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We present a cost-effective dual polarization quadrature 
phase-shift coherent receiver module using a silica planar 
lightwave circuit (PLC) hybrid assembly. Two 
polarization beam splitters and two 90 optical hybrids are 
monolithically integrated in one silica PLC chip with   
an index contrast of 2%-Δ. Two four-channel spot-size 
converter integrated waveguide-photodetector (PD) 
arrays are bonded on PD carriers for transverse-electric/ 
transverse-magnetic polarization, and butt-coupled to a 
polished facet of the PLC using a simple chip-to-chip 
bonding method. Instead of a ceramic sub-mount, a low-
cost printed circuit board is applied in the module. A 
stepped CuW block is used to dissipate the heat generated 
from trans-impedance amplifiers and to vertically align 
RF transmission lines. The fabricated coherent receiver 
shows a 3-dB bandwidth of 26 GHz and a common mode 
rejection ratio of 16 dB at 22 GHz for a local oscillator 
optical input. A bit error rate of 8.3 × 10–11 is achieved at a 
112-Gbps back-to-back transmission with off-line digital 
signal processing. 
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I. Introduction 

An integrated intradyne coherent receiver (ICR) has been the 
key device in operating coherent optical systems with a speed 
of more than 100 G in a long-haul communication, and 
furthermore, is certain to spread into metro networks owing to 
the technology improvement of optical and electrical devices. 
Devices used in metro networks are more sensitive to power 
consumption, cost, and size than those in long-haul networks 
because of their large numbers of nodes. Therefore, many 
research groups have focused on integration technology to 
solve these issues [1]–[4]. 

An ICR is composed of various optical components such as 
balanced photodiodes (BPDs), optical hybrids (OHs), and 
polarization beam splitters (PBSs) to deal with a dual 
polarization quadrature phase-shift (DP-QPSK), and 
furthermore, dual-polarization 16 quadrature amplitude 
modulation for a bit rate beyond 100 G. The components have 
been recommended to be integrated into a compact package 
through monolithic or heterogeneous integration. OHs and 
PBSs can be provided utilizing technologies based on free 
space optics, silicon photonics, and a silica planar lightwave 
circuit (PLC), among others [5], [6].  

Generally, free space optic-based technology increases the 
packaging cost because a number of optical components 
should be aligned mutually and precisely. On the other hand, 
the waveguide technologies can integrate OH and PBS in a 
single chip with a limited number of optical alignments. The 
biggest advantage of silicon photonic technology is a 
monolithic integration of SiGe photodetectors (PDs) and 
waveguides with an ultra-high index contrast. This makes the 
size of a Si waveguide chip very small with a high integration 
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level [7]. However, the insertion loss of a chip is inversely 
proportional to its size, and monolithic integration requires a 
complex fabrication process, thereby increasing the chip cost.  

Meanwhile, a silica-based PLC can be easily integrated with 
BPDs using various methods [8]–[15]. The index contrast of 
the silica waveguides can be varied from a conventional 
0.75%-Δ to high 5%-Δ [11]. From a commercial point of 
view, the separation of PLC and PD chips may maximize the 
production yield and minimize the cost of wafer fabrication by 
optimizing the characteristics of each chip instead of a 
monolithic integration. Silica PLC technology has been 
considered to be the most reliable when fabricating purely 
passive devices. It is also suitable to mass production using   
6-inch to 8-inch wafers with a simple fabrication process. Thus, 
PLC technology based on silica makes it possible to provide a 
low-cost optical module with robust operation followed by a 
heterogeneous assembly technology. 

A compact dual polarization optical hybrid was recently 
realized by integrating PBSs and OHs in a single silica-PLC 
chip, and fabricated completely passively without any 
adjustments; in addition, its performance has been shown to be 
sufficient for the coherent detection of 111 Gb/s DP-QPSK 
signals [12]. A compact polarization-multiplexed DQPSK 
demodulator was achieved and demonstrated by integrating a 
PBS and two DQPSK demodulators, which consist of a delay 
interferometer and an OH using silica PLC [13].  

