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Abstract—A guided-wave optical backplane bus system in-
tended for use in high-performance board-to-board interconnects
is described. Its multiplexed polymeric holograms can implement
optical signal broadcast between boards so that all boards share
common optical channels. By introducing an active coupler to the
doubly multiplexed hologram at the center board, signals received
from any board can be rebroadcast to all other boards.

We describe the design concepts for a centralized optical back-
plane and the resulting performance and assembly advantages
over previously developed guided-wave and free-space optical
backplane bus systems used for broadcasting signals. These ad-
vantages include equalized fan-out power, increased interconnect
distance, and simpler fabrication.

Index Terms—Broadcasting, hologram, optical backplane.

I. INTRODUCTION

T HE CURRENT generation of computers is limited by the
speed at which information can be transmitted between

such electronic components as processor and memory chips.
Under current conditions, bus traffic increases as the computing
power of the microprocessor increases. Therefore, the limited
bus bandwidth constitutes a major bottleneck to efficient com-
munications among board-to-board data interface. The devel-
opment of technologies for communications within a box that
would replace the conventional passive backplane is desirable
in order to achieve higher data throughputs. There are two major
approaches to the optical backplane to overcome this limitation.
The free-space optical backplane bus system [1] uses free-space
channels and diffractive optical elements (DOEs) to direct the
signal beams. In the guided-wave optical backplane system [2],
[3], optical beams travel by way of total internal reflection (TIR)
within the waveguiding substrate, and DOEs are used as beam-
splitter/deflectors.

The main function of a backplane bus is to provide the signal
path for broadcasting. Any board should be capable of sending
and receiving the signals. The signal that is broadcast in an op-
tical backplane is generally realized by implementing a bidirec-
tional signal path and one-to-many fan-outs. In a one-to-many
fan-out optical interconnect including an optical backplane, the
uniformity of fan-out power distribution is critical to its appli-
cations because the nonuniformity of fan-out power makes it
more difficult to integrate with optical detector arrays and with
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other optical signal-processing elements. No successful results
of uniform fan-outs in the bidirectional optical broadcasting de-
vices have been reported yet. The difficulty in achieving uniform
fan-outs for the bidirectional optical backplane is mainly due to
the bidirectionality of signal flows. Optimizing the diffraction
efficiencies of DOEs was applied before, but it was impossible
to obtain evenly distributed powers for all boards in the bidirec-
tional optical backplane [3].

We describe a new method for broadcasting signals based
on a guided-wave optical backplane approach (see Fig. 1 for a
schematic diagram). In this system, the conventional electrical
connectors take their usual positions, in which the active
optoelectronic modules including transmitters and receivers are
placed on the bottom of the electrical backplane board. Thus,
the insertion or removal of circuit boards during the normal
operation does not affect their alignment. This approach also
provides bidirectional signal broadcast distribution, which
means any board can send and receive the signals. In this way,
this system is compatible with existing electrical boards. This
method for broadcasting signals is discussed in greater detail
in Section II. In Section III, we compare the applicability
and advantages of this method to other approaches, and in
Section IV, offer a summary.

II. DESIGN OF THECENTRALIZED OPTICAL BACKPLANE

By introducing an active coupler at the position of a center
board, we can implement a centralized optical backplane
wherein signals are broadcast from the center board to all other
boards. Any signal transmitted from all boards is first delivered
to a receiver on a center board (called, by us, a “distributor”).
Then, the transmitter on the distributor sends the same or
modified signals to all the other boards. In other words, this
centralized optical backplane bus utilizes two optical signal
paths: one sends signals from a board to a distributor, and the
other broadcasts them to all boards that are designed to receive
the signals. It should be noted that the latency is the same
as in any other optical backplane bus, because latency, like
bandwidth in the optical backplane bus, is determined by the
longest signal path.

Fig. 2(a) shows a signal flowing from the boards to a center
distributor. This is part of the backplane system shown in its
entirety in Fig. 1, and its purpose is to collect data transmitted
from the boards. In this figure, five boards are connected, but
they could represent any number of boards. Only the distributor
(a center board) requires a doubly multiplexed hologram (DH).
All the other boards accommodate single holograms (SHs). The
holograms for Boards 1 and 2 are designed to direct the optical
beams to the right ( axis); holograms for Boards 3 and 4
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Fig. 1. Schematic diagram of the centralized optical backplane bus system for board-to-board interconnects. The distributor in a center board has functions of
collecting and rebroadcasting optical signals by virtue of a doubly multiplexed hologram.

are fabricated so that optical signals travel leftward (axis).
As explained later, the same holograms rebroadcast the signals
from the distributor to the designated boards. The distributor
and other boards differ in type of active devices. The transmitter
is used for boards that are intended to send signals, while the
receiver is used for the distributor to collect optical signals. The
signals received by the distributor are transferred to electronic
circuitry, which in turn drives the laser source [here, the vertical
cavity surface emitting laser (VCSEL) and the line driver] to
broadcast signals to all boards.

