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Practical Evaluation of Polymer Waveguides for
High-Speed and Meter-Scale On-Board
Optical Interconnects
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Abstract—We comprehensively evaluated optical characteris-
tics, environmental stabilities, fiber optics compatibilities, and
high-speed performances of multimode polymer waveguides fab-
ricated in small batch with a length of 946 mm. The waveguides
exhibit a low transmission loss (0.046 dB/cm at a wavelength of
850 nm), low interchannel crosstalk (< —58 dB), and a large mis-
alignment tolerance (£20 pm) between fiber and waveguide. The
waveguides show good environmental stability and the increase
of propagation loss is as small as 0.005 dB/cm and 0.004 dB/cm
after a 1000-h ageing test and five solder reflow cycles, respectively.
The waveguides have good compatibilities with fibers having dif-
ferent core diameters and index profiles that may be encountered
in the real application environment. High-speed transmission per-
formances were evaluated using both nonreturn to zero (NRZ)
transmission at data rates of 25 Gb/s and 30 Gb/s, and PAM4
transmission at data rates of 20 Gb/s and 56 Gb/s, respectively.
There is no obvious degradation on the eye diagram due to the in-
sertion of the waveguide. Error free transmission were successfully
obtained for NRZ transmission at data rates of both 25 Gb/s and
30 Gb/s. The BER for PAM4 transmission reached a level of 10~
at data rates of both 10 Gbaud (20 Gb/s) and 28 Gbaud (56 Gb/s),
which is well below the forward error correction limitation. More-
over, it is the bandwidth of the test equipment rather than the
polymer waveguide itself that limits the high-speed transmission
performances in our experiments. The results demonstrate that
the polymer waveguides are good candidates for high-speed and
meter-scale on-board optical interconnect applications.

Index Terms—Electric-optical printed circuit boards, optical in-
terconnects, optical polymers, optical waveguides.

Manuscript received July 11, 2017; revised December 12, 2017 and April 24,
2018; accepted May 29, 2018. Date of publication June 19, 2018; date of current
version June 29, 2018. This work was supported by the National Natural Sci-
ence Foundation of China (NSFC) under Grants 61775138 and 61620106015.
(Corresponding author: Lin Ma.)

X. Xu, L. Ma, and Z. He are with the State Key Laboratory of Advanced
Optical Communication Systems and Networks, Shanghai Jiao Tong University,
Shanghai 200240, China (e-mail: xia02014 @sjtu.edu.cn; ma.lin@sjtu.edu.cn;
zuyuanhe @sjtu.edu.cn).

M. Immonen is with TTM Technologies, Salo 24100, Finland (e-mail: marika.
immonen @ttmtech.com.hk).

X. Shi is with the TTM Technologies, Shanghai 201613, China (e-mail:
xinhong.Shi@smst.ttmtech.com.cn).

B. W. Swatowski and J. V. DeGroot are with the Dow Corning Corporation,
Midland, MI 48686 USA (e-mail: brandon.swatowski @dowcorning.com; jon.
degroot@dowcorning.com).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JLT.2018.2847461

, Member, IEEE, Marika Immonen, Member, IEEE, Xinhong Shi, Member, IEEE,
, Jon V. DeGroot, and Zuyuan He

, Senior Member, IEEE, Member, OSA

I. INTRODUCTION

HE increasing operation speed of datacenters and high per-

formance computers gives ever-increased burden on the
bandwidth of intra-system interconnects [1]-[3]. High function
application specific integrated circuits (ASICs), such as switch
chips, are driving requirements for higher I/O density and lower
interface power. In typical high speed serial link, channel length
can reach 1 meter in backplane channels and 5 meters in copper
cable channels. Current designs deploy 25 Gb/s SerDes in high
speed links, but next generation electrical and optical 50 Gb/s
and 56 Gb/s single lane interconnect standards are under defi-
nition by IEEE 802.3bs and OIF CEI-56G-VSR [4], [5]. Signal
integrity is impacted by many impairments such as jitter, noise,
frequency-dependent loss, reflections, and crosstalk at higher
frequencies. A viable solution to scale up data rate is to use
higher order modulation. 4-level pulse amplitude modulation
(PAM4) can double the channel bandwidth with the same sig-
naling rate compared with binary non-return to zero (NRZ),
and is exploited as the path for narrower 200 G (4 x 50 G)
and 400 G (8 x 50 G) module interfaces compared with NRZ
(16 x 25 G) configurations. Moreover, CEI-112G-VSR to de-
velop 100 G single lane implementation agreement for chip-to-
module interface has already been launched.

