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We propose a novel, tiny optical receiver engine utilizing an all-in-one package based on embedded 
optics technology. The package’s best transmission S21 and reflection S22 opto-electric (OE) band-
widths are 49.8 GHz and 34.9 GHz, respectively, and the reflectance of the optical engine is below 
−31.7 dB for all channels. The engine satisfies the MIL-STD-883G standard for reliability tests, such as 
mechanical and thermal shock, and vibration resistance. The sensitivity after 10 km single-mode fiber 
(SMF) transmission is below −8 dBm. The optical receiver engine is cost-competitive and applicable for 
400G coarse wavelength division multiplexing 4 (CWDM4) 10 km optical transceivers.
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I. INTRODUCTION

The demand for higher bandwidths and lower propaga-
tion delays in optical communication is steadily increasing 
due to smart phones, smart homes, smart factories, and 
smart cities, as well as automatic driving and web-based 
video conferencing software, which are increasingly reliant 
on artificial intelligence. Already, concerted efforts have 
been made to develop and commercialize high-throughput 
capacities, such as 400 Gb/s, 1 Tb/s, and beyond [1]; how-
ever, these are largely based on existing optical sub-assem-
bly technologies, such as TO-Can and gold-box packages, 
which have some limitations [2–6]. 

TO-Can packaging struggles to accommodate expan-
sions in operation channel number due to its unique, 
compact, round shape that is optimized for single-channel 
optical sub-assembly. In addition, the high-speed electrical 

interface is limited in bandwidth by its use of a glass lid in-
side the TO-stem [6].

Gold-box packaging has a comparatively higher capac-
ity to expand the operation channel number; however, 
increasing the modulation speed beyond 100 Gb/s pulse 
amplitude modulation 4-level (PAM4) requires multiple 
electrical interfaces, composed of wire-bonding, ceramic 
feed-throughs, and flexible printed circuit boards (PCBs), 
which can be susceptible to various issues. Moreover, the 
combination of componentry and space, including the tiny 
lenses required for higher optical coupling and the deep and 
narrow space available within the gold-box, mean expedit-
ing packaging is difficult. Ultimately, low costs are the ma-
jor requirements of the optical communication market and 
an effective package should meet this. 

Several attempts have been made to eliminate these 
limitations through novel packaging technologies, includ-
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ing heterostructure-based lasers on silicon wafers, mono-
lithically integrated photodiodes with silicon waveguides, 
3-dimensionally integrated transmitter modules, and large-
scale integration of electrical and optical devices in silicon 
photonics [7–9]. 

In this paper, we report a tiny, low-cost optical receiver 
engine that utilizes a novel all-in-one package based on em-
bedded optics technology and a silicon submount carrier. 
The fabrication process is extremely simple and convenient 
due to the shallow internal space for electrical components 
and lensless optical coupling between the optical demulti-
plexer (DEMUX) and photodetector (PD). Moreover, the 
electrical interface from the PD to the end of the package 
shows discontinuity minimization and bandwidth optimi-
zation. Through careful design, the engine is sufficiently 
powerful for 400G coarse wavelength division multiplexing 
(CWDM4) 10 km optical transceiver applications. 

II. DESIGN OF EMBEDDED RECEIVER  
& MANUFACTURING SETUP

A block diagram of the optical receiver engine is shown 
in Fig. 1(a). The optical receiver engine is composed of an 
optical DEMUX based on a planar lightwave circuit (PLC), 
flat-band arrayed waveguide grating (AWG), four photodi-
odes, and a multi-channel transimpedance amplifier (TIA) 
to perform optical to electrical conversion function. The 
flat-band AWG waveguide was formed by dry etching after 
growing a waveguide layer on a silica wafer that was then 
covered by a silica cladding layer, and the refractive index 
difference of this construction was 0.75 delta. We applied 
a 41° optical facet to the optical output of the DEMUX to 
change the signal direction and reduce back reflection. A 
fiber block was used to connect the optical input of the DE-
MUX and single-mode fiber (SMF). The end of this block 
can accommodate optical interfaces of optical transceivers 
that are utilized for receiving multiplexed optical signals 
at CWDM4 wavelengths. The dimension of the DEMUX 
is 3.25 × 8.4 × 1 mm3, with a 750 μm pitch. The insertion 

loss, crosstalk, and 3 dB bandwidth are <2.6 dB, >36 dB, 
and >14.4 nm, respectively.

