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Abstract: We successfully fabricate polymer optical waveguides with
graded-index (Gl) circular cores whose diameter and interchannel pitch are
accurately controlled using the Mosquito method: Gl-core waveguides with
250-, 125- and 62.5-um pitches are successfully obtained. The Mosquito
method utilizing a microdispenser is a very simple technique for fabricating
Gl-circular-core polymer optical waveguides. The accurately controlled
pitch is confirmed by a high connectivity with a commercially available
multimode fiber (MMF) ribbon with a 125-um pitch. Furthermore, by
inserting the waveguide between two 12-channel MMF ribbons, we
experimentally demonstrate 11.3 Gbps x 12 Ch. parallel signal transmission
through a Gl-core waveguide with a 125-pum pitch for the first time to the
best of our knowledge.
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1. Introduction

For the further advancement of high-performance computers (HPCs), optical interconnects
are highly anticipated because of the capability of high-bandwidth-density wirings with low
power consumption [1]. In current HPC systems, multimode fiber (MMF) links are already
installed for board-to-board interconnects, so optical wirings for chip-to-chip interconnects
are the next technology issue [2]. In particular, optical printed circuit boards (O-PCBs)
incorporated with multimode polymer optical waveguides are currently drawing much
attention [3], because multimode polymer optical waveguides are easily processed for
mounting on boards and suitable for high-density wirings.

Here, an interchannel pitch of 250 pum is widely adopted to polymer optical waveguides
[4] and other components for parallel optical links such as fiber ribbons, vertical cavity
surface emitting laser (VCSEL)-arrays, and photodiode (PD)-arrays. Meanwhile, in order to
realize higher-density wirings, recently, narrower pitches such as 125- and even 62.5-pum are
drawing much attention [5]. For such a high-density channel alignment, we have proposed to
introduce graded-index (Gl) cores into polymer optical waveguides because Gl-cores exhibit
excellent optical characteristics compared to the conventional step-index (Sl)-cores, such as
low-propagation loss, low interchannel crosstalk, high bandwidth, and high coupling
efficiency with MMFs, VCSELSs and photo detectors (PDs) [6]-[8].

For fabricating Gl-“circular”’-core polymer waveguides, we developed the Mosquito
method that utilizes a microdispenser for the first time in [7]. The Mosquito method allows us
to simplify the fabrication of polymer optical waveguides, since it no longer needs photo-
masks, large-scale UV exposure apparatus, and any chemical etching processes, even in the
case when several tens of centimeters long waveguides are fabricated. On the other hand, the
controllability of the core size and inter-core pitch has been an issue in this technique
compared to the conventional photo-lithography method. This is because, in the Mosquito
method, a liquid-state core monomer is just dispensed also within a “liquid-state” cladding
monomer with scanning a needle for dispensing: liquid flow caused by the needle scan could
devastate the alignment of the cores. In the parallel optical waveguides, even a small pitch
deviation could lead to a large coupling loss between the waveguides and other optical
components. Therefore, in this paper, we focus on the accurate control of the physical
dimension of Gl-core polymer waveguides: particularly we experimentally demonstrate that
the inter-core pitch is precisely controlled to 62.5-, 125- and 250-pum with a deviation of only
a few micrometers.

2. Mosquito method

In the Mosquito method, an air-pulse type microdispenser system (Musashi Engineering, Inc.,
dispenser: ML-808FXcom, desk-top robot: SHOT Master 300DS) is used.

The Mosquito method we proposed in [7] is illustrated in Fig. 1(a). In this paper, UV
curable silicone resins (FX-W712 for core: the monomer viscosity is 12,000 cPs, FX-W713
for cladding: the monomer viscosity is 10,000 cPs supplied by ADEKA Corporation) are
used. First, FX-W713 is coated on a substrate. Next, FX-W712 is dispensed from a needle
attached to a syringe. Here, the needle tip remains inserted in the cladding monomer while
dispensing the core monomer, as shown in Fig. 1(a), and the desk-top robot scans the needle
horizontally to form a circular-shaped core. Finally, both the core and cladding are cured
under UV exposure followed by post-baking at 100 °C to obtain a waveguide.