Fig. 2(b) shows the signal distribution from a transmitter in
the distributor to receivers in the boards. Optical beams from
the transmitter in the distributor divide in two directions by
way of the 50/50% doubly multiplexed hologram, acting here
as beam splitter and deflector. After optical beams are coupled
into the substrate, they travel by total internal reflection inside
the guiding plates until they reach the designated position of
the single hologram. A portion of optical power is coupled out
to the receiver through an SH, and the remainder continues to
propagate to the next hologram positions. The amount of power
coupled out depends on the diffraction efficiencies of the holo-
grams, which can be controlled for an efficient power budget. It
should be noted that the left- and right-placed optical element
(OE) modules are symmetrically arranged around the distrib-
utor: symmetrical as to their positions, the diffraction efficien-
cies of their hologram, and the type of active optical device.

III. CHARACTERISTICS OF THECENTRALIZED OPTICAL

BACKPLANE

A multiplexed system is always limited as to its power budget
by the output channel with the minimum power. Due to the
bidirectionality of the optical bus, which is implemented with

doubly multiplexed holograms (Fig. 3), it is impossible to obtain
fan-outs of uniform intensity for all the cases where the modu-
lated optical signals originate from different boards. Even op-
timizing the diffraction efficiencies of the holographic gratings
still results in nonuniformity among output signals in earlier re-
ported optical backplane designs based on the guided-wave ap-
proach [3]–[5]. In a free-space optical bus system [6], [7], opti-
mization is also required, as well as a large number of holograms
to provide signal broadcasting (Fig. 4). These systems’ max-
imum broadcasting efficiency is 25% with 75% power loss, and
the detected power variation is 2.8–11.3% for four-board inter-
connects [6]. Thus, each output requires different receiver gain
and sensitivity to detect the signals. This complexity limits the
performance of the multiboard interconnect system and compli-
cates the corresponding receiver fabrication.

In the centralized optical backplane, the power of fan-outs is
equalized by simple control of the diffraction efficiencies for
single gratings. This feature is its main advantage and is due
to the symmetric configuration of DOEs. Fig. 5(a) shows that
the fan-out power is equalized when the distributor broadcasts
signals to all boards. The DH for the distributor directs 50% of
the power toward the left and the right, respectively, equalizing
power distribution in both directions by virtue of a 50/50% DH.
In addition, the symmetric configuration of SHs satisfies

(1)

Further, because all remaining power at theth board and th
board is coupled out through holograms, the final holograms at
each end require 100% diffraction efficiency. With this concep-
tual basis, the output power in theth board is expressed as

(2)
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Fig. 2. (a) Signal flows from any boards to a receiver in distributor. (b) Signal rebroadcasts from a transmitter in distributor to all boards.

Fig. 3. Signal broadcast in guided-wave optical backplane implemented with
doubly multiplexed holograms [3].

and the output power in the (1)th board as

(3)

To equalize power output to the receiver, the two power equa-
tions [(2) and (3)] must be equal. Therefore, the condition for
equalized fan-out power is simplified by

or equivalently (4)

Basically, this is the same equation as the condition in the uni-
directional surface-normal even fan-outs device. This similarity

is a logical result because a centralized backplane uses all single
holograms for both propagating directions of its optical beams.
For example, the diffraction efficiencies of all five holograms in
a five-board interconnect system are easily calculated, starting
from 100% for and , then 50% of efficiency for
and by applying (4), and finally 50/50% for center doubly
multiplexed hologram. In this example, all output powers share
25% of input power (0.5 0.5 .

It is of interest that the power delivered from a transmitter in
any board to a receiver in the distributor is automatically equal-
ized under the conditions of the same hologram configurations
as in the equalized fan-out scheme. Consider the optical signals
from the th and ( 1)th boards, as shown in Fig. 5(b). To de-
liver the same amount of power to the distributor, should be
equal to . The ratio of (1 ) comes from the
diffraction loss that occurs after TIR takes place between theth
hologram film and the air interface. Therefore, the same power
will be delivered to the distributor if (with the same
input power). As a result, the condition for delivering equalized
optical power from a board to the distributor is automatically
satisfied with the same configuration of hologram efficiencies.

Another issue we have to consider is the polarization de-
pendency on the diffraction efficiency. As the efficiency varies
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Fig. 4. Signal broadcast in free-space optical backplane implemented with many holograms [6].

(a)

(b)

Fig. 5. (a) Equalized fan-out scheme for (2n+1) boards interconnects. The output power is delivered to all boards with equal amount of power. (b) Power delivery
from ith and (i+1)th boards. The same power is delivered to the distributor wherever the optical signal originates.

with the state of the polarization of input optical signal, there
is a tradeoff between energy equalization and polarization sen-
sitivity. For a five-board interconnect system designed for the
randomly polarized optical signal, the equalized fan-out power
distribution will be changed because of the migration of the cor-
responding efficiencies of the output holograms. Therefore, in
designing equalized fan-out devices, the polarization of an input
beam has to be specified.