Figure 1(b) shows the 3D design of the optical receiver 
engine, including the all-in-one package, silicon submount, 
cover, and devices for the optical to electrical conver-
sion function. The electrical interfaces are composed of 
two parts of an existing commercialized package that are 
monolithically integrated into our all-in-one package: One 
is a flexible PCB for communication between the optical 
transceiver board and package, and the other is a ceramic 
feedthrough or glass lid for communication between the 
flexible PCB and the inner space of the package. This new, 
compact package has several advantages, such as mini-
mized electrical interface discontinuity, reduced cost, ef-
ficient packaging process due to the shallow internal space, 
and minimization of the optical receiver engine size. 

We used the commercially available 100 Gb/s pulse am-
plitude modulation 4-level (PAM4) PD (PD40X1; Albis Op-
toelectronics, Rueschlikon, Switzerland) and 400 Gb/s PAM4 
4 ch TIA (IN5664TA; Inphi, San Jose, USA) to assemble a 
750 μm pitched PD array, which was fabricated over a sili-
con submount using flip-chip bonding. The submount was 
marked with an optical alignment key and multi-grooves that 
were utilized for passive optical alignment and enhancing the 
epoxy bonding force, respectively. To allow for four channel 
100 Gb/s PAM4 electrical signals between the PD and TIA, 
a pattern of titanium, platinum, and gold was deposited on 
the top, with a width of around 70 μm for impedance match-
ing. The silicon submount thickness was 350 μm and the PD 
mounting area was partially etched to optimize the optical 
coupling space between the PD and DEMUX output facet. 
The silicon submount also allows for both convective and 
conductive heat transfer [10]. This multi-functional property 
of the submount is another factor that allowed for reducing 
the size of the package. The cover extends the inner space 
and allows for seam-sealing, and the direct epoxy bonding of 
the bottom of the cover and the DEMUX top facet improves 
the mechanical stability of the DEMUX. 

The radiofrequency (RF) and control (CTRL) interfaces 

FIG. 1. The structure of the optical receiver engine for 400G CWDM4 10 km application. (a) Block diagram composed of an optical 
DEMUX based on a PLC, flat-band AWG, four photodiodes, and a multi-channel TIA and (b) its 3D design.
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in the PCB based package are spaced at 1 mm, which is 
compatible with the MSA standard board thickness for quad 
small form-factor pluggable double density (QSFP-DD) 
optical transceivers. The RF interface provides four dif-
ferential high-speed lines and the CTRL interface controls 
the TIA and PD, I2C interface, and received signal strength 
indicator (RSSI) monitoring lines. The optical receiver en-
gine size is 6.7 × 11.4 × 3.4 mm3, with the RF interface and 
CTRL interface increasing the length slightly to 6.8 mm. 

Figure 2 shows a block diagram of the optical alignment 
set up and the composition of the 6-axis optical aligner for 
the proposed 400G CWDM4 10 km optical receiver engine. 
In addition to the compact structure of the optical receiver 
engine itself, a simple, low-cost manufacturing process us-
ing cheap equipment is necessary to satisfy market require-
ments. Usually, expensive laser welders are used to con-
struct existing packaging technologies; however, due to the 
semi-hermetic sealing achieved with thermal epoxy, only a 
6-axis aligner is required for our design. The optical align-
er, which is produced specifically for the proposed optical 

receiver engine, supports a distance resolution of 0.2 μm 
and an angle resolution of <0.01°. Increased manufacturing 
efficiency is achieved via a detachable central jig, which 
means that the next unit can be prepared during the optical 
alignment and UV-epoxy bonding process of the optical 
engine, and the DEMUX mounting jig allows for vacuum 
loading, thereby reducing the DEMUX loading time. The 
optical receiver engine for optical packaging is mounted 
on an evaluation board (EVB) with supporting mechani-
cal contacts between the engine’s CTRL interface and the 
EVB. The four RSSI signals from the optical receiver en-
gine are simultaneously monitored using the I2C interface 
of the EVB. 

