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An optical waveguide interconnect mesh network scheme for parallel multiprocessor systems based on an
electro-optical printed circuit board (EOPCB) with multimode polymer waveguide is proposed. The sys-
tem consists of 2×2 processor element chips interconnected in a mesh network configuration. An additional
layer with optical waveguide structure is embedded in a conventional printed circuit board to construct the
EOPCB. Vertical cavity surface emitting laser (VCSEL)/positive intrinsic-negative (PIN) arrays are ap-
plied as the optical transmitters/receivers. Three 1×12 VCSEL/PIN parallel optical transmitting/receiving
modules are used to provide 32 input/output optical channels required by the 2×2 chip-to-chip optical
mesh interconnect system. The data rate in each optical channel is 3.125 Gbps and thus 10 Gbps parallel
optical interconnect link for each direction of a chip is obtained. The optical signals from a processor
element chip can be transmitted to another chip through optical waveguide interconnect embedded in the
board. Thus the optical interconnect mesh network for parallel multiprocessor system can be implemented.
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Conventional electronic systems become inadequate for
the manipulation and processing of large data equip-
ments. The future multiprocessor systems require an
innovative interconnect technology substituting for the
conventional electronic one which is the bottleneck of the
current systems. Optical interconnect is expected to be
the technology due to its excellent potential. Its advan-
tages include high speed, wide bandwidth, free of elec-
tromagnetic interference, and signal reflection[1,2]. Chip-
to-chip optical interconnect on a printed circuit board
(PCB) board is an important technique to improve the
data rate and bandwidth of signal transmission between
chips[3−11]. The mesh network is one of the most popu-
lar topology for parallel processing. It can perform four
typical connections: (a) left-shift connection; (b) right-
shift connection; (c) under-shift connection; (d) upper-
shift connection[12−15]. An optical waveguide intercon-
nect mesh network scheme for parallel multiprocessor
systems based on electro-optical printed circuit board
(EOPCB) with multimode polymer waveguide is pro-
posed in this letter. The system consists of 2×2 processor
element chips interconnected in a mesh network config-
uration. Four parallel optical interconnect channels are
arranged in each of the four directions of a chip. Two
channels are used for optical transmitting with E/O con-
version, and the other two channels for optical receiving
with O/E conversion. Thus there are totally eight trans-
mitting and eight receiving channels for one chip. So 32
transmitting and 32 receiving channels are required for
the 2×2 chip-to-chip optical mesh interconnect configura-
tion. The switching chip is employed for routing control
of the mesh interconnect. An additional layer with opti-
cal waveguide is embedded in a conventional PCB to con-
struct the electro-optical printed circuit board (EOPCB).
Vertical cavity surface emitting laser (VCSEL) arrays are

used as the optical transmitters and positive intrinsic-
negative (PIN) photodiode arrays are used as the optical
receivers. The optical signals from one processor element
chip can be transmitted to another chip through optical
waveguide interconnect embedded in the board. Thus
the optical interconnect mesh network for parallel multi-
processor system can be realized.

The mesh interconnect network is also called four near-
est neighbor interconnect network. The scheme of a 4×4
mesh interconnect network topology for N = 16 is shown
in Fig. 1. The labels 0, 1,. . . , 15 are the addresses of the
processor elements (PEs).

The interconnect functions of the mesh network can be
described as

R+1(i) = (i + 1) mod N (right-shift connection), (1)
R−1(i) = (i− 1) mod N (left-shift connection), (2)
R+r(i) = (i + r) mod N (under-shift connection), (3)
R−r(i) = (i− r) mod N (upper-shift connection), (4)

where r =
√

N, 0 ≤ i ≤ N − 1, i is the source address of
the PE, and R is the destination address of the PE.