Since FX-W712 and FX-W713 are miscible, these monomers slightly diffuse into each
other after the core is dispensed, resulting in the formation of a concentration distribution, as
shown in Fig. 1(b). The curing reaction turns these monomers into a three-dimensionally
cross-linked copolymer. Therefore, the concentration distribution of the monomers is fixed,
and a refractive index profile is formed in the core. Hence, the index profile is quite stable
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even at higher temperatures due to the three-dimensionally cross-linked structure, compared
to the dopant-based Gl-core polymer waveguides we previously reported [5, 6, 8].

In our initial investigation on the viability of the Mosquito method, we focused on the
parameters influencing on the core diameter, in particular the needle scan velocity, the
dispensing pressure, and the needle inner diameter. It was experimentally confirmed that the
core diameters could be controlled with a deviation of £ 5% by fixing the above parameters.
Details of these parameter settings are reported in [7] with the data of obtained core diameters
and index profiles.

Needle

—

Substrate ®

Cladding

Dispenserm
(@) (b)

Monomer diffusion Gl profile formation

Fig. 1. (a) The fabrication process of the Mosquito method (Media 1). (b) Formation of Gl
refractive index profile by the monomer diffusion.

3. Fabrication of polymer parallel optical waveguides
3.1 Pitch control method and optical evaluation method of pitch

The parallel cores in the waveguides fabricated by the Mosquito method are formed by
repetitive parallel scans of the needle. In this parallel scan procedure, the position accuracy of
the needle inserted in the monomer largely depends on the desk-top robot: the precision of the
needle position is specified as £ 5 um [9], while the position accuracy in the vertical direction
is determined by the desk-top robot: the minimum depth controllability is 1 um. Actually, we
already succeeded in fabricating Gl-core polymer optical waveguides with a 250-um pitch
with a + 10% deviation in our previous report [7]. Here, the 10-% deviation of the pitch in the
waveguide we previously reported corresponds to 25-um. Such a large deviation was
observed because the needle-scan program of the desk-top robot was not optimized for pitch
control. However, recent trends of polymer waveguides for optical printed circuit boards (O-
PCBs) are in high-density channel alignment, which means the pitch is reduced from a
traditional standard value of 250 um to 125 and 62.5 um. Here, since the needle outer
diameter (about 350 pm) for forming the 40-pm cores is much larger than the desired pitch, it
is a concern that the core dispensed prior could be disturbed by the next core scans. However,
we demonstrate in the following section that the Mosquito method is capable of fabricating
polymer optical waveguides with a pitch remarkably smaller than the outer needle diameter.
The pitches of the fabricated waveguides are measured using an optical evaluation method
as follows: A 50-ume GI-MMF is butt coupled to one end of the waveguide under test, while
the other end is coupled to an optical power meter (ANDO AQ-2140 & AX-2741) whose
active area is large enough to detect the output light from any one of 40 cores aligned in
parallel. After the GI-MMF probe is actively aligned to the edge core of the waveguide, the
GI-MMF probe scans horizontally with a step of 1 um. Then, the output power variation is
plotted with respect to position. When the core of the GI-MMF is perfectly aligned to a
particular core of the waveguide, the output power shows a strong peak since the coupling
efficiency is maximized. This peak position is defined as the waveguide core position, and
thus we can determine the pitch from the plot by calculating the distances between adjacent
peaks. In order to discuss the pitch controllability, more than 10 values of pitch in a
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waveguide are calculated, and then, the average value with the standard deviation is indicated
in the results in the following sections.

3.2 250-um pitch waveguide

Currently, typical multimode polymer optical waveguides have had a physical dimension of
50 x 50 pm core size with 250-pum pitch (SI square core) [4]. Meanwhile, in order to form a
50-um core using the Mosquito method, we use a needle with a 150-pum inner diameter (an
outer diameter is 350 um); 24-mm/s scan velocity and 250-kPa dispensing pressure are found
to be appropriate conditions. In the desk-top robot program, the needle tip (bottom) is set to
have a 200-um height from the upper surface of the substrate before starting the needle scan,
so that the cladding polymer layer is coated on the substrate with a sufficient thickness
(approximately 500-um thick or more).