III. ALIGNMENT TOLERANCE

The received optical power measured by the PD is 
shown in Figs. 3(a) and 3(b) as a function of the x- and z-
axes, respectively. The definition of the x- and y-axes are 
denoted in the insets of Figs. 1 and 4. The measured optical 

FIG. 2. Block diagram of the optical receiver engine packaging set up for optical coupling and DEMUX bonding. CWDM4 laser 
sources and a 6-axis aligner were utilized for optical coupling, and UV-bonding technology was applied to bond a DEMUX based on 
PLC. The left inset is the aligner.

FIG. 3. Optical coupling analysis as a function of distance. (a) Normalized coupled optical power as a function of x-axis distance, 
(b) z-axis distance and (c) normalized loss as a function of y-axis distance of ch1. Peak optical power was showed for the nearest 
distance between the photodiode and PLC based flat-band AWG in direct optical coupling, and the power was normalized to zero for 
(a) and (b). The loss is normalized to the minimum loss at the closest distance of the y-axis.
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power was converted from the RSSI current of the TIA, 
assuming the PD responsivity was 0.8 W/A. This power 
includes connection loss of the receptacle, coupling loss of 
the PLC flat-band AWG input, and coupling loss between 
the PLC flat-band AWG output and the PD. The maximum 
coupled optical power of each channel was normalized to 0 
dBm in our figures for convenient comparisons. To obtain 
an accurate coupling efficiency, the test was performed with 
a real packaging sample and the described aligner, allowing 
us to confirm that our process could effectively contribute 
to improving the mass-production efficiency. Although the 
PD aperture is a circular shape, the 1 dB tolerance of the x- 
and z-axes were above 44 μm and 28 μm, respectively. This 
difference of 16 μm is caused by the z-axis signal mode 
shape being asymmetric on the PD plane due to the reflec-
tion of the 41° DEMUX facet. The angled facet causes the 
plus direction mode shape to become longer and the minus 
direction mode shape to become shorter. When the DE-
MUX moves toward the plus direction, the minus direction 
geometric shape is reflected to the optical power variation 

graph as shown in Fig. 3(b).
Figure 3(c) shows the normalized loss as a function of 

the y-axis. The loss was 0 dB and was normalized to the 
closest distance of the y-axis, and as all channels showed 
the same trend as channel 1 (Ch1), only this data is shown. 
The closest distance between the PD, the DEMUX facet, 
and the 41° facet is determined by the silicon submount 
etching depth on which the PD is mounted. The fabrication 
tolerances of the submount etching, gold and tin thickness, 
and PD thickness dictate that the closest possible distance 
is between 10–20 μm, which is expressed as 0 on the x-axis 
of Fig. 3(c). The loss increment from the closest distance to 
20 μm is only 0.3 dB. The y-axis distance error is negligi-
ble, as the top surface of the silicon submount and DEMUX 
facet are in physical contact. 

Loss variation as a function of the tilt angle relative to 
the x-axis is shown in Fig. 4. In this experiment, the dis-
tance from the PD to the vertex made by the DEMUX facet 
and the 41° facet was maintained to ensure only tilt effects 
were measured. We found that the loss increment for the tilt 
angle was 0.89 dB at 6.8°, meaning that if the silicon sub-
mount had an angle of 1°, coupling loss could be decreased 
as much as 0.3 dB; however, after reflecting at the PD 
surface the optical signal path will be closer to the optical 
signal path of the PD input, meaning the reflectance of the 
optical receiver engine would deteriorate. 