The four direction interconnects for the mesh network

Fig. 1. Schematic of the mesh interconnect network topology
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for N = 16.

with N=16 are shown in Fig. 2. Each PE can only
connect to the four nearest neighboring PEs. In order
to implement the optical mesh interconnect, the struc-
ture of the EOPCB is proposed, as shown in Figs. 3(a)
and (b)[15]. An additional optical layer with multimode
polymer waveguide is imbedded in a conventional mul-
tilayer PCB to provide optical transmission paths. VC-
SEL/PIN transceiver arrays are used for optical signal
parallel transmission between chips on the PCB. Each
PE chip is accompanied with a VCSEL array and a PIN
array. VCSEL/PIN arrays provide four bi-directional op-
tical communication links to adjacent PE chips on the
same PCB: upper-, under-, left-, and right-direction. The
VCSEL array with driver integrated circuit (IC) chip
and the PIN array with amplifier IC chip are packaged
with the PE chips in a non-connectorized ball grid array
(BGA) package through the VCSEL/PIN interface cir-
cuit boards to form the optical-I/O chip packaging. High
speed signals are E/O converted in the BGA optical-
I/O chip package and then transmitted to the waveguide
layer of the EOPCB. The optoelectronic packages of VC-
SEL/PIN arrays are surface-mounted on the PCB. VC-
SEL/PIN arrays are fixed on the heat sinks with the elec-
trode connecting patterns. The VCSEL driver integrated
(IC) chip and the PIN amplifier IC chip are bonded with
the VCSEL/PIN arrays through the electrode connect-
ing pattern. MT ferrule is a standard interface for opti-
cal parallel link[16]. A MT-compatible coupling interface
is used for coupling between the VCSEL/PIN arrays on
the optoelectronic I/O chips and the waveguide transmis-
sion paths on the EOPCB, as shown in Fig. 3(a). Thus
the chip-to-chip high speed optical interconnect on the
EOPCB can be implemented.

The topological structure of the 2×2 chip-to-chip
mesh interconnects on the EOPCB with optical waveg-
uide is shown in Fig. 4. It can perform four typical
connections[14]. There are four parallel optical intercon-
nection channels in each of the four directions of one chip.
Two channels are used for optical transmitting with E/O
conversion, and the other two channels for optical receiv-
ing with O/E conversion. There are totally eight trans-
mitting and eight receiving channels for one chip. Thus
32 transmitting and 32 receiving channels are required
for the 2×2 chip-to-chip optical mesh interconnect struc-
ture. The switching chip is used for routing control of
mesh interconnects. The type of the switching chip is
VSC3312 which is a 6.5 Gbps 12×12 crosspoint switch-
ing chip.

The layout of the optical waveguide layer with VCSEL/

Fig. 2. Four direction interconnects for the mesh network
with N = 16: (a) right-shift connection; (b) left-shift connec-
tion; (c) under-shift connection; (d) upper-shift connection.

Fig. 3. Structure of the EOPCB with optical waveguide.

Fig. 4. Topological structure of the 2×2 chip-to-chip mesh
interconnects on the EOPCB.

PIN transceiver arrays on the EOPCB is shown in Fig. 5.
The system consists of 2×2 processor element chips inter-
connected in a mesh network configuration. Three 1×12
VCSEL/PIN parallel optical transmitter/receiving mod-
ules are used to provide 32 output and 32 input channels
required by the 2×2 chip-to-chip mesh interconnect. The
other 4 pairs of light transmitting and receiving channels
are idle. The data rate of each optical channel is 3.125
Gbps. 10-Gbps parallel optical interconnect link for each
direction of a chip can be obtained. The MT-compatible
coupling interface is used for coupling between the VC-
SEL/PIN arrays on the optoelectronic I/O chips and the
multimode polymer waveguide transmission paths on the
EOPCB. Thus the chip-to-chip high speed optical inter-
connect on the EOPCB can be obtained.

The right-, left-, under-, and upper-shift connections
for chip 1 are also shown in Fig. 5. In order to realize the
right-shift connection, the signals must be transmitted
from chip 1 to chip 2. The electrical signals from chip 1
are transmitted to input ports 5 and 6 of 1×12 VCSEL
transmitter array 1. Thus optical signals are driven and
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transmitted into the corresponding channels through the
MT-compatible coupling interface. After transmission in
the waveguides, the optical signals radiate on the cor-
responding optical windows of the channels 5 and 6 of the

Fig. 5. Layout of the 2×2 chip-to-chip optical waveguide
mesh interconnects with VCSEL/PIN transceiver arrays on
the EOPCB.

Fig. 6. Photos of (a) VCSEL optical transmitting array mod-
ule and (b) PIN optical receiving array module.