First, when the pitch is set to be 250 um, a cross-sectional photograph of a 5-cm long 12-
Ch. Gl-core waveguide fabricated is shown in Fig. 2. Although we already succeeded in
fabricating Gl-core polymer optical waveguides with a 250-um pitch [7], the dispensing
conditions were adjusted not for the pitch control but for controlling the core shape and
diameter. Therefore, the pitch with a + 10% deviation was obtained as mentioned above. In
contrast, in this paper, we optimize the needle-scan program of the desk-top robot by focusing
on controlling the pitch while maintaining the dispensing conditions found in [7]. In this case,
the outer radius of the needle is 175 pum, which is shorter than the pre-set pitch of 250 um.
Therefore, it is less likely that the disturbance in the parallel core alignment is due to
repetitive needle scans. In fact, the pitch is controlled to 250.7 £ 5.2 um. The average value of
the pitch is approximately the pre-set value. On the other hand, the standard deviation value is
as large as 5.2 um. However, as mentioned in Section 2, the specification of the desk-top
robot for the position accuracy is = 5 pm, so pitch variation could depend on the fabrication
setup. Higher pitch controllability should be achieved utilizing a feed-back control of the
robot with additional real-time image data processing using CCD-cameras.

Fig. 2. A cross-sectional view of a Gl-core polymer parallel optical waveguide whose pitch is
controlled to 250 pm.

3.3 125- and 62.5-um pitch waveguides

As shown in Fig. 3 on the left hand side, when a 250-um pitch waveguide is fabricated, the
“formed core” is far apart from the side edge of the needle that is scanning the next “forming
core.” On the other hand, when a 125-um pitch waveguide is fabricated, the formed core
position overlaps the trajectory of the needle scan for the next “forming core,” as shown in
Fig. 3 on the right hand side.

However, we successfully fabricate a 5-cm long waveguide with a 125-um pitch as shown
in Fig. 4. From Fig. 4, even under a half-pitch compared to the one in Fig. 2, the circular core
shape is sustained. The pitch of the waveguide shown in Fig. 4 is calculated to be 126.7 + 2.6
um. It should be noted that the pitch accuracy is higher than that of the 250-um pitch
waveguide and the standard deviation is almost half value of the position accuracy of the
robot. This result indicates that the repetitive needle scan shows little influence on the core
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shape and alignment even if the needle outer radius is larger than the pitch size. The reason
for the needle size showing no effects on the pitch could be that the formed cores sink in the
cladding compared to the needle-tip level.

Outer diameter (350 pum)
Needle Inner diameter (150 um)

Needle

N

Formed core Forming core
l .
250-um pitch<] I E>125-pm pitch  Cladding layer

Fig. 3. Concern about fabricating the narrow-pitch waveguide.

VN

Formed cores Forming core

250 um

Fig. 4. A cross-sectional view of a polymer parallel optical waveguide with a 125-um pitch.

In order to confirm how the cores sink after being dispensed, we fabricate a waveguide by
varying the height of the needle tip from the substrate. The same dispensing condition
described above is applied to this experiment: the core size is set to 50 um. A cross-sectional
view of the fabricated waveguide is shown in Fig. 5(a). Here, the needle-tip height of Ch. 1 in
Fig. 5(a) is set to be 50 um from the substrate surface. The height of the needle tip is varied
with a 30-um step from Ch. 1 to Ch. 12: The needle-tip height of Ch. 12 is set to 380 um. It is
found that Ch. 1 is completely collapsed and elliptical cores are observed from Ch. 2 to 6.
Since the dispensing condition is for a 50-pme core, the needle-tip height for Ch. 1 is just the
right size for forming a perfect circular core. Nevertheless, even other channels (Ch. 2-6) do
not maintain the circular shape either. On the other hand, from Ch. 7 to 11 for which the
needle-tip position (< 230 pum) is high enough to maintain a perfectly circular shape, almost
perfectly circular cores are formed.

In order to qualitatively evaluate the formed core shapes, we introduce a parameter of
“circularity”. For the perfect circular cores, the circularity is calculated to be 1.00. The
circularity of each core is determined by utilizing an image processing technique where cross-
sectional photo images shown in Fig. 5 is digitized, and the number of pixels are counted to
determine the circularity. For a calibration purpose, our calculation method of circularity is
applied to a standard 50-pme GI-MMF resulting in obtaining a circularity of 0.99.

In Fig. 5(b), the calculated circularity is also plotted for all 12 channels in addition to the
core-center height from the substrate surface, which is actually measured in the photo.
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Fig. 5. (a) A cross-sectional view of polymer optical waveguide when the needle-tip height is
varied for fabrication. (b) Relationship between the circularity and the core height from the
substrate. (c) A schematic representation of the height difference between the needle tip and
dispensed cores.