IV. FABRICATION & OPERATION TEST RESULTS

Figure 5(a) is an optical receiver engine prior to cover 
bonding, which is fabricated as described below. First, four 
PDs with their light-receiving area on the underneath are 
mounted upside down on a silicon submount at a 750 μm 
pitch. The mounting is performed by flip-chip bonding due 
to the position of the light-receiving area and to control for 
the exact pitch. Second, the fabricated chip carrier, TIA, 
and single layer capacitors are mounted on the inner space 
of our all-in-one package, which is based on a PCB. The 

FIG. 4. Normalized loss as a function of the tilt angle relative 
to the x-axis. The minimum loss without DEMUX tilt was 
normalized to zero.

FIG. 5. The fabricated optical receiver engine for 400G CWDM4 10 km application. (a) Optical receiver engine after DEMUX 
bonding and (b) complete product after cover bonding mounted on an EVB. The dimensions of the completed product are 6.7 × 11.4 × 
3.4 mm3. 
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die-shear force of the silicon submount was measured to be 
>2 kgf. Third, following wire bonding, the prepared sample 
is loaded onto a coverless EVB and DEMUX for optical 
coupling alignment and DEMUX bonding. Finally, the 
cover is bonded using thermal-epoxy in a thermal curing 
chamber. 

Our intended target application is the QSFP-DD form factor. 
The size of the optical receiver engine is 6.7 × 11.4 × 3.4 
mm3, which is small enough to be inserted into an 18.35 × 
78.26 × 8.5 mm3 QSFP-DD case [11].

Figure 5(b) is an optical receiver engine following cover 
bonding that is mounted onto an EVB, which is the same 
as used for the optical coupling alignment process. When 
considering any form of mass production, product cost and 
manufacturing technique are the main concerns. Our all-in-
one package addresses these. First, from a material cost per-
spective, the proposed receiver engine utilizes a PCB based 
package rather than expensive optical lenses and gold-box 
based packages. Second, in terms of manufacturing cost, 
only a 6-axis aligner is needed that costs six times less than 
the laser welders usually required for optical coupling, 
and the UV-epoxy curing of 30 optical engines can be per-
formed simultaneously. These features mean both the initial 
investment cost is lower and gradual increases in produc-
tion volume are easily achieved. Third, the internal space 
of the all-in-one package is very shallow, allowing fast and 
accurate die and wire bonding. These characteristics of this 

system all leave it well optimized for mass production.
Figure 6 shows the bandwidths at various TIA gains of 

the optical receiver engine. Because the light source of the 
bandwidth test equipment was a single channel with a 1311 
nm wavelength, only Ch3 of the optical receiver engine was 
measured. The TIA gain was controlled using an I2C inter-
face and the values in Fig. 6 only denote the higher gains. 
The bandwidth was measured using an EVB with mechani-
cal with the optical receiver engine, as shown in Fig. 5(b). 

The measured bandwidth graph is normalized to 0 dB for 
the amplitude of 0.05 GHz. The S21 bandwidth at −3 dB 
with a gain of 20, 40, and 80, is 26.8, 49.8, and 36.1 GHz, 
respectively. Even though the highest bandwidth is 49.8 
GHz at a gain of 40, the best transmission performance was 
obtained when the gain was 80. This is because the higher 
the gain, the higher the electrical signal output amplitude of 
the receiver optical subassembly, which makes the electri-
cal eye-opening clear. The S22 bandwidth at −10 dB for a 
gain of 20, 40, and 80 is roughly the same at 34.9 GHz. 

When considering the S21 and S22 bandwidth results, it 
should be noted that the overall bandwidth is limited by the 
bandwidths of each electrical component, such as the PD, 
TIA, gold wire, electrical interface of the all-in-one pack-
age, EVB, RF connector, and RF cable. The minimum OE 
bandwidth of the PD is 35 GHz in the PD datasheet, and 
the typical and minimum bandwidths of the TIA are 35 and 
26 GHz in the TIA datasheet, respectively. This allowed the 
design of the optical receiver engine and EVB to be opti-
mized for each component.

