
JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 41, NO. 19, OCTOBER 1, 2023 6333

Thermal Characteristics of Mirror-Based Optical
Redistribution for Co-Packaged Optics

Fumi Nakamura , Member, IEEE, Satoshi Suda, Takayuki Kurosu , Member, IEEE, Yasuhiro Ibusuki,
Akihiro Noriki , Akio Ukita, Koichi Takemura , Member, IEEE, Tsuyoshi Aoki, and Takeru Amano

Abstract—Because traffic toward and inside datacenters is in-
creasing, the power consumption of electrical wiring in ethernet
switches for datacenter should be addressed. Co-packaged optics
(CPO) is a promising solution, where optical components are inte-
grated into the same package substrate as electrical elements. We
have proposed one of the CPO modules, where micro-mirror- based
optical redistribution is adopted for low-loss and broadband optical
coupling. CPO is required to operate at high temperatures; how-
ever, this redistribution uses materials with different coefficients of
thermal expansion; thus, there is concern about its operation. In
this study, the thermo-optical characteristics in the C-band were
analyzed by the finite element method for thermal deformation
and physical optical propagation analysis. The coupling efficiency
of more than 85% was obtained at 1550 nm in the specified temper-
ature range of 15–85 °C, and the difference in the average coupling
loss between 20 °C and 85 °C was 0.49 dB in the calculation. The
temperature-dependent transmittance was experimentally demon-
strated using fabricated optical redistribution, and the average loss
difference in C-band was 0.80 dB at 25 °C, 55 °C, and 85 °C.

Index Terms—Co-packaged optics, datacenter, polymer
waveguide, silicon photonics, thermal analysis.

I. INTRODUCTION

DATACENTER IP traffic is rapidly increasing, driven by
the growth of cloud computing and applications, such as

video streaming and the Internet of Things [1]. The bandwidth
of switch application-specific integrated circuits (ASIC), which
process signals in datacenter networks, also increases yearly. It
achieved 25.6 Tb/s in 2019 according to Broadcom [2], and it
is expected to reach 51.2 Tb/s in a few years [3]. In optical
interconnections in datacenter networks, based on pluggable
transceivers, signals are processed, transferred electrically, and

Manuscript received 19 March 2023; revised 23 May 2023; accepted 29
May 2023. Date of publication 5 June 2023; date of current version 2 October
2023. This work was supported by New Energy and Industrial Technology
Development Organization (NEDO) under Grant JPNP13004. (Corresponding
author: Fumi Nakamura.)

Fumi Nakamura, Satoshi Suda, Takayuki Kurosu, Akihiro Noriki, and Takeru
Amano are with the National Institute of Advanced Industrial Science and
Technology (AIST), Tsukuba, Ibaraki 305-8568, Japan, and also with the
Photonics Electronics Technology Research Association (PETRA), Tsukuba,
Ibaraki 305-8569, Japan (e-mail: fumi.nakamura@aist.go.jp; s-suda@aist.go.jp;
t.kurosu@aist.go.jp; a-noriki@aist.go.jp; takeru-amano@aist.go.jp).

Yasuhiro Ibusuki, Akio Ukita, Koichi Takemura, and Tsuyoshi Aoki are
with the Photonics Electronics Technology Research Association (PETRA),
Tsukuba 305-8569, Japan (e-mail: yasuhiro.ibusuki@furukawaelectric.com;
a-ukita@nec.com; k-takemura@aiocore.com; aoki-t@fujitsu.com).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/JLT.2023.3283023.

Digital Object Identifier 10.1109/JLT.2023.3283023

converted to optical signals at the edge of a printed circuit
board (PCB). Although pluggable optics continue to work for
scaled-up data centers, the transmission capacity will be limited
because of the power consumption of the electrical path in the
future. To address this bottleneck, co-packaged optics (CPO),
in which electrical and optical components are integrated on
a package substrate, has been proposed [4], [5], [6]. In CPO,
electrical signals are converted by optical transceiver chips near
electrical processors, such as ASIC, on the substrate, and parts of
the electrical wires can be substituted by a low-power consump-
tive optical link. CPO modules and related technologies have
been extensively developed for realizing CPO in the path over
51.2 Tb/s, CPO modules and related technologies are extensively
developing [7], [8], [9], [10], [11]. Furthermore, high-functional
CPOs using matured C-band-based components in silicon pho-
tonics are also being researched for next-generation datacenter
architectures in advance of O-band [12], [13]. A next-generation
CPO configuration is required for future packaging beyond
100 Tb/s ASIC, where optics are integrated close to electrical
components [3].