From Fig. 5(b), it is found that the circularity reaches to 0.95 when the needle is scanned
with a height larger than 260 um. The maximum circularity of 0.968 is still lower than that
(0.99) of a 50-ume GI-MMF. Therefore, optimization of the dispensing condition,
particularly dispensing pressure is still required for the Mosquito method. However, even by
such a simple fabrication method, almost perfectly circular cores are fabricated with high
repeatability. From the results in Fig. 5, it is found that the dispensed cores are not placed just
beneath the needle tip, but sink slightly in the cladding, as illustrated in Fig. 5(c), which could
be due to the dispensing pressure. The average distance sunk is calculated to be 34.51 pm
from Ch. 1 to Ch. 12 in Fig. 5(b). Thus, in the case of Ch. 1 (and even Ch. 2-6), the dispensed
core has no space to sink, while it is stuck between the substrate and the needle tip to be
collapsed. To reduce the distance sunk, the dispensing pressure would be a key parameter.

According to the above discussion, since the fabricated waveguide pitch is independent of
the needle outer diameter, we fabricate a 5-cm long waveguide with a 62.5-um pitch, whose
cross-section is shown in Fig. 6. The pitch of this waveguide is calculated to be 61.7 + 3.4
um. The pitch value is slightly smaller than the pre-set value (62 um). Since a position
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accuracy less than 1 pm is not guaranteed by the desk-top robot [9], we can set the pitch with
the minimum step of 1 pm, so that the pre-set pitch is not 62.5 um but 62 um. From Fig. 6, we
confirm a high pitch uniformity even for a pitch as narrow as 62.5 um. Thus, 50-pme circular
Gl-core polymer parallel optical waveguides with a 62.5-um pitch are fabricated successfully
for the first time to the best of our knowledge.

20029006808

250 um

Fig. 6. A cross-sectional view of a polymer parallel optical waveguide with a 62.5-um pitch.

4, Interchannel crosstalk

We already showed the potential of low interchannel crosstalk in Gl-core waveguides even
under a narrow pitch, which is due to the strong light confinement near the core center [6].
Actually, we simulated how we could decrease the interchannel pitch while keeping the
interchannel crosstalk lower than —20 dB for Gl cores and then we theoretically confirmed
that Gl-core waveguides would be suitable for high-density optical wirings [10].

Furthermore, we also experimentally compared the interchannel crosstalk of Gl-square-
core waveguides with different pitches: 62.5, 125 and 250 pm (the core size is 40 x 40 pm
supplied by Sumitomo Bakelite Co., Ltd.) in [11]. Here, we showed that the crosstalk values
almost exponentially decreased with respect to the inter-core distance, and that the slope was
steeper with decreasing the pitch size. That means the crosstalk from the nearest cores
dominates, and the crosstalk from the distant cores are less likely to suffer the signal integrity.

In this paper, we measure the interchannel crosstalk of Gl-circular-core polymer
waveguides fabricated using the Mosquito method and then, compare the pitch and core shape
dependences of the crosstalk. The interchannel crosstalk is measured using the setup
schematically shown in Fig. 7, which is the same as that used in [11]. First, we excite one
core of the waveguide via a 1-m long, 50-umg GI-MMF probe and measure the output power
from the excited core using another 50-pme GI-MMF probe. Next, as shown in Fig. 7, the
detection probe is scanned horizontally with a step of 1 um in order to detect the output power
from the other cores, as well as the output from the cladding area.

The measured results of the interchannel crosstalk are shown in Fig. 8(a). The optical
power leaked from the excited core remains in the cladding and then recouples to the
propagating modes in other cores as crosstalk [12]. Therefore, the crosstalk values from the
cladding between the cores are large. From Fig. 8(a), the crosstalk values to the nearest
channel are found to be —27 dB, —31 dB, and -39 dB for 62.5-, 125-, and 250-um pitch GI-
circular-core waveguides, respectively, which are lower than the values of the Gl-square-core
waveguides we measured previously (-21 dB, —26 dB and —27 dB for the corresponding
pitches) [11]. The Mosquito method allows us to obtain Gl-circular core waveguides with
sufficiently low interchannel crosstalk: the crosstalk from the nearest core is as low as —30 dB
except for the narrowest pitch (62.5 pm) sample. Even in the case of the 62.5-pm pitch
sample, the crosstalk is lower than —25 dB.
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Fig. 7. Measurement setup for crosstalk characterization.
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Fig. 8. (a) Interchannel crosstalk in Gl-core waveguides with 250-, 125- and 62.5-um pitches
excited via a 50-pme GI-MMF. (b) Relationships between the interchannel crosstalk value and
the inter-core distance.