Most of the reported heterogeneous integration structures 
adopt a 90-deflection coupling structure between the PDs and 
PLC chips. The light propagation direction of a surface-
coupled PD and PLC facet are perpendicular to each other, and 
thus a 45 mirror [8], lens [14], or 90 bend PD holding blocks 
[15] are additionally needed to overcome this issue, which 
increases the module packaging complexity and cost. However, 
a butt-coupled structure is robust and simple, requiring few 
additional optical components, and can be easily achieved 
using a waveguide PD, which provides the same light 
propagation direction with the PLC facet. 

In this paper, we report a cost-effective coherent receiver 
module using a silica PLC heterogeneous assembly, which 
uses a 2%-Δ silica waveguide, waveguide photodetectors  
(WG-PDs), a printed circuit board (PCB), and a CuW block. 
Our cost-effective structure is realized using a simple chip-to-
chip butt coupling method with a WG-PD. A low-cost PCB is 
additionally used with a CuW block to lower the packaging 
cost, which replaces conventional ceramic-based circuits.  

II. Optical Components 

The key components used to realize a DP-QPSK ICR are 
BPDs, OHs, and PBSs. Two PBSs for polarization division 

 

Fig. 1. Schematic diagram of a silica-PLC for DP-QPSK 
demodulation. 
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/multiplexing and two OHs for QPSK demodulation are 
integrated into a single silica-PLC chip, which is purely passive 
in that additional electrical or thermal control functions are not 
required. 

Figure 1 shows a schematic diagram of a silica-PLC chip 
with PBSs and OHs for demodulation of the receiving DP-
QPSK signals. The OH is based on a Mach-Zehnder 
interferometer configuration, consisting of a 90o phase shifter,  
2 × 2 directional couplers, two input waveguides for the signal 
and local oscillator ports, and four output waveguides for the 
differential in-phase (I) and quadrature (Q) channels. The phase 
shifter is composed of four bending waveguides with the same 
structure, and was designed to have a phase difference of 90o 
between the propagating lights into the bent waveguide and 
adjacent straight waveguide. In both the I-channel and Q-
channel, the directional coupler provides differential signals 
with a phase difference of 180o. A refractive index contrast was 
determined to be 2%-Δ, meeting the packaging size of an OIF 
IA [16]. The total size of the PLC chip is 14 mm × 14.5 mm, 
but can be reduced to 10 mm × 7.5 mm. An optimized spot-
size converter is applied to the input of the PLC waveguide  
to reduce the fiber coupling loss. The input and output 
waveguides were separated by a distance of 250 m, which 
corresponds to the channel pitch of the trans-impedance 
amplifiers (TIAs) and PDs. The structures of the OHs and PBS 
are similar to those in [17] and [18], whereas the birefringent 
waveguide and directional couplers are modified to be suitable 
for a higher index contrast.  

We previously reported a low-cost and highly efficient   
40-Gb/s WG-PD with a selective wet-etch processed spot-size 
converter SSC and 40-Gb/s front-end optical receivers using 
SSC-integrated WG-PDs [19]–[22]. In this work, the InP-
based 4-channel WG-PD arrays depicted in Fig. 2 were 
fabricated for use as BPDs, where an SSC is monolithically 
integrated to improve the coupling efficiency between the WG-
PD and PLC. It is important to improve the coupling efficiency 
between the output waveguides of the PLC and the input 
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Fig. 2. Four-channel SSC-integrated WG-PD array: (a) schematic
diagram, (b) fabricated chip, and (c) alignment tolerance.
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waveguides of the SSC-WG-PD array because it significantly 
influences the overall module responsivity. Thus, it is essential 
to use an SSC-integrated WG-PD for low loss and a compact 
size. Coupling loss between the SSC-integrated WG-PD and 
2%- PLC waveguide was measured. The SSC-WG-PDs 
show responsivities of 0.7 A/W, 1-dB alignment tolerances of 
up to 3.8 m and 2.6 m for the horizontal and vertical 
directions, respectively, and a polarization dependent loss of 
less than 0.3 dB. As a result, it was confirmed that a simple 

chip-to-chip butt-coupling method can be applied with low loss.  

