHz, respectively,
in each lane. The high qualitative eye diagrams of the ROSA
indicate that the device can support high-speed transmission.
The ROSA exhibits low symbol error rate (SER) when operating
the SER test of four-level PAM (PAM-4).

2. ROSA CONFIGURATION

Figure 1(a) shows the structure of the CWDM ROSA. It con-
sists of a silica-PLC AWG De-MUX integrated with a single
mode fiber (SMF), a four-arrayed PD chip, a trans-impedance
amplifier (TIA), an FPC board, two aluminum nitride (AIN)
benches, and a metal heatsink pedestal. The four-arrayed PD
chip is coupled to the PLC AWG, which is attached to the top
of metalized AIN bench. The PLC of a Wooriro CWDM
De-MUX AWG chip is coupled with a pigtail fiber and an
SMEF. The input facet of the PLC is plated with anti-reflective
film to enhance the optical intensity from the SMF. The bev-
eled facet of the PLC is polished with a 42° inclined surface.
The beveled facet is then plated with Al and MgF, to enhance
the reflectivity, especially in the case where the incident angle is
smaller than the critical angle, and to protect the polished facet
simultaneously. The output light beam from the bottom of the
PLC will transmit to the photo-sensitive area of the PD. The
TIA of an Inphi IN28xxTA is connected to the PD chip of a

(a)
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Broadcom D05x-HSP1x-4 and the FPC by a gold wire bond-
ing process. Two AIN benches are adhered to the metal heat
sink, which have the different thicknesses to adjust the coupling
distance of the PD and PLC AWG. The thinner AIN bench is
surface metalized by using chemical plating nickel and gold,
which provide the common ground connecting for the TIA
and FPC. The FPC contains coplanar waveguides (CPWs) for
high-speed signal transmission, which can also provide a power
supply for the TIA. This method achieves horizontal alignment
and photoelectric conversion, resulting in low manufacturing
cost and high-speed performance for ROSA.

As shown in Fig. 1(b), the terminal of the PLC is polished at
an angle a, and the distance between the bottom of the PLC
and the PD is 4. The polished angle is 42° to reduce the Fabry—
Perot resonance between the bottom of the PLC and the photo-
surface of the PD. The beveled facet of the PLC is coated with
reflective coating. Far field distribution of the output beam
from the bottom of the PLC shows that the exit angle is
8.9°, which is simulated by using Lumerical finite-difference
time-domain (FDTD) solutions. Coupling efficiency is usually
used to evaluate the coupling property. We use dx and 5 to
represent the horizontal coupling error and the coupling
efficiency between PLC and PD, respectively.

As shown in Fig. 2(a), the coupling efficiency () is related to
the distance between the PLC and PD (4). When 4 is 10 pm,
the coupling efficiency is -0.434 dB (90.5%). When 4 is
50 pm, the coupling efficiency drops to be -0.899 dB (81.3%)
because of the mode field extension at a longer transmission
distance. We choose 4 to be 10 pm to consider the coupling
efficiency and production yield. If 4 is too short, such as 1 pm
or near 0 pm (PLC contact with PD), the polished end may be
damaged by the productive process. Figure 2(b) shows the cou-
pling efficiency as a function of horizontal coupling error dx
when the distance between the bottom of the PLC and the
PD is 10 pm for the demonstrated module configuration.
At the best coupling position, the coupling efficiency will be
-0.434 dB (90.5%). Compared with the best coupling posi-
tion, when dx is within £5 pm, the coupling efficiency will
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Fig. 1. (a) Side view and top view of the fabricated ROSA module; (b) side view of the coupling region.
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Fig. 2. Coupling efficiency (7) as a function of (a) 4 and (b) dx for

the proposed coupling configuration.

be higher than -1 dB (79.4%), and the horizontal fabrication
tolerance can be =7 pm when the coupling efficiency is higher
than -3 dB (50%).

As shown in Fig. 3, the silica-PLC AWG De-MUX chip has
four CWDM lanes. The measured channel central wavelengths
of the polished PLC (coupled and fixed with a pigtail and SMF)
are 1271 nm (lane 0), 1290.6 nm (lane 1), 1309 nm (lane 2),
and 1328.8 nm (lane 3), which are close to the wavelengths of
CWDM defined by the ITU 694.2 standard. The polished
AWG De-MUX has peak insertion losses of lower than 3 dB
(the peak insertion losses are 2.72, 2.95, 3.23, and 2.51 dB,
respectively), a high out-of-band rejection ratio of more than
35 dB, and a low crosstalk of less than -30 dB. The silica-PLC
AWG De-MUX chip has a footprint size of 9.8 mm x 3 mm
and a channel pitch of 750 pm. The refractive indexes of the
cladding material (SiO,) and the core material (SiO, - GeO,)
are 1.4475 and 1.4692, respectively. The PLC performance can
satisfy the four-lane ROSA’s requirement.
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Fig. 3. Transmission spectrum of the polished PLC AWG
De-MUX coupled with an SMF.