To meet this demand. we have recently proposed one of CPO
configurations, which is named active optical package (AOP)
substrate [14], [15], where silicon photonics chip is embedded
on the packaged substrate and electrical components can be inte-
grated close to optics. In the AOP, polymer waveguides are used
as optical links on the substrate, and optical connection between
silicon photonics and a polymer waveguide are required. Some
coupling technologies have been developed for silicon photon-
ics, such as spot size converters [16], grating couplers [17],
and adiabatic couplers [18]. For achieving low-loss broadband
optical coupling, 3D micro-mirror-based optical redistribution
has been developed in the AOP [14].

Considering the practical use of CPO modules in datacenters
and network nodes, assuming their operation at high tempera-
tures is necessary. The proposed optical redistribution comprises
silicon, silica, polyimide, polymer cladding, and a polymer core,
where the stacked materials have more than two order difference
in the coefficient of thermal expansion (CTE). Therefore, at high
temperatures, the difference in thermal deformation between
the elements affects the coupling efficiency. According to the
3.2 Tb/s CPO optical module product requirements document
issued in 2021 by CPO collaboration, operating temperature in
case of integrated laser is from 15 °C to 70 °C, and that in case
of external laser is from 15 °C to 85 °C [19]. Following this
specification, the CPO module requires the ability to operate
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Fig. 1. Schematics of the active optical package (AOP) substrate: (a) Cross-
section view, (b) enlarged view of a micro-mirror-based optical redistribution.

from 15 °C to 85 °C. The low-loss transmittance of the optical
redistribution at room temperature has been confirmed so far
[14], [15]; however, the temperature-dependent characteristics
have not been sufficiently verified yet.

In this study, the micro-mirror-based optical redistribu-
tion’s thermal characteristics are calculated numerically and
demonstrated experimentally with a fabricated device-under-test
(DUT) sample in the C-band. In Section II, optical re-distribution
is designed at wavelength 1550 nm, and then the temperature-
dependent coupling efficiency of the designed redistribution
is calculated by thermal deformation using the finite element
method and physical optics propagation analysis in Section III.
The cause of coupling loss caused by temperature variation is
also discussed. In Section IV, the transmittance of the fabricated
device is demonstrated at high temperatures. Although some of
the results have been briefly reported in previous conference
abstracts [20], [21], the details of the design and analysis method
of optical redistribution and discussions about the cause of loss
increment at high temperatures are additionally included herein.
In addition, based on discussion of the cause of temperature-
dependent loss in analysis, the redesign was proposed at operat-
ing temperature. The results of the analysis and experiment are
concluded in Section V.

II. STRUCTURE OF MICRO-MIRROR-BASED OPTICAL

REDISTRIBUTION

A. Schematic of Optical Redistribution

Fig. 1 shows a schematic of the active optical package (AOP)
substrate [14]. As shown in Fig. 1(a) cross section of the AOP, sil-
icon photonic die embedded in an organic package substrate, and
polymer waveguides integrated to link the optical elements on
the board. A micro-mirror-based optical redistribution is adopted

Fig. 2. Design parameters for optimization of (a) optical redistribution,
(b) bottom-side mirror.

in Fig. 1 as a coupling between the silicon photonics and polymer
waveguides. (b). It consists of a silicon waveguide, polymer
waveguide, and a pair of 3D micro-mirrors. The top-side mirror
has a linearly angled surface, and the bottom-side mirror is
curved to convert the spot size from the silicon waveguide to
the polymer waveguide. Using a 3D micro-mirror, broadband,
low-loss, and polarization-diverse optical coupling can be ob-
tained.

B. Optimizing Design at Room Temperature

Before calculating the thermal characteristics, the design pa-
rameters of the optical redistribution are optimized at room tem-
perature, 20 °C, and then propagated using optical propagation
analysis with commercial optical software Zemax OpticStudio
(ver.22.3). The wavelength of the calculation was 1550 nm in the
C band. The design details and parameters of the optical redistri-
bution for optimization are shown in Fig. 2. The top-side mirror
has a 45-degree tilted mirror surface and the height difference
between the silicon waveguide and the polymer waveguide is set
to 22 µm. The bottom-side mirror is defined as a biconic surface
with curvatureR1 on the x-axis andR2 on the y-axis. Thereafter,
it is tilted 45° about the x-axis, as the axis y’ and z’ in Fig. 2(b).