PIN receiver array 1 through another MT-compatible
coupling interface. After O/E conversion, the electrical
signals are transmitted from channels 5 and 6 of the PIN
receiver array 1 to chip 2. Thus right-shift connection
from chip 1 to chip 2 is implemented. In the same way,
left-shift, under-shift, and upper-shift connections for
chip 1 can be implemented according to the topological
structure of the 2×2 mesh interconnect. Chip 1 can also
receive signals from chips 2, 3, and 4, thus a bi-directional
chip-to-chip interconnect is realized.

In order to realize optical transmission between chips
on the EOPCB, VCSEL array, and PIN array with wave-
length of 850 nm are used as the optical transmitters
and optical receivers, respectively. 1×12 parallel VC-
SEL/PIN array modules with 3.125 Gbps per channel
are fabricated. A throughput of 38 Gbps can be ob-
tained with parallel data transmission. Figure 6 shows
the optical transmitting module with VCSEL array and
the optical receiving module with PIN array . A MT-
compatible coupling interface with a 45◦ endface is used
to implement light coupling between the optical trans-
mitter/receiver and the waveguide layer. Figure 7 shows
the light coupling interface which can deflect the optical

signals by 90◦. The VCSEL chip is placed close to the
end face of the interface. The channel pitch is 250 µm
and the positioning precision is < 0.5 µm, which meets
the precision requirements for parallel optical coupling.

A multimode polymer waveguide is used to provide
parallel optical transmission channels in the EOPCB.
SU-8 photoresist is used to fabricate the waveguide
mould with the doctor-blading technique[17]. The pat-
tern of the mould for the waveguide core layer is shown in
Fig. 8.

With the SU-8 waveguide mould, we fabricated the
waveguide layer embedded in the EOPCB with the
Doctor-blading technique, which shows advantage in the
fabrication of large-area waveguide layers[13]. Polysilox-
ane is used as the material of waveguide core and cladding
layers. The waveguide cores are fabricated using the
Doctor-blading technique by filling the grooves of the
SU-8 mould with the core material firstly. Then the core
material is thermally cured under 70 ◦C for 30 min. In
order to fabricate the under- and upper-cladding layers,
the substrate carriers are made to control the thickness
of the cladding layers. FR4 material is used to prepare
the substrate carriers. The cladding material is filled in
the SU-8 mould with the cured waveguide cores already
in it. The substrate carrier is pressde against the SU-
8 mould and the cladding layer is cured together with
the cores under 70 ◦C for 30 min, and then the waveg-
uide layers and the carrier are demoulded from the SU-8
mould. Figure 9 shows the micrograph of the waveguide
cores. The sectional profile of the waveguide core is mea-
sured with the Wyko NT1100 optical profiling system
and shown in Fig. 10. The thickness of the waveguide
cores is about 50 µm. The FR4 substrate carriers with
optical waveguide layers are laminated with the con-
ventional multilayer PCB to construct the EOPCB. The

Fig. 7. MT-compatible optical coupling interface with 45◦

angled endface.

Fig. 8. Pattern of SU-8 mould for waveguide core layer.
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Fig. 9. Micrograph of the waveguide core layer.

Fig. 10. Sectional profile of the waveguide core layer.

Fig. 11. Sectional view of the EOPCB embedded with FR4
polymer optical waveguide layer.

Fig. 12. Eye diagram of 3.125 Gbps per channel.

sectional view of the EOPCB embedded with the FR4
polymer waveguide layer is shown in Fig. 11. The core
size of the polymer waveguides is about 70 ×50 (µm).
The center-to-center spacing of the adjacent channels is
250 µm. The refractive index of the core and the cladding
is 1.43 and 1.41, respectively. The insertion loss is
6.28 dB for a waveguide length of 4 cm.

VCSEL array and PIN array with the wavelength of
850 nm are used as the optical transmitters and opti-
cal receivers on the EOPCB, respectively. 1×12 parallel
VCSEL/PIN array modules with 3.125 Gbps per chan-
nel are fabricated. The eye diagram of 3.125 Gbps per

channel is shown in Fig. 12, which is an electrical out-
put of the whole link (signal generator – E/O-module
– optical PCB – O/E-module – oscilloscope). The eye
was wide open, the signal-to-noise ratio is 16.32, the jit
root-mean-square is 22.82 ps, the Q-factor is 8.73, and
the bit error rate is 1.3×10−12.