(a) (b)

A

Fig. 4. Photographs of the fabricated ROSA module with (a) the

outline and (b) the internal layout.

3. ROSA FABRICATION

The ROSA fabrication processes include the assembling of the
AIN benches on top of the metal heatsink, surface mounting of
the PD chip, the TIA chip, and the FPC on top of AIN, wire
bonding between the chips and the FPC, and light coupling of
the PLC and the PD chip. The AIN benches with low thermal
resistance are also used as heatsinks to conduct the heat of the
PD and TIA to the bottom Cu—W heatsink. The thermal ex-
pansion coefficient and thermal conductivity of the used AIN
are 4.6 x 10 °C™ (25-300°C) and 170-200 W/mK, respec-
tively. The TIA chip is mounted on AIN with a predetermined
distance from the PD chip, which can meet the demand of wire
bonding from the TIA chip to the ground plane of the surface
metalized AIN. The AIN, PD, and TIA are assembled by using
thermal conductive epoxy. The FPC is mounted by using
conductive silver epoxy for connecting the grounds of the
FPC and surface metalized AIN. After surface mounting and
wire bonding, the silica PLC is coupled to the PD chip by mon-
itoring the photocurrents of four channels transmitted by the
wires of the FPC. Then, the silica PLC is fixed on the AIN
bench by using ultraviolet curing adhesive. Finally, a thin metal
cover is also used to protect the ROSA from dust and moisture
penetration and external electromagnetic radiation. The fabri-
cated ROSA has the size 0of 22 mm x 18 mm x 6 mm. Figure 4
shows the photograph of the fabricated silica-PLC ROSA
module.

In order to improve the bandwidth and reduce the electro-
magnetic radiant crosstalk, some useful methods are applied in
our work. First, grounded CPW transmission wires with a bot-
tom ground plane are adopted in the FPC to achieve a great
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Fig. 5. Small-signal frequency response of S21 of the ROSA

module.
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4. EXPERIMENTAL RESULTS
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SHF 12105A E{[|. SHE DI04 The fabricated ROSA module was characterized by the band-
| . e H e width test, eye pattern test, and symbol error rate test at a room
e ~—-[ Ifg"_’ H o = Aaalyzer temperature of 25°C. The measured responsivities of the ROSA
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Fig. 6. Experimental setup of the PAM-4 eye pattern and error
analysis.

28 GBaud 30 GBaud

Fig. 7. PAM-4 eye patterns of the ROSA module at a Baud rate of
(a) 20 GBaud, (b) 25 GBaud, (c) 28 GBaud, and (d) 30 GBaud.

ground shielded effect and high-speed signal constraint.
Second, the distances of the adjacent high-speed signal wires
increase gradually, to minimize the adjacent electromagnetic
crosstalk. Besides, the CPW transmission lines with periodic
via-holes connecting the top ground wires and the bottom
ground plane are of great importance, which can introduce
an appropriate inductance to adjust the characteristic imped-
ance and reduce electric reflection and transmission loss.

tively. The pin PD array has a 3 dB bandwidth of 22 GHz and a
typical responsivity of 0.9 A/W in the O band. The total peak
insertion losses of the four lanes are -3.32, -3.52, -3.86, and
-3.32 dB, respectively, which include the insertion loss of the
PLC AWG with fiber and the deviation of optical coupling and
assembly processes. So, the degradations caused by coupling
and assembly processes are 0.60, 0.58, 0.63, and 0.81 dB,
respectively. The degradations of lanes 2 and 3 are worse than
that of lanes 0 and 1, which may be caused by the drift of ultra-
violet curing after the coupling process.