The curvatures of bottom-side mirror R1 and R2, the distance
between the silicon waveguide to the bottom-side mirror L1,
decentering parameters for the bottom-side mirror at y-axis
direction ΔyBM , at z-axis ΔzBM , and a parameter for the
top-side mirror at z-axis direction ΔzTM are optimized by the
damped least square method, to obtain the maximum coupling
efficiency from silicon waveguide to polymer waveguide at
room temperature. There is an inversed-taper spot-size con-
verter (SSC) at the edge of the silicon waveguide for emitting
toward the bottom-side mirror. The optical beams from the SSC
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Fig. 3. Measurement of near field pattern (NFP) of beam emitted from SSC.
(a) Top-view of measured SSC, and (b) measured NFP of TE -mode and its line
profiles.

are represented as a Gaussian beam, whose beam waists were
obtained by near field pattern (NFP) measurement of SSC as
shown in Fig. 3. Fig. 3(a) shows the top view of the design
of measured SSC, and Fig. 3(b) shows measured NFP and
line profiles of TE mode. The beam waist emitted from SSC
was set to 1.33 µm at the x-axis and 1.34 µm at the y-axis,
as obtained by the Gaussian fitting of the measurement result.
The mode-field diameter (MFD) of the polymer waveguide was
set to 10.4 µm. This value came from MFD of standard single
mode fiber (SMF), such as Corning SMF-28 [22], since polymer
waveguide connects to the SMF of the optical connector at the
edge of the substrate as shown in Fig. 1(a), and it is designed and
fabricated to suited to MFD of SMF. Optimized design parameter
values are shown in Table I. The coupling efficiency was 95.7%
for the optimized parameters.

III. ANALYZING THERMAL DEFORMATION AND OPTICAL

CHARACTERISTIC

In this section, the thermal deformation and optical charac-
teristics of the optical redistributions as well as the designed
values in the previous section are analyzed. First, the thermal
deformations were calculated using ANSYS Mechanical, and

TABLE I
OPTIMIZED PARAMETER VALUES OF OPTICAL REDISTRIBUTION AT ROOM

TEMPERATURE

then the deformed mirrors were fitted with a 2-dimensional
polynomial to be imported into the optical software. Finally, the
temperature-dependent optical coupling efficiency of the optical
redistribution was analyzed using the mirror surface defined
using the fitting results.

A. Analyzing Thermal Deformation

In the first step, 3D computer-aided design (CAD) models
of redistribution were prepared using the design parameters de-
scribed in Section 2.2. Herein, the center of the silicon waveguide
facet was set at the origin of xyz coordinates. Thermal deforma-
tions were calculated using the commercial finite element analy-
sis software ANSYS Mechanical. The analyzed horizontal range
was 500 µm by 500 µm at zx-dimension. The thicknesses of the
Si base, a buried oxide (BOX) layer, and SiO2 overcladding were
set to 775 µm, 2.99 µm, and 1.89 µm, respectively. The thickness
of polymer under cladding and over cladding is 8 µm and 12 µm
as shown in Fig. 2(a). The core size of the polymer waveguide
is set to be 8 µm × 8 µm, and the core height and width of the
silicon waveguide are defined to be 0.22 µm and 0.50 µm in
the thermal analysis 3D model. The bottom of the Si base was
fixed as a boundary condition. It is defined that the temperature
of all components is uniform and the temperature range is from
−35 °C to 200 °C. The reference temperature is set to 20 °C. The
materials used for elements of optical redistribution are shown
in Fig. 1(b). The bottom-side mirror was made of polyimide, and
the top-side mirror was made of polymer cladding. The thermal
properties of the materials comprising the optical redistribution
are listed in Table II. Si was assumed to exhibit orthotropic
properties [24]. The top surface of the Si wafer was in the<100>
direction. The axes of the table are shown in Fig. 2(a).