In Fig. 6, a defined trough is observed around 38 GHz. 
In the raw bandwidth data, without normalization, output 
amplitudes over 38 GHz are fixed even though the gain 
increases from 40 to 80; however, changes in output ampli-
tudes below 38 GHz generally correspond with changes in 
gain. According to this experimental result, we believe the 
trough is merely an intrinsic characteristic of the TIA.

Reflectance was measured using an optical circulator 
and power meter, with the reflectance of Ch1, Ch2, Ch3, 
and Ch4 were −35.1, −35.1, −36.5, and −31.7 dB, respec-
tively. These values were obtained by subtracting losses 
from the optical circulator and optical patch cord connec-
tion. The maximum receiver reflectance specified in 100 G 
Lambda MSA is −26 dB, which satisfies the MSA standard.

Table 1 shows the results for the resilience tests for me-
chanical shock, vibration, and thermal shock, which satisfy 
the MIL-STD-883G METHOD 2020.4, METHOD 2005.2, 

FIG. 6. S-parameters of the optical receiver engine for a 
small signal wavelength of 1311 nm and various gains. S21 
bandwidth at −3 dB is 49.8 GHz and S22 bandwidth at −10 dB 
is 34.9 GHz at a gain of 40. 

TABLE 1. Reliability test result

Test Name Condition
Optical Power Variation (dB)

Ch1 Ch2 Ch3 Ch4
Mechanical shock MIL-STD-883G, METHOD 2020.4, Test condition A −0.06 −0.13 −0.02 −0.01
Vibration MIL-STD-883G, METHOD 2005.2, Test condition A −0.35 −0.03 −0.03 0.02
Thermal shock MIL-STD-883G, METHOD 1011.9, Test condition A 0.06 0.10 0.17 0.09
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and METHOD 1011.9, respectively [12]. The test condition 
A was applied for all reliability tests. The mechanical shock 
test used a shock level of 500 G/1 ms across six directions 
on three axes, for five repetitions per direction. The vibra-
tion test used a peak acceleration of 20 G with a frequency 
range from 20 to 2000 Hz, a duration of four minutes per 
cycle, and four cycles per axis (x, y, and z). The thermal 
shock test cycles between two temperatures, 100 °C and 
0 °C, with a lag time of 30 minutes. As shown in Table 1, 
the worst optical power variation recorded was −0.35 dB, 
which satisfies the standard reference value of 0.5 dB [13].

V. TRANSMISSION TEST RESULTS

Figure 7 shows the experimental setup used to measure 
the electrical eyes and bit-error-rate (BER) curves. Four 25 
Gb/s electrical signals from a pulse pattern generator were 
inserted into an electrical multiplexer that generates a single 
channel 100 G PAM4 electrical signal. A broadband ampli-
fier then amplified the signal to reach an appropriate level 
for operating the Mach-Zehnder modulator. The operating 
wavelength of the reference transmitter was selected by 
changing the wavelength of the CWDM light source. The 
waveform of the 100 G PAM4 electrical signal output of the 
optical receiver engine was measured using an oscilloscope 
and the BER was calculated after 7-tap feed-forward equal-
ization (FFE). The data transmission rate of each channel 
was 100 Gb/s and a 215-1 pseudo-random binary sequence 
was used to measure the electrical eyes and BER curves.

Figure 8 shows three clear openings of the electrical 
eyes, after 10 km SMF transmission and 7-tap FFE, receiv-
ing −8 dBm optical power, which corresponds to the worst 
possible sensitivity. 

Figure 9 shows the BER curves that were measured 
across four CWDM Chs, where the worst sensitivity was 
−8 dBm at BER 2.4 × 10–4 after 10 km SMF transmission, 
compared to 9.09 dBm demonstrated previously [14]. We 

believe this discrepancy is due to the increased number of 
electrical interfaces and mechanical contacts in the opti-
cal receiver engine than previous monolithically integrated 
packages. A transmission penalty of below 0.5 dB was 
observed for four Chs, which can be considered negligible 
when taking into account measurement errors originating 
from the loss difference due to the optical patch cord con-
nection. 