Optical interconnects have drawn significant attentions owing
to their advantages over conventional electronic solutions in
various aspects, such as broad bandwidth, high density, low
power consumption, low cost and immunity to electromagnetic
interference [6], [7]. Various optical technologies have been
proposed, including free-space optical interconnects [8], [9],
optical fiber wiring technology [10], [11], planar waveguide
technology [12]-[15] and silicon photonics [16], [17].

In order to meet the future requirements, intensive research
and standardization activities such as Phoxtrot, HDPUG, IEC
TC86 JWG9 on short reach optical technologies have been
carrying out to replace intra-system electrical links by opti-
cal means [18]—-[21]. Fig. 1 shows objected architecture using
optical interconnects for intra-rack high-speed links. Multimode
optical waveguides combined with on-board optical engines lo-
cated close to host chip on card are considered to be near term
solution for chip-to-chip interconnects over optical backplane.
Single-mode waveguides and silicon photonics are considered
to be longer term solutions [22].
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Fig. 1.  System architecture with optical intra-system links.

Near-term implementation makes use of 850 nm optical en-
gines which are widely available from multiple vendors on the
market with several lane options (x4, x8, x12, x16) and data
rates (up to 28 Gb/s per lane). Vertical cavity surface emitting
lasers (VCSELSs) have been demonstrated with data rates over
50 Gb/s [23], [24]. However, the stringent loss budget with
higher data rate pose particular challenges for link loss and
signal integrity characteristics.

As a result, multimode polymer waveguides play an impor-
tant role in high-speed on-board optical interconnect applica-
tions. They have good compatibilities with both printed circuit
boards (PCBs) and fiber optics. They can be embedded inside
or laminated on the surface of PCBs and can be coupled with
graded-index (GI) multimode fibers with a low coupling loss
[25]. The large core dimensions relax the alignment tolerances,
and therefore, reduce cost for packaging and connection. How-
ever, signal degradation due to their highly multimode nature
leaves concerns on both transmission data rate and applica-
ble distance [26]. The bandwidth-length product and high-
speed data transmission of meter-scale multimode waveguides
have been investigated [27], [28]. Bandwidth-length product of
>40 GHz-m without the need for any specific launch condi-
tioning has been obtained [29], and 56 Gb/s PAM-4 data trans-
mission has been demonstrated [30]. On the other hand, the
environmental stability of the polymer waveguides is another
concern for practical applications.

In this paper, we studied the performance of multimode
polymer waveguides for high-density and meter-scale on-board
optical interconnects. We measured the transmission loss, inter-
channel crosstalk, misalignment tolerance of the waveguides
and studied their environmental stability and compatibilities
with fiber optics. Moreover, we evaluated the high-speed trans-
mission performances using both NRZ data transmission at rates
of 25 Gb/s and 30 Gb/s, and PAM4 data transmission at rates of
20 Gb/s and 56 Gb/s, respectively.

II. OPTICAL CHARACTERISTICS

We used sets of polymer waveguides in spiral design fab-
ricated on silicon substrate using photo curable silsequioxane
materials (Dow Corning WG-1022 Optical Waveguide Core,
Dow Corning WG-1025 Optical Waveguide Clad, Dow Corn-
ing WG-1027 Optical Waveguide Clad) for evaluation. The
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TABLE I
REFRACTIVE INDICES
Material 850 nm 1310 nm
WG-1022 1.526 1.519
WG-1025 1.507 1.503
WG-1027 1.502 1.497
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Fig. 2. Experimental setup for propagation loss measurement.

refractive indices are listed in Table 1. On a single piece of the
waveguide chip, there are 6 long and 6 short (for reference pur-
poses) spiral channels with a length of 946 mm and 162.5 mm,
respectively. The core size is approximately 52 x 54 pm?. The

pitch of the waveguides is 250 um which coincides with that of
the VCSELSs, photodiode arrays and multimode fiber ribbons.