The results of the thermal deformation analysis of the optical
redistribution are shown in Fig. 4. Fig. 4(a) shows the maximum
displacement from the position at room temperature of 20 °C
at each element for the optical redistribution. The surfaces of
the bottom- and top-side mirrors and the end facets of the
silicon and polymer waveguides were evaluated. The maximum
total deformation at 85 °C of silicon waveguide, bottom-side
mirror, polymer waveguide, and top-side mirror was 0.14 µm,
0.25 µm, 0.87 µm, and 1.16 µm, respectively. To make the
thermal deformation in the y- and z- axis visible, Fig. 4(b) shows
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TABLE II
THERMAL PROPERTY OF MATERIALS COMPOSING OPTICAL REDISTRIBUTION

the deformed shape of elements composing optical redistribution
in the yz-cross section at 20 °C, 85 °C, and 200 °C. The shapes
were obtained by extracting plots at approximately x = 0 from
the exported 3D CAD file. The polymer cladding and core
material have a larger CTE; thus, the top-side mirror and polymer
waveguide are more deformed than other elements, such as
silicon waveguides and bottom-side mirrors, by changing the
temperature. Although the topside mirror and polymer wave-
guide were made of the same material, the polymer thickness
under the topside mirror was larger than that under the polymer
waveguide, resulting in a larger deformation.

B. Fitting With 2D Polynomial

The deformed mirror surface was exported from ANSYS in the
STL CAD format and fitted with a fifth-ordered xy polynomial
for import into the optical software ZEMAX OpticStudio. This
is shown in (1). In the fifth-order polynomial, there are 21
coefficients, including x0y0. The fitting range on the x-axis for
the top-side mirror is set to ±10 µm, which is enough range
to correspond to the beam size reflected by these mirrors. The
y-axis origin of the fitting was set to the center height of the corre-
sponding waveguide, the silicon waveguide for the bottom-side
mirror, and the polymer waveguide for the top-side mirror.

z =
5∑

i=0

5∑

j=0

aijx
iyj (1)

At this time, the average root mean squared error (RMSE)
with the fitting was less than 1 nm in the bottom-side and 9 nm
in the top-side mirror in the range of −35–200 °C. The fitting
error of the top-side mirror was larger than that of the bottom-
side mirror because the former underwent a larger amount of
deformation. The silicon and polymer waveguide deformations
were considered in terms of the yz center position.

C. Analyzing Temperature-Dependent Coupling Efficiency

The thermally dependent optical coupling efficiency from
the silicon waveguide to the polymer waveguide through the
micro-mirrors was calculated using the results of thermal defor-
mation. The thermally deformed mirror surfaces were defined
as extended polynomial surfaces with coefficients obtained by

Fig. 4. Result of thermal deformation analysis of optical redistribution (a) the
maximum displacement from the position at room temperature at each element.
(b) The deformed shape of elements composing optical redistribution at in yz-
cross section at 20, 85, 200 °C.

2D fitting in the previous section, and the positions of the
waveguides were set to y-z position of waveguides’ endfacet
after thermal deformation in Zemax OpticStudio. The temper-
ature dependence of polymer cladding’s refractive index was
considered using the thermo-optic coefficient of refractive index
of OrmoClad dn/dT = 2.7 × 10−4 K−1 [23]. The widths of
the Gaussian beam from the silicon waveguide and the MFD
of the polymer waveguide were set to be the same as those
used in the design optimization described in Section II-B. The
results of the analysis of the coupling efficiency considering
thermal deformation are shown in Fig. 5. Fig. 5(a) shows the
temperature-dependent coupling efficiency of the optical redis-
tribution at a wavelength of 1550 nm. According to the figure,
more than 85% coupling efficiency is obtained at wavelength
1550 nm in the operation temperature specification for CPO
15 °C–85 °C. This indicates that the micro-mirror-based optical
redistribution has a high thermal tolerance, although materials
with different CTE layer it. The design of the analyzed optical re-
distribution has been optimized for room temperature; therefore,
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Fig. 5. Result of calculating coupling efficiency considering thermal defor-
mation, (a) calculated temperature-dependent coupling efficiency of optical
redistribution in 1550 nm. (b) Coupling efficiency in C-band at 15, 20, 55,
and 85 °C.

the coupling efficiency is maximized at around 20 °C. Fig. 5(b)
shows the wavelength-dependent coupling efficiency in C-band
at 15 °C, 20 °C, 55 °C, and 85 °C. The redistribution shows
flat transmission in C-band, and the difference in the average
coupling loss between 20 °C and 85 °C is 0.49 dB.