Figure 9 also shows the sensitivity deviation of around 
2 dB that was observed for all channels. We think that the 
reasons for this sensitivity deviation are due to the nonuni-
formity of the TIA, PD, PD pitch, and high-speed electrical 
lines of the all-in-one package. We expect that it would be 
possible to overcome this by improving the PD bonding 
process by reducing the PD pitch variance to below 5 μm in 
future all-in-one manufacturing procedures.

The outer extinction ratio (ER) of 9 dB and the reference 
Tx transmitter dispersion eye closure quaternary (TDECQ) 
of 2.3 dB were measured. For the reference Tx outer ER of 
9 dB, the worst channel sensitivity of −8 dBm corresponds 
to −6.08 dBm in optical modulation amplitude (OMA). In 
accordance with the 100G lambda MSA specification [15], 
the required receiver sensitivity in OMA for 400G 10 km 
transmission is −5.9 dBm at the reference Tx TDECQ of 2.3 
dB. Therefore, the proposed receiver engine satisfies 400G 
10 km MSA standard, even through the worst channel. 

VI. CONCLUSION

We proposed a novel approach to constructing a small 
optical receiver engine utilizing an all-in-one package based 
on embedded optics technology. The proposed engine is 
both small, 6.8 × 11.4 × 3.4 mm3, and easily manipulated 
and constructed due to the shallow shape of the internal 
component mounting space. 

We adopted an optical DEMUX based on a PLC with a 
41° angled facet for direct, lensless optical coupling. The 

FIG. 7. Experimental setup for measuring the electrical eyes and optical transmission test. The Mach-Zehnder modulator was 
utilized for optical signal generation. A few meters of optical patch cord were used for 0 km (back-to-back) transmission.
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reflectance of the optical engine was below −31.7 dB for 
all channels because of the angled facet, which conforms to 
the MSA standard. The optical DEMUX size is tiny, with 
dimensions of 3.25 × 8.4 × 1 mm3, with a 750 μm pitch, 

and the insertion loss, crosstalk, and 3 dB bandwidth of it 
were <2.6 dB, >36 dB, and >14.4 nm, respectively. The x-
axis and z-axis 1 dB tolerances were over 44 and 28 μm, 
respectively. The loss increment of the y-axis displacement 
from the closest distance to 20 μm is only 0.3 dB. The loss 
variation for the tilt angle relative to the x-axis was 0.3 dB 
with 1° rotation. We expect that these sufficiently wide tol-
erances will allow efficient production processes and manu-
facturing yields.

We observed that the S21 O/E transmission bandwidth 
and S22 electrical reflection bandwidth of the proposed op-
tical receiver engine were 49.8 and 34.9 GHz, respectively. 
We think that this result was due to the electrical interface 
from the PD to the end of the package showed discontinu-
ity minimization and bandwidth optimization. The optical 
receiver engine conforms to the MIL-STD-883G standard, 
as demonstrated through mechanical shock, vibration, and 
thermal shock testing. Finally, we determined that the sensi-
tivity was below −8 dBm for all four channels at BER 2.4e-
4 after 10 km transmission.

As described, the complete fabrication process is simpli-
fied compared to other available technologies, due to its 
shallow electrical component mounting space, direct lens-
less optical coupling, all-in-one structure, and laser inde-
pendent assembly using an aligner. This process allows for 
both mass production and high operational performance. 
We consider the capability to enlarge the operation channel 

FIG. 9. BER curve as a function of receiver input power. The 
transmission penalty was below 0.5 dB and negligible. The 
worst-case sensitivity, 1311 nm and 10 km transmission, was 
−8 dBm.

FIG. 8. Electrical eye-opening after 10 km transmission with a receiver input power of −8 dBm. 7-tap FFE was applied to measure 
the electrical eye with a reference signal position of 70%. Three level electrical eye openings are clearly observed.
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number to be of particular significance.
Finally, we would like to argue that the performance re-

sults shown in this paper present this novel optical receiver 
engine as an excellent solution for 400G CWDM4 10 km 
optical transceivers and higher data transfer capacities, such 
as 800 Gb/s and 1.6 Tb/s applications. 
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