In actual optical links, the accumulated crosstalk from all the cores could deteriorate the
signal integrity, because parallel signals propagate through all the channels in the waveguides
simultaneously. Hence, we focus on the relationship between the crosstalk value and the
interchannel distance. In Fig. 8(b), the results of the fabricated waveguides using the
Mosquito method are plotted with the previous results of Gl-square-core waveguides. In the
case of the Gl-“circular”-cores (circle plots), the crosstalk values also exponentially decrease
with increasing the interchannel distance: From the best-fit lines (solid lines), the slope values
are found to be —0.005 dB/um, —0.012 dB/pm and —0.043 dB/pm for the 250-, 125- and 62.5-
um pitch waveguides, respectively. Meanwhile, the GI-square-core waveguides fabricated by
the photo addressing method with 250, 125 and 62.5 pm pitches show the crosstalk slope
values of —0.014 dB/um, —0.022 dB/um and —0.034 dB/um as shown in Fig. 8(b) as broken
lines. The crosstalk slope is steeper with decreasing the pitch, which is the same tendency as
those of Gl-square-core waveguides. Therefore, the influence from the distant core on the
crosstalk would decrease while the crosstalk to the nearest channel would be high in the
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narrow-pitch waveguides, and we find in Fig. 8(b) that forming Gl-circular-cores could
decrease the dominant crosstalk from the nearest cores.

The 250- and 125-um pitch square-core waveguides show steeper crosstalk slopes
compared to the circular core waveguides with the same pitches. Contrastingly, the crosstalk
in the 62.5-pum pitch circular-core waveguide rapidly decreases with the inter-core distance,
compared to the square-core samples. What we would like to emphasize here is that the
circular-core waveguides always show lower crosstalk than the square-core waveguides
independent of pitch. This implies that the nearest-core crosstalk values are low. The lower
crosstalk in the Gl-circular cores than the square counterparts could be attributed to the thick
cladding: low optical power confined in the thick cladding could decrease the crosstalk. We
already discussed the optical power in the cladding and showed that optical power removal
from the cladding is effective for decreasing the interchannel crosstalk [10, 11]. Therefore,
the effect of the cladding thickness on the crosstalk will be reported elsewhere.

5. Multi-channel operation

In the above sections, the fabricated waveguides are evaluated by launching one of the
multiple cores. However, in actual optical links, parallel multiple cores need to be operated
simultaneously. Hence, the optical properties of the waveguides should be discussed under
the conditions of all channels operating simultaneously. In this paper, the connectivity of the
waveguide with a commercially available MMF ribbon is investigated, by which we show the
uniformity of the multiple cores: propagation loss and pitch uniformity. For the connectivity
measurement, the waveguide under test is inserted into two MMF ribbons. First, the
waveguide with a 125-pum pitch, shown in Fig. 4 is butt-coupled to a 1-m long, 12-Ch., 50-
umg GI-MMF ribbon with the same pitch (supplied by Furukawa Electric Co., Ltd.) whose
end is terminated with an MT connector, as shown in the experimental setup illustrated in Fig.
9. The interchannel pitch of the fiber ribbon was measured using the method shown in 3.1 to
obtain 125.0 = 0.9 um. Since each channel of the MMF ribbon is independently connected to
twelve different VCSEL sources, not only all the channels but also the desired channels of the
waveguides are selectively excited.

First, a near-field pattern of the 125-um pitch waveguide is shown in Fig. 10, where all the
12 cores are excited. From Fig. 10, we confirm sufficiently high output power from all the 12-
Ch. cores. Next, we also evaluate the connectivity between the MMF ribbon and the 62.5-pum
pitch waveguide shown in Fig. 6. Since only the GI-MMF ribbon with a 125-pum pitch is
available, the GI-MMF ribbon excites every other core of the 62.5-pm pitch waveguide. In
Table 1, the insertion losses are indicated, which are measured by accurately aligning a 50-
umg GI-MMF probe instead of the Near-Field Pattern (NFP) camera in Fig. 9. In Table 1, Ch.
1,2,3,...,10, 11, and 12 of the “MMF Ribbon Channel No.” correspond to Ch. 1, 2, 3,..., 10,
11, and 12 in the 125-um pitch waveguide, and to Ch. 2, 4, 6,..., 20, 22, and 24 in the 62.5-
pum pitch waveguide.