D. Discussion of Calculation Results

To discuss the loss factors at high temperatures, the coupling
efficiencies were calculated, where divided parts of thermal
deformations at 85 °C were applied. First, the thermal defor-
mations of the silicon waveguide and bottom-side mirror were
considered. The coefficient of x0y1 in (1) was set to be the
same as that at room temperature to exclude the influence of
misalignment in the pair of mirrors owing to the changing angle
at the bottom-side mirror. The effect of mirror angle change
was evaluated separately. The coupling efficiency was 96.5% at
85 °C, and the loss increasement from room temperature was less
than 0.001 dB. Thus, the deformations at the silicon waveguide
and bottom-side mirror, except for the angle change, slightly
affected on the loss increase. Next, the coupling efficiency was
calculated using the deformation coefficient of the polymer
waveguide and the top-side mirror, whose angle was set to 45°,
similar to that at room temperature. The coupling efficiency was
95.9%, and the loss increasement from room temperature was
0.027 dB. Finally, when only the angles of a pair of mirrors
were considered using the fitting coefficient of x0y1 at 85 °C,
the coupling efficiency was 86.4% and the loss increased from
20 °C was 0.479 dB. Based on that the loss is 0.484 dB, where

Fig. 6. Calculated temperature-dependent coupling efficiency of optical redis-
tribution using angle adjusted top-side mirror and that using bottom-side mirror
made of polymer cladding.

all thermal deformations at 85 °C are considered, it can be
observed that the deviation in the angular relationship between
the top- and bottom-side mirrors increases coupling loss at high
temperatures. Because the angle difference at 85 °C compared
with 20 °C is 0.31° at the bottom-side mirror and 0.96° at the
top-side mirror, the change in the angle of the top-side mirror
made of polymer cladding affects the coupling loss owing to a
larger expansion coefficient.

Considering this estimated loss breakdown, the optical re-
distribution is redesigned for the specified temperature range
from 15 °C to 85 °C for CPO. As shown in Fig. 5(a), the cou-
pling efficiency has reached a maximum value at approximately
20 °C, because the parameters have been optimized at room
temperature as described in Section II. Therefore, the design
is adjusted to ensure that the maximum coupling efficiency is
achieved around 50 °C, which is the center of the temperature
specification. As described previously, a change in the angle
of the micro-mirrors has a significant effect on the efficiency.
As the temperature increases, the angle of the topside mirror
becomes steeper. By setting the angle of top-side mirror to
44.7° at room temperature to reduce angle mismatch in the
temperature range, the coupling is more than 92% in the range
of 15–85 °C, as shown in Fig. 6 with a red line. At this time,
the angle difference between mirrors is 0.54° at 85 °C, and
which 0.84° using a 45-degree-tilted top-side mirror. In addition,
because this redistribution is a pair of mirrors, if the angle of
the bottom-side mirror changes similarly to that of the top-side
mirror, it compensates for the misalignment caused by angle
deformation. Therefore, by using polymer cladding material to
bottom-side mirror as same as the top-side mirror, the thermal
characteristics become flat, and a coupling efficiency of more
than 94% can be obtained at 15–85 °C as shown in Fig. 6 with
a blue line. The maximum angle difference between mirrors is
0.22° at 15–85 °C, and the angle mismatch is suppressed by
composing the mirrors with the same material.

IV. EXPERIMENT

The thermal characteristics of the C-band were demonstrated
using a silicon photonic die with optical redistribution, as shown
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Fig. 7. Demonstration of thermal characteristics of a device-under-test (DUT)
sample including optical redistribution. (a) Setup for evaluation of thermal
characteristics with DUT, (b) top-side view of schematic of DUT, (c) setup
for reference transmittance, (d) measured transmittance of optical redistribution
in C-band at 25 °C (room temperature), 55 °C, and 85 °C, obtaining by
subtracting the reference transmittance of silicon waveguide from the measured
transmittance of DUT.