III. Hybrid Integration 

A cross-sectional view of our coherent receiver is shown in 
Fig. 3. For cost-effective packaging, a simple chip-to-chip butt-
coupling method was applied and a PCB with a CuW block 
was used.  

First, the simple chip-to-chip butt-coupling method with low 
coupling loss was achieved using an SSC integrated at the 
input of the WG-PDs and PLC. It decreases the optical 
package complexity compared to the structure using 90 
deflection coupling. Quartz PD carriers are used to support a 
170-m thick WG-PD chip. Metal patterns are also formed for 
DC wiring of the PD arrays. A PD array is die-bonded on the 
PD carrier, and the PD carrier is chip-to-chip bonded to the 
PLC using a UV epoxy with ultra-low shrinkage after optimal 
active alignment. Quartz is used for the PD carrier, which has a 
low thermal expansion coefficient and is very transparent to 
UV light to cure the bonding epoxy. Therefore, stable bonding 
can be secured between the PLC chip and PD carrier, which 
leads to simple and robust bonding.  

Second, a cost-effective PCB is used for RF electrical wiring 
instead of conventional expensive ceramic-based circuit boards. 
However, a CuW block is used together with a PCB for the 
following functions: (1) heat dissipation generated from the 
TIA, (2) supply case ground to the PCB DC and RF grounds, 
and (3) height alignment of the RF components including the 
TIA, WG-PD array, and internal PCB for low electrical 
reflation (S22). The CuW block has several different heights to 
align the WG-PD array, the TIA, and the internal PCB. The 
vertical position of the PLC chip is important because the WG-
PD array on the PD carrier is attached to the PLC. The 
structure is mechanically stable because a large-sized PLC chip 
is bonded onto the surface of the CuW block. The PCB and 
TIAs are die-bonded to a stepped CuW block connected to the 
case ground. Figure 4(a) shows a photograph of a fabricated 
 

 

Fig. 3. Cross-sectional schematic near WG-PDs and TIA. 
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Fig. 4. Photographs of (a) fabricated ICR module on an
evaluation board and (b) integrated region of the PLC,
WG-PD, TIA, and PCB. 
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module. 

The internal PCB is cut precisely to align the RF facet of the 
TIA and PCB. The position where the TIA should be placed is 
clipped out from the internal PCB. A TIA is inserted into the 
PCB instead of placing it onto the PCB. Pedestals protruding 
from the CuW block support the TIA directly. The CuW block 
is accurately manufactured to have a few tens of m tolerance 
to align the heights of the RF transmission line. Therefore, a 
short wire connection is possible within a length of about   
300 m between the TIA and PCB. Figure 4(b) shows the 
arrangement near a vertically well-aligned TIA.  

The internal PCB is composed of four layers. The top layer 
is the RF transmission layer designed as a grounded coplanar 
waveguide electrode with a differential impedance of 100 Ω. 
Four differential pairs of transmission lines are adjusted to have 
the same length and a low electrical reflection. DC lines are 
routed easily using the underneath layers and via holes of the 
internal PCB. The second and bottom layers of the PCB are 
ground layers connected to the main ground pin of the module. 
The bottom layer of the PCB is also bonded to the CuW block 
ground with silver epoxy. 

The ground return paths of the four-channel WG-PD arrays 
cannot be formed in a symmetric and uniform manner in a 
one-dimensional plane. Four-channel Au wires between the PD 

cathodes and bypass capacitors should be connected with 
different lengths and directions. A GND spacer block over the 
WG-PD, as depicted in Fig. 4(b), is used to overcome this issue. 
The bypass capacitors for the GND return paths are 
symmetrically placed on a spacer block, which is arranged in a 
three-dimensional position. As shown in Fig. 4(b), the GND 
spacer block is attached over the four-channel WG-PD arrays, 
and four capacitors are placed on the block using silver paste 
for the symmetry of the RF GND return paths. The bottom 
facet of the single-layer bypass capacitor is attached to the 
GND spacer block, which is also connected to the ground 
plane through the patterns on the PD carrier. Multiple wedge 
bonding is applied to connect the RF components for low 
electrical reflections and a stable GND.  