Fiber ribbon

LR ——

1060 nm

125 um pitch  MT connector

Fig. 9. Experimental set up of parallel channel operation of a waveguide.

Fig. 10. A near-field pattern of waveguide when 12-Ch.cores are excited.
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Table 1. Insertion Losses of Waveguides with 125- and 62.5-pm Pitches at 1060-nm
Wavelength [dB]

MMF
Ribbon
Channel

No.

125-pm

pitch
62.5-um

pitch

1 2 3 4 5 6 7 8 9 10 11 12

360 | 403 | 302 | 203 | 243 | 247 | 242 | 203 | 220 | 273 | 244 | 3.24

385 | 366 | 235 | 288 | 327 | 285 | 3.89 | 272 | 669 | 238 | 3.35 | 2.13

For the insertion loss measurement, 1060-nm VCSELSs are used as a preparation of high-
speed data transmission experiment shown in the next part. A 2-dB variation of the insertion
loss (from 2.03 to 4.03 dB) is observed in the 125-pum pitch waveguide. Similar variation is
also observed in the 62.5-pm pitch waveguide, except for Ch. 9. Even for the core exhibiting
the highest insertion loss, the output power is high enough for a high-speed data transmission
experiment: the output power from all the cores is higher than minimum sensitivity of the PD.

Therefore, using the waveguide shown in Fig. 4, we demonstrate a high-speed parallel
signal transmission (11.3-Gbps x 12-Ch.) through a Gl-core parallel optical waveguide for the
first time, where we use parallel-optical transceivers employing 1060-nm VCSELSs developed
at Furukawa Electric Co., Ltd [13]. A schematic representation of the experimental setup is
shown in Fig. 11 along with a photo. One end of a 50-pme GI-MMF ribbon with a 250-pum
pitch is coupled to the transmitter, while the other end is connected via an MT connector to
another MMF ribbon with a 250-pm /125-um pitch conversion structure. Then, the 5-cm long
polymer waveguide is butt-coupled to the MMF on the side of 125-um pitch (with an MT
connector), as shown in Fig. 11. After propagating through the waveguide, the output lights
from the cores are connected to another 125-um pitch GI-MMF ribbon to guide to the
receiver array to measure the eye diagrams.

Table 2 summarizes the measured output power from each channel (output power from
the receiver-side GI-MMF ribbon) and the insertion loss (comparison with the output power
from the launching MMF ribbon). As shown in Table 2, the output power from Ch. 1 to Ch.
12 shows approximately a 3-dB variation: 1 dB higher than the insertion loss variation in
Table 1. The higher insertion losses are mainly due to the coupling losses between the
waveguide and the GI-MMF ribbon.

The propagation loss of the same silicone based Gl-core waveguide at 1060 nm was
previously measured in [7] as 0.15 dB/cm, which is slightly higher than the propagation loss
at 850-nm wavelength (0.033 dB/cm) due to higher vibrational absorption loss of carbon-
hydrogen bonding. However, as the total propagation loss for a 5-cm long waveguide is
calculated to be 0.75 dB (0.15 dB/cm x 5 cm) at 1060 nm, the high absorption loss at 1060
nm shows a small influence on the averaged insertion loss of 2 to 4 dB shown in Table 1 for
the 12 channels. Since the pitch of the waveguide is precisely controlled to be 125 pm, an
insertion loss is as low as 2 to 4 dB in all the channels.

We also evaluated the misalignment tolerance of the connection between a Gl-core
waveguide and a GI-MMF in [7], and it was found that even a 10-um misalignment caused
0.5-dB loss increment at the MMF-waveguide connections. Meanwhile, an excess loss as
high as 3 to 4 dB is observed in Ch. 10 and Ch. 12 compared to Ch. 6 in Table 2. The
insertion losses in Table 2 include additional 2 to 3 dB loss in all the channels compared to
the loss of corresponding channels in Table 1. These excess coupling losses are probably
because the dual misalignment at both ends of the waveguide. At the input end face, when
misalignment is caused between the GI-MMF ribbon and the waveguide cores, high-order
modes in the cores of waveguide are selectively excited, which increases the output spot size
of the near-field pattern at the output end of the waveguide. Then, the insertion losses of the
second connection (waveguide to another MMF ribbon) could increase. Therefore, for
reducing the insertion loss variation, further accurate pitch control should be realized: a feed-
back method using CCDs could be one solution.
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Fig. 11. Experimental setup for multiple-core operation.