in Fig. 7. In this DUT sample, the parameter value was designed
for room temperature, and the bottom mirror was made of a
photosensitive polyimide. The 3D top- and bottom-side mirrors
were formed using UV grayscale lithography, and the polymer
layers were patterned using laser lithography. The details of the
fabricated DUT sample with optical redistribution are explained
in a previous study [14]. The setup for measuring the thermal
characteristics of the DUT is shown in Fig. 7(a). Broadband light
from a superluminescent diode (SLD) source was inserted into
a silicon waveguide of the DUT via a spherical lensed fiber after
being polarized to the TE mode. Then it propagated through

mirror-based optical redistribution, and the light was emitted
from the polymer waveguide to a single-mode (SM) fiber with
a cleaved facet. Its transmittance was measured using an optical
spectrum analyzer (OSA). The DUT silicon die was heated from
below. The silicon photonic parts in the DUT have a 1× 8 splitter
composed of 3-stage 1 × 2 multimode interferences (MMI) as
shown in Fig. 7(b). The splitter is integrated for convenience of
measurements because it allows evaluation of multiple optical
redistributions without re-aligning between the silicon wave-
guide and lensed fiber. Four of the eight outputs were connected
to polymer waveguides with each redistribution in the DUT,
while four were left open. In the measurement, the temperature
characteristics were evaluated in the path, where the highest
coupling efficiency was obtained at room temperature among
the four paths. For excepting insertion loss of 1 × 8 splitter from
the DUT measurement result, the reference transmittance was
measured as shown in Fig. 7(c). The reference device, including
a 1 × 8 splitter with SSCs on both sides, was cut out from a
silicon photonics die whose design is the same as the chip used in
the DUT. In the reference measurements, spherical lensed fibers
were used for the input and output of the silicon waveguide
because their MFD was smaller than those of a fiber and a
polymer waveguide.

The transmittance of optical redistribution in the C-band
where the wavelength is between 1530 nm and 1565 nm, at room
temperature 25 °C, 55 °C, and 85 °C, is shown in Fig. 7(d). This is
obtained by subtracting the measured reference transmittance of
the silicon waveguide at room temperature from the measured
transmittance of the DUT sample. The average insertion loss
in C-band is 5.63 dB, 6.26 dB, and 6.43 dB at temperature
25 °C, 55 °C, and 85 °C, respectively. The measurement values
include the propagation loss of a 5.0 mm-length polymer wave-
guide, which is 0.49 dB on average at room temperature and its
thermally dependent loss, as well as the coupling loss from the
silicon waveguide to the polymer waveguide via micro-mirrors.
The average loss difference is only 0.80 dB among 25 °C, 55 °C,
and 85 °C; low temperature-dependent characteristics of optical
redistribution were demonstrated as same as calculation in the
previous Section III, even the measured temperature dependence
includes propagation loss difference at polymer waveguide and
silicon waveguide. The measured coupling loss of the DUT is
larger than that of the calculation owing to the mode mismatch
and misalignment caused by fabrication error. As discussed
in [14], coupling efficiency can be increased by improving
fabrication misalignment.

These results verified the temperature stability of optical
redistribution in the experiment, not only in the analysis. The
redistribution works stable at 15–85 °C, the external-laser type
CPO specification. Using optical redistribution and silicon pho-
tonics dies, where temperature-stable quantum dot lasers are
mounted [26], [27], laser-integrated CPO beyond the specified
operating temperature (15–70 °C for laser-mounted type CPO)
can be expected in the future.

V. CONCLUSION

The thermal characteristics of the optical redistribution of the
CPO, which consists of silicon photonics, a polymer waveguide,
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and a pair of micro-mirrors, were analyzed numerically and
demonstrated experimentally using a fabricated sample in the
C-band. The calculated coupling efficiency was more than 85%
at 1550 nm in the range 15–85 °C, where CPO was required
to operate. The breakdown of the temperature-dependent loss
was discussed, and it was found that the angle mismatch of
the mirrors increased the coupling loss at high temperatures.
The coupling efficiency of over 90% was obtained at 15–85 °C
by adjusting the angle of the top mirror to 44.7°. Additionally,
it was found that flatter thermal characteristics could be ob-
tained by unifying the materials of the top- and bottom-side
mirrors. The results obtained in these analyses are expected
to support the properties of the redistribution designed for the
O-band. Fabricated DUT’s temperature-dependent transmission
loss difference was 0.80 dB at 25 °C, 55 °C, and 85 °C. The
low temperature-dependent characteristics were confirmed both
numerically and experimentally. A broadband and high thermal
tolerant optical connection can be obtained on the CPO substrate
using mirror-based optical redistribution.
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