Figure 5 shows the transmission S21 parameters of four
lanes of the ROSA module, where the input optical wave-
lengths are 1270, 1290, 1310, and 1330 nm, respectively. The
small signal opto-electronic bandwidths are measured by using
a 40 GHz Anritsu MS4644A vector network analyzer (VNA), a
40 Gb/s intensity modulator, and a radio frequency (RF) probe.
The RF signal from the VNA is injected into the modulator.
The modulated optical beam is then transmitted to the ROSA
module by an SMF. The output RF signal from the FPC pads is
extracted by a probe with a ground-to-signal pitch of 600 pm,
as is shown in Fig. 4(a). The 3 dB bandwidths of the S21 trans-
mission response are 21.2, 18.4, 19.6, and 19.3 GHz (reference
frequency is 1 GHz, because most of TIAs include a DC block
that attenuates low-frequency signals), respectively, as shown in
Fig. 5. The difference of the 3 dB bandwidth may be caused by
the different insertion losses of ROSA’s channels and the differ-
ent transmission performances of the CPWs in the FPC. The
typical 3 dB bandwidths of TIA and the modulator are 25 and
30 GHz, respectively. So, the main degradation of bandwidth
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may be caused by the transmission losses of the bonding golden
wires (between PD, TIA, and FPC) and grounded CPWs.

The PAM-4 eye pattern is measured by using a Tektronix
DSA8300 digital serial analyzer. The experimental setup of the
PAM-4 eye pattern and error analysis is demonstrated in Fig. 6.
An SHF 12105A bit pattern generator and an SHF 614A dig-
ital to analog converter are used to generate a PAM-4 signal.
Then, eye patterns with different PAM-4 Baud rates are mea-
sured. Figure 7 shows the PAM-4 eye diagrams of different
Baud rates of the ROSA module. Clearly opening eyes with
minor time jitters are obtained when the average optical
power is 3 dBm. Those eye patterns show fewer inter-symbol
interference and noise.

Then, the PAM-4 SER is measured by using an SHF
11104A error analyzer. Figure 8 shows the symbol error ratio
of PAM-4 transmission. The electric signal from each lane of
the ROSA module is amplified by an SHF S807C amplifier.
The amplifier with emphasis on linearity is specifically designed
for muld-level signals, so that it can meet the demand of
enough high signal amplitude for the SER test, especially for
the closer eye levels of PAM-4. SER may be more appropriate
for the PAM-4 testing using an SHF 11104A error analyzer.
The error analyzer will scan the outline of the PAM-4 eyes
and adjust the decision points, including the three threshold
values and the uniform time delay of three PAM-4 eyes
(defined in Fig. 7). Then, the error analyzer will analyze the
SER of each eye one by one directly, and then obtain the overall
SER. The overall SER refers to the average SER of the erring
eyes, without the error-free eyes.

When the module is operated at a Baud rate of 15 GBaud, the
PAM-4 overall SERs are at a magnitude of 107'? with an input
optical power of 0 dBm. Foreyes 2, 1, and 0 (as shown in Fig. 7),
the SERs forlane O are 1.6 x 10713, 0 x 10713 (error-free, marked
at 1 x 1071%), and 8.3 x 10713, respectively. According to the fit-
ted lines, the input optical powers at an overall SER of 10712 will
be -0.2, -0.5, -0.35, and -0.6 dBm. For 25 GBaud transmis-
sion, the PAM-4 overall SERs are at a magnitude of 1077 when
the average input optical power is 5 dBm, as shown in Fig. 8.
With the increasing of Baud rates, the SERs are also deteriorat-
ing. Compared with other eyes of the PAM-4 eye pattern, eye 1
has the lowest SER, which is caused by the best sharpness and
separation of this eye.

5. CONCLUSION

In summary, we have demonstrated a low-cost hybrid inte-
grated and compact 100 GBaud four-lane CWDM ROSA
based on an AWG De-MUX in the O band. The silica
PLC AWG De-MUX and PD array are horizontally coupled
by the polished facet. An FPC is used to connect the TIA
and external circuit, which is optimized for high-speed trans-
mission performance. The fabricated ROSA module has
clearly opening eyes with minor time jitters at a Baud rate of
25 GBaud for each lane. The overall SERs are at a magnitude
of 1077 for 25 GBaud PAM-4 transmission with an average
input optical power of 5 dBm. This hybrid integration is a
low fabrication cost, compact, and low insertion loss method
to manufacture the four-lane CWDM ROSA for a 200 or
400 GbE optical transceiver in a high-speed optical network.

APPENDIX A: GLOSSARY

WDM  wavelength division multiplexing
ROSA  receiver optical sub-assembly
PLC  planar light-wave circuit
AWG  arrayed waveguide grating
PD  photodetector
DFB  distributed feedback
TOSA  transmitter optical subassembly
FPC  flexible printed circuit
PAM-4  four-level pulse amplitude modulation
De-MUX  de-multiplexer
TIA  trans-impedance amplifier
AIN  aluminum nitride
SMF single mode fiber
CPW  coplanar waveguide
RF  radio frequency
VNA  vector network analyzer
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