A. Propagation Loss

The experimental setup for insertion loss measurement is
shown in Fig. 2. Two distributed Bragg reflector laser diodes
(DBR-LDs) working at 850 and 1310 nm, respectively, were
used as the light source. Light from the laser diodes was butt-
coupled into and out from the waveguides using 2-meter long
50-pum-core GI fibers. Matching oil with a refractive index of
1.47 at a wavelength of 1550 nm was applied on both the input
and the output facets to reduce the coupling loss. Since both
the waveguide width and the facet processing condition for the
long and short waveguides are exactly the same, we assume
that the coupling loss between the waveguides and the optical
fibers are identical. As a result, both the propagation loss of the
waveguides and the coupling loss between the waveguides and
optical fibers can be worked out through measuring the insertion
loss of both the short and long waveguides. In our experiment, all
12 waveguides on the substrate were measured and the results
are shown in Fig. 3. The error bar in the figure represent the
power deviation of the channels. The average propagation losses
derived from the slope of the measured insertion losses at 850 nm
and 1310 nm are 0.046 dB/cm and 0.342 dB/cm, respectively,
and the total coupling loss of both the input and the output port
is about 0.5 dB.

B. Inter-Channel Crosstalk

Inter-channel crosstalk, which will cause severe degrada-
tion on transmitted signal, are resulted from mode coupling
and mode conversion between adjacent waveguides. Since the
waveguides under test have a pitch as large as 250 pum, the
inter-channel crosstalk is mainly caused by the mode conver-
sion, which attributes to the coupling of the cladding scattered
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set shows the micrograph of the end facet.
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Fig. 4. Experimental setup for crosstalk measurement.
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Fig. 5. Normalized received optical power at the output side as a function of
the horizontal offset of output fiber. The gray stripes represent the position of
the waveguides.

light due to surface roughness, bending and other imperfections
of the waveguides.

The inter-channel crosstalk at 850 nm was measured using
experimental setup depicted in Fig. 4. The experimental setup
and conditions are the same as that for insertion loss measure-
ment except that the output fiber was scanned in the horizontal
direction with a step of 10 um in order to record the optical
power at different positions.

The experimental results are shown in Fig. 5. The light
was center launched into Channel 3 (Ch.3) from a 50-um-
core GI fiber with matching oil applied on both the input and
the output ports. It can be observed that the maximum inter-
channel crosstalk measured at the output port of the 946-mm and
162.5-mm-long waveguides are as low as —58 dB (Ch.4) and
—62 dB (Ch.2), respectively, which indicates that inter-channel
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Fig. 7. Crosstalk simulation result of bending waveguides.

crosstalk characteristic of the fabricated waveguides well satis-
fied the requirement for on-board optical interconnect applica-
tions. Compared to the earlier result of approximately —35 dB
for 125-mm-long straight waveguides [31], the inter-channel
crosstalk observed in our experiments are smaller. The differ-
ence in crosstalk may be attributed to the changes in measure-
ment parameters such as launch conditions and the length and
shape (straight vs. spiral) of the waveguides, as well as the im-
provement in both the optical properties of the raw materials
and fabrication process of the waveguides.

The detected light power coupled to the adjacent channels
decreases with the increase of the distance apart from the input
channel. Moreover, the light power in the cladding structure
of the outer side waveguides (Ch.4 and Ch.5) is 10 to 15 dB
higher than that of the inner side waveguides (Ch.1 and Ch.2).
This is due to the bending direction of the spiral waveguides
as shown in Fig. 6. The simulated result conducted under the
same condition with the fabricated waveguides using a beam
propagation method is also shown in Fig. 7. The light leaked
from the outer side of the bending structure and resulted in
a higher detected power in the outer side cladding. However,
instead of directly coupling into the adjacent channels, most of
the leaked light in the cladding penetrated the adjacent channels
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Fig. 8. Normalized received power as functions of misalignment in both
horizontal and vertical directions for (a) input, and (b) output fiber.

and did not cause a significant increase of the inter-channel
crosstalk in the adjacent channels in the outer side.

C. Misalignment Tolerance

Misalignment tolerance at the input side was measured by
keeping the output fiber fixed and scanning the input fiber with
a step of 0.5 um in both horizontal and vertical directions us-
ing the same experimental setup for crosstalk measurements
as shown in Fig. 4. The received power as a function of the
displacement of the input fiber is shown in Fig. 8(a). The 3 dB
misalignment tolerances for horizontal and vertical direction are
427 and £31 pm, respectively. When keeping the input fiber
at the center launching position and scanning the output fiber,
the observed 3 dB misalignment tolerances for horizontal and
vertical direction as shown in Fig. 8(b) are 20 and £32 pm,
respectively.