Table 2. Output Power and Insertion Loss for Link with a 5-cm Long Waveguide.

Waveguide
Channel 1 2 3 4 5 6 7 8 9 10 11 12
No.

Output
Power —6.70 |-4.51 |-4.15 |-3.65 | -3.68 |-355 |-437 |[-4.25 |[-6.09 |-7.46 |-6.94 |-7.22
[dBm]

Insertion

loss [dB] 715 | 498 |487 |4.44 4.12 4.17 509 496 |6.92 |812 |7.17 7.51

Figure 12 shows the measured optical eye diagrams operated at after 11.3-Gbps 2%-1
pseudo-random binary sequence (PRBS) bit-stream for each channel. In terms of a high speed
serial optical transmission, we demonstrated a 25-Gbps optical link utilizing just one core in a
GI polymer parallel optical waveguide in a previous work [14]. Meanwhile, the results in Fig.
12 are the first demonstration of multi-channel parallel-optical transmission in such a narrow-
pitch Gl-core waveguide. Since the pitch of the waveguide fabricated using the Mosquito
method is accurately controlled to 125 um, the insertion losses are low enough in all the
channels, and thus, all eye diagrams observed in Fig. 12 are clearly open.

Next, we measure bit error rate (BER) bathtub curves using the setup in Fig. 11. Here, we
focus on Ch. 6 since it shows the lowest insertion loss in Table 2, and in order to check the
influence of interchannel crosstalk on BER, we compare BER bathtub curve when all
channels are operated to those of back-to-back, and when only Ch. 6 is operated. Measured
BER bathtub curves are shown in Fig. 13. From Fig. 13, the jitter margins are 0.45 U.l. or
more even with all channels operating. Meanwhile, the measured random jitter increment
under all channels operation compared to single-channel operation is almost 0.05 U.Il.. A
slight jitter variation is also observed compared to two back-to-back patterns, as shown in Fig.
13. However, those jitter variations are caused mainly by the electric crosstalk, because the
curve of back-to-back under all channel operation shows larger jitter variation than under
single-channel operation. Therefore, it is confirmed that the signal deterioration due to the
optical crosstalk is negligible even under a pitch as narrow as 125 pm.
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Fig. 12. Eye diagrams for 11.3 Gbps parallel-optical signals after transmitting a 5-cm long
waveguide with a 125-pm pitch.
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Fig. 13. Bit error rate curves for 11.3 Gbps transmission when only Ch. 6 is operated and 12
channels are operated.

6. Conclusion

We successfully fabricated the Gl-circular-core polymer parallel optical waveguides whose
interchannel pitch is accurately controlled using the Mosquito method. The waveguide pitches
were measured as 250.7 + 5.2, 126.7 + 2.6, and 61.7 = 3.4 um for the pre-set pitch of 250-,
125-, and 62.5-um, respectively. We also investigated the crosstalk properties of the
fabricated Gl-circular-core waveguides, and discussed the relationship between interchannel
crosstalk and the pitch or the distance from the excited core. Because of the well-controlled
pitch, the fabricated Gl waveguides showed a high connectivity with a 12-Ch. GI-MMF
ribbon with a 125-um pitch. Finally, we experimentally demonstrated 11.3 Gbps x 12 Ch.
signal transmissions in the parallel 12 channels without any signal deterioration. Therefore,
Gl-circular-core polymer parallel optical waveguides fabricated using the Mosquito-method
could pave the way for higher-bandwidth-density on-board and board-to-board optical
interconnects.

Acknowledgments

The authors would like to acknowledge Y. Ishikawa of ADEKA Corporation for supplying
silicone polymer materials and for his continuous technical support to this research. In
addition, the authors would like to acknowledge H. Nasu and K. Nagashima of Furukawa
Electric Co., Ltd. for supplying 50-ume GI-MMF ribbons with variable pitch size and for
allowing us to use their high-speed data transmission experimental setup with continuous
technical support.

#204486 - $15.00 USD Received 9 Jan 2014; revised 10 Mar 2014; accepted 17 Mar 2014; published 1 Apr 2014
(C) 2014 OSA 7 April 2014 | Vol. 22, No. 7 | DOI:10.1364/OE.22.008426 | OPTICS EXPRESS 8437