In conclusion, an optical waveguide interconnect mesh
network scheme based on the EOPCB is proposed. The
system consists of 2×2 chips interconnected in a mesh
configuration. The data rate in each optical channel is
3.125 Gbps. 10-Gbps parallel optical interconnect link
for each direction of the chip is implemented by two input
and two output parallel channels. The optical signals are
transmitted from one chip to another one through the
optical waveguide layer in the EOPCB. Thus chip-to-chip
high-speed optical mesh interconnect on the EOPCB can
be realized.
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References

1. J. Shin, Ch. S. Seo, A. Chellappa, M. Brooke, A. Chat-
terjee, and N. M. Jokerst, in Proceedings of IEEE 2003
Electronic Components and Technology Conference 1067
(2003).

2. H. Cho, P. Kapur, and K. C. Saraswat, J. Lightwave
Technol. 22, 2021 (2004).

3. L. Dellmann, C. Berger, R. Beyeler, R. Dangel, M. Gmür,
R. Hamelin, F. Horst, T. Lamprecht, N. Meier, T. Morf,
S. Oggioni, M. Spreafico, R. Stevens, and B. J. Offrein,
in Proceedings of IEEE 2007 Electronic Components and
Technology Conference 1288 (2007).

4. K. B. Yoon, I. K. Cho, S. H. Ahn, M. Y. Jeong, D. J.
Lee, Y. U. Heo, B. S. Rho, H. H. Park, and B. H. Rhee,
J. Lightwave Technol. 22, 2119 (2004).

5. S. H. Hwang, M. H. Cho, S. K. Kang, T. W. Lee, H. H.
Park, and B. S. Rho, IEEE Photon. Technol. Lett. 19,
411 (2007).

6. M. Schneider and T. Kühner, in Proceedings of IEEE
2008 Electronic Components and Technology Conference
276 (2008).

7. K. Schmieder and K. J. Wolter, in Proceedings of IEEE
2000 Electronic Components and Technology Conference
749 (2000).

8. D. M. Kuchta, Y. H. Kwark, C. Schuster, C. Baks, C.
Haymes, J. Schaub, P. Pepeljugoski, L. Shan, R. John,
D. Kucharski, D. Rogers, M. Ritter, J. Jewell, L. A.
Graham, K. Schrödinger, A. Schild, and H. M. Rein, J.
Lightwave Technol. 22, 2200 (2004).

9. F. Luo, M. Cao, X. Zhou, J. Xu, Z. Luo, J. Yuan, and K.
Fu, Proc. SPIE 5644, 821 (2004).

10. Y. Feng, F. Luo, M. Zhang, J. Yuan, and M. Cao, Proc.
SPIE 6022, 602203 (2005).

11. K. B. Yoon, I. K. Cho, and S. H. Ahn, IEEE Photon.
Technol. Lett. 16, 2147 (2004).

12. T. Sakano, T. Matsumoto, and K. Noguchi, in Proceed-
ings of IEEE 93, 278 (1993).

13. T. Sakano, K. Noguchi, and T. Matsumoto, Appl. Opt.

32, 3690 (1993).

14. H. Li, M. Cao, J. Xu, F. Luo, and A. Wang, Acta Photon.
Sin. (in Chinese) 26, 316 (1997).

15. F. Luo, M. Cao, X. Zhou, J. Xu, Z. Luo, J. Yuan, L.



228 CHINESE OPTICS LETTERS / Vol. 8, No. 2 / February 10, 2010

Zong, Y. Feng, C. Chen, and C. Zhang, Proc. SPIE
6795, 67954V (2007).

16. G. V. Steenberge, P. Geerinck, S. V. Put, J. V. Koetsem,
H. Ottevaere, D. Morlion, H. Thienpont, and P. V. Daele,

J. Lightwave Technol. 22, 2083 (2004).

17. F. Luo, M. Cao, X. Zhou, J. Xu, Z. Luo, J. Yuan, L.
Zong, and C. Zhang, Proc. SPIE 6782, 67821T1 (2007).