It can be observed that the input fiber misalignment tolerance
in the horizontal direction is approximately 7 wm larger than
that for the output one. This can be explained by the result of
near field pattern (NFP) observation of the waveguide as shown
in Fig. 13(b). In the horizontal direction, instead of a uniform
distribution, large portion of the power is distributed in the center
of the core which results in a tighter misalignment tolerance.
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Fig. 10. (a) Solder reflow profile used in thermal analysis; (b) Propagation
losses before and after 5 solder reflow cycles.

III. ENVIRONMENTAL STABILITIES

In order to investigate the environmental stability of the
waveguides, ageing test was carried out using sets of the waveg-
uides under a condition of a relative humidity of 85% and a tem-
perature of 85 °C which is commonly referred as 85% RH/85 °C
ageing test. Fig. 9 shows that after the ageing test of 500 and
1000 hours, the propagation loss increase is as small as 0.004
and 0.005 dB/cm respectively at a wavelength of 850 nm.

Five runs of solder reflow were also performed on sets of
the waveguides to assess the impact that reflow will have on
embedded waveguides in the PCB manufacturing environment.
The reflow condition that the sample was subjected to was a
50 °C/130 °C/150 °C/180 °C/230 °C/260 °C/230 °C/180 °C
profile with the sample at each temperature for 50 seconds as
shown in Fig. 10(a). Pre- and post-solder reflow insertion loss
testing showed that a net increase of 0.004 dB/cm in propagation
loss at 850 nm was observed as shown in Fig. 10(b) after five
reflow cycles were performed.

IV. FIBER OPTICS COMPATIBILITIES

The fiber optics compatibilities were evaluated by carrying
outabit error rate (BER) test on the 946-mm-long waveguide us-
ing 4 typical optical fibers, namely, 9-;um-core standard single-
mode fiber (SSMF), 50-uum-core graded-index fibers (OM2 and
OM3 fibers), and 62.5-um-core graded-index fibers (OM1 fiber)
that may be encountered in the practical systems as launching
fibers. The experimental setup for BER test is shown in Fig. 11.
Fibers for launching compatibility test was directly butt-coupled
to the waveguides and an OM?2 fiber was fixed at the output side
as the receiving fiber with matching oil applied to both of the
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OM2 fibers as launching fibers at a data rate of (a) 10 Gb/s and (b) 25 Gb/s,
respectively.

input and the output ports. The bit error ratio tester (BERT,
multilane ML 4009) generates electrical NRZ signal with a
pseudo-random binary sequence (PRBS) length of 27—1 at data
rates of 10 Gb/s or 25 Gb/s. Light from the DBR-LD at 850 nm
was coupled to the intensity modulator with a bandwidth of
25 GHz together with the NRZ signal and a direct current (DC)
driving signal. A multimode variable optical attenuator (VOA)
was used for optical power adjustment. The light from the VOA
was detected using a photodiode with a bandwidth of 22 GHz.
After amplifying by a 50 GHz RF amplifier, the electrical signal
from the PD was fed back to the BERT for analysis.

The result of BER test at a data rate of 10 Gb/s and 25 Gb/s
using SSMF, OM1, and OM2 fibers as launching fibers are
shown in Fig. 12(a) and (b), respectively. Compared with SSMF,
when using OM1, OM2 fibers as launching fibers, the trans-
mission performance slightly degrade, and the power penalties
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(a) (b) (c)

Fig. 13.  Output near field patterns of the waveguide with (a) SSMF, (b) OM2
fiber, and (c) OM1 fiber as the launching fiber.

back-to-back-link waveguide-link

(by12 mV/
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Fig. 14. Eye diagrams at (a) 25 Gb/s and (b) 30 Gb/s. The voltage and time
scale of the recorded eye diagrams are noted.

observed at 10~ were 0.6 dB and 0.4 dB for 10 Gb/s and
25 Gb/s, respectively. The difference in using OM1 or OM2
fibers as launching fiber is small, and since the difference be-
tween using OM2 and OM3 fibers as launching fiber is negli-
gible, we omitted the results of OM3 fibers for obtaining better
visibility of the figures.

The observed output NFPs of the waveguide at a wavelength
of 1310 nm using SSMF, OM1, and OM2 as the launching fibers
are shown in Fig. 13. The input power for all the experiments
are kept the same. Due to the smaller core size and single-mode
characteristic of the SSMF, the majority of the light power was
located in the center of the waveguide and smaller number of
modes were stimulated when using SSMF as the launching fiber
compared with that using OM1 and OM?2 fibers. This result
agrees with that of BER observation that using SSMF as the
launching fiber can achieve a better BER performance.