IV. Measurement and Characteristics 

The impedance mismatch at the interconnection is one of the 
reasons for the degraded RF characteristics. It leads to a large 
electrical reflection and poor O/E response showing a narrow 
3-dB bandwidth. Therefore, the evaluation board was 
optimized to minimize the impedance mismatch and RF 
resonance. A clamping contact structure was applied to easily 
test the fabricated ICR, as shown in Fig. 2(a).  

Differential impedances of the internal PCB in the module 
and evaluation board were measured using a time domain 
reflectometer within a tolerance range of 5%. Each board has a 
reflection of less than –10 dB up to a frequency of 35 GHz. 
The typical single-ended reflection (S22) and O/E response of 
the fabricated ICR on the evaluation board were measured, as 
shown in Figs. 5(a) and 5(b), respectively. They include the 
characteristics of the internal PCB, ceramic feed-through of the 
metal case, evaluation board, GPPO connector, and RF cable. 
The reflections of the eight ports resemble each other, and it is 
difficult to distinguish the difference. An overall reflection of  
–8 dB at a frequency of less than 22 GHz is achieved, which is 
sufficiently low for a 112-Gbps operation.  

The O/E responses were measured using a vector network 
analyzer, as shown in Fig. 5(b). A 3-dB bandwidth of about  
26 GHz was obtained with only small fluctuations for four 
output channels. The common mode rejection ratio (CMRR) 
was calculated as CMRR (dB) = 20 log | I1 + I2 | – 20 log | I1 – I2 |. 
A CMRR of 16 dB was obtained at a frequency of below   
25 GHz for the local oscillator input. 

Back-to-back transmissions of 100 Gbps (25 Gbaud),     
112 Gbps (28 Gbaud), and 128 Gbps (32 Gbaud) were 
demonstrated for a DP-QPSK signal with the measurement 
setup shown in Fig. 6. The signal was modulated using a 
pseudorandom binary sequence of 27– 1. The signal otical 
power and local oscillation power were set at –5 and 
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Fig. 5. (a) Single-ended reflection (S22) and (b) O/E response
(S21) of ICR-module on the evaluation board. 
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Fig. 6. Schematic of the measurement setup. 
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13 dBm, respectively.  

The estimated bit error ratios (BERs), which were calculated 
after digital signal processing at 100 Gbps, 112 Gbps, and  
128 Gbps, were 5.21 × 10–15, 8.3 × 10–11, and 1.99 × 10–6, 
respectively. Figure 7 shows constellation diagrams for the 
three bit rates. The quality of the diagram is significantly 

 

Fig. 7. Measured constellation diagram of the schematic in Fig. 6.
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degraded as the bit rate increases. The constellation diagrams 
for the X and Y polarizations are very similar and cannot be 
distinguished, and thus only one polarization is shown in Fig. 7. 
Despite this, the worst-case BER estimation of 1.99 × 10–6 can 
be considered error-free after forward error correction (FEC). 
From these results, we demonstrated 100 Gbps, 112 Gbps,  
and 128 Gbps DP-QPSK transmission characteristics 
experimentally using a cost-effective silica-based 
heterogeneous integrated ICR. 

V. Conclusion 

We demonstrated a DP-QPSK coherent receiver using two 
four-channel WG-PD arrays and a silica-based PLC, which 
includes a PBS and an optical hybrid. A cost-effective optical 
packaging is realized using a simple chip-to-chip butt-coupling 
method, and an electrical packaging is achieved using low-cost 
subsidiaries such as an internal PCB and CuW blocks. The 
reflection of the fabricated module mounted on the evaluation 
board was below –8 dB at a frequency of less than 22 GHz. 
The 3-dB bandwidth was measured to be about 26 GHz.   
The 100-Gbps, 112-Gbps, and 128-Gbps back-to-back 
transmissions were successful for the DP-QPSK signal, and the 
BERs were estimated to be 5.21 × 10–15, 8.3 × 10–11, and 1.99 × 
10–6, respectively, which are sufficient for error-free operation 
after FEC. From these results, we concluded that our DP-
QPSK coherent receiver is capable of operating at a data rate of 
up to 128 Gbps, and can be used as a low-cost receiver for  
100-G coherent detection. 
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