V. HIGH-SPEED PERFORMANCES

To evaluate the high-speed performance of the waveguide at
850 nm, both NRZ transmission (at data rates of 25 Gb/s and
30 Gb/s) and PAM4 transmission (at data rates of 20 Gb/s and
56 Gb/s) were implemented on a 946-mm-long waveguide.

A. NRZ

The experimental setup shown in Fig. 11 was used for NRZ
transmission, and 50-pum-core fibers were used as the coupling
fibers for both the input and output port. The performance
of back-to-back link was also measured. The eye diagrams
were measured using the sampling oscilloscope (KEYSIGHT
DCA-X 86100D) and the results are shown in Fig. 14. The
voltage and time scale of the diagrams were also recorded and
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Fig. 16.  Experimental setup for PAM4 transmission.

the average received optical power is —6 dBm and —3 dBm at
a data rate of 25 Gb/s and 30 Gb/s, respectively. There is no
obvious degradation of the eye diagrams due to the insertion
of the waveguide. The obtained BER curves at both data rates
are shown in Fig. 15. Error free transmission were successfully
obtained at data rates of both 25 Gb/s and 30 Gb/s. It can be
observed that the power penalty for BER of 10~ due to the
insertion of the waveguide is as small as 0.5 dB and 1.3 dB ata
data rate of 25 Gb/s and 30 Gb/s, respectively.

B. PAM4

The PAM4 transmission were implemented using experimen-
tal setup as shown in Fig. 16. The arbitrary waveform generator
(AWG, KEYSIGHT M8195A) was used to generate PAM4 sig-
nal. The coupling condition of the waveguide was exactly the
same as that for NRZ transmission test. The electrical signal af-
ter amplification was captured by a digital storage oscilloscope
(DSO, KEYSIGHT DSOZ592A) and the BERs were counted
offline. PAM4 transmission tests at 10 Gbaud (20 Gb/s) and
28 Gbaud (56 Gb/s) were done and the results are shown in
Fig. 17. The average received optical power is —5.5 dBm and
—2 dBm for 10 Gbaud and 28 Gbaud, respectively. There is
no obvious degradation of the eye diagram due to the insertion
of the waveguide. However, a relative eye closure at 56 Gb/s
for both back-to-back and waveguide link were observed due
to the low received power. The result for the BER measure-
ment is shown in Fig. 18. The BER reached a level of 10~ for
both 10 Gbaud (20 Gb/s) and 28 Gbaud (56 Gb/s) transmission,
which is well below the forward error correction (FEC) limi-
tation. Moreover, the polymer waveguide itself is not the main
factor that limits the high-speed transmission performances.
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Fig. 18.  BER curves of PAM4 data transmission at 10 Gbaud (20 Gb/s) and
28 Gbaud (56 Gb/s).

VI. CONCLUSION

We comprehensively studied the practicability of polymer
waveguides for high-speed meter-scale on-board optical inter-
connect applications. Low transmission loss (0.046 dB/cm at a
wavelength of 850 nm), low inter-channel crosstalk (<—58 dB)
and large misalignment tolerance (£20 pm) are achieved. The
waveguides show good environmental stability and the increase
of propagation loss is as small as 0.005 and 0.004 dB/cm after a
1000-hour ageing test and five solder reflow cycles, respectively.
Good compatibilities with the fibers have been observed by us-
ing launching fibers with different core diameters and index
profiles that may be encountered in the real application environ-
ment. To evaluated high-speed transmission performances of the
waveguides, we measured the BRE curves and eye diagrams of
both NRZ data at rates of 25 and 30 Gb/s, and PAM4 data at rates
of 20 and 56 Gb/s, respectively. There is no obvious degradation
on the eye diagram due to the insertion of the waveguide. Error
free transmission and open eye diagrams were successfully ob-
tained for NRZ transmission at data rates of both 25 and 30 Gb/s.
The BER for PAM4 transmission reached a level of 10~ at data
rates of both 10 Gbaud (20 Gb/s) and 28 Gbaud (56 Gb/s),
which is well below the forward error correction limitation. The
results imply that the polymer waveguides are promising for
high-speed on-board optical interconnect applications.
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