Holograms were formed in DuPont HRF600X001-20 and
20- m-thick photopolymer films on a mylar backing. This
material is sensitized for recording at 514 and 532 nm and
has much lower sensitivity to 632.8 and 850 nm, allowing for
real-time monitoring during hologram formation [8]. Samples
were prepared by removing the thin cover and then laminating
the film surface onto a quartz substrate. The substrate was then
mounted on a right-angle prism, which could be rotated on a ro-
tation stage and a goniometer. The power ratio of two recording
beams is controlled by using a polarization beam splitter. By
introducing a right-angle prism, we can detect the powers of the

diffracted beam and the undiffracted beam through detectors,
and the results are saved in a graphic recorder.

The recording setup for the fabrication of a doubly multi-
plexed hologram is similar to that of single gratings except that
two diffracted beams are detected in the former. Because the
two gratings are recorded in the same plotopolymer film, the
first grating is fabricated as usual, and then the substrate is ro-
tated 180 for the second exposure. Fig. 6 shows the results of
real-time monitored efficiencies versus exposure time for the
second grating with the 10%, 30%, and 50% stop efficiency of
the first grating. It can be seen that the diffusion of monomers
increases the efficiency of the first grating under lower expo-
sure. If the exposure was stopped at a point lower than 50%, we
could expect a 5% efficiency increase during the waiting time.
Another interesting phenomenon can be seen from the varia-
tion of the first grating efficiency during the second exposure
for the second grating. The efficiency of the first grating in-
creased during the second exposure, but it decreased soon after
it reached the maximum. The required times for maximum ef-
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ficiencies in the first gratings during the second exposure are
different from each other. As the first grating’s stop efficiency
increases, the first grating was saturated earlier.

With the help of the real-time monitoring technique, the
doubly multiplexed grating with equalized strength can be
fabricated easily. The corresponding time for a second grating
is the crossing points in the efficiency curves. For example,
if the first grating has an efficiency of 30%, we can stop
recording immediately after 37 s of exposure, and then there is
a 45/45% doubly multiplexed hologram. It should be noted that
the crossing points never occur when there is an efficiency of
higher than 30% in the first grating. This value is approximately
at one-third of the total maximum efficiency. In the experiments
described here, the maximum of total efficiency is 90%, so we
can achieve a 45/45% doubly multiplexed hologram, fabricated
with 30% of the first grating’s efficiency. This result seems
to be reasonable, because the first grating has effects on the
second grating at 1/3 of total efficiency. If the efficiency of the
first grating is higher than this value, the second exposure could
not be enough to overcome the strength of the first grating. On
the other hand, if the efficiency of the first grating is lower than
one-third of the total maximum efficiency, the second grating
is much stronger. Even though the efficiency of the first grating
still increases by virtue of diffusion, the polymerization from
the second exposure becomes more significant. In conclusion,
it can be said that equal strength of a double grating can be
obtained easily with real-time efficiency monitoring, and the
efficiency is controlled by changing the first grating strength.

Fig. 7 shows photographs of the outputs from centralized
optical backpalne channels with (a) three boards and (b) five
boards in a single bus line. An 850-nmVCSEL in TO-46
can with a dome lens (VCT-B85B20 from Lasermate Corp.)
was used as a tramsmitter in the distributor. The diffraction
efficiencies of doubly multiplexed holograms are equalized
(45/45%), and the efficiency of single grating for five-board
interconnection is designed to be 50%. The output variation
observed from three-dimensional photographs and an optical
power meter could be controlled within 2% by virtue of an
evenly distributed power scenario. Fig. 7(c) shows the broad-
casted optical signals in a multibus-line centralized optical
backplane. The detected output variation is the same as that in
a single bus line, making it possible to increase the aggregate
throughput using two-dimensional (2-D) active array devices
with the same backplane device. It should be noted that the total
length of the device, or total interconnect distance, is 9.2 cm,
and the spacing between boards is matched with the standard
spacing in a VME bus backplane specified by IEEE 1014–1987
and ANSI/VITA1–1994.

To demonstrate the data transfer performance of our de-
vice, eye diagrams at data rates of 155 Mb/s, 500 Mb/s,
622 Mb/s, 1 Gb/s, 1.25 Gb/s, 1.5 Gb/s, 2 Gb/s, and 2.5 Gb/s
(nonreturn-to-zero with a 2 1 pseudorandom bit sequence)
were measured. Much information can be obtained from the
measurement of the eye diagram, such as bit error rate (BER)
and jitter in an HP83480A. The eye openings are 212, 216,
206, 203, 218, 200, 182, and 149 mV, respectively. Even up
to a data speed as high as 2.5 Gb/s, our experimental results
showed sufficient eye openings. The measured values of the

Fig. 6. Variations in the diffraction efficiencies when the second exposure is
applied. The first exposure was stopped when the efficiency of first grating
reached (a) 10%, (b) 30%, and (c) 50%, and then the second exposure started to
achieve the equalized efficiency of double grating.
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(a)

(b)

(c)

Fig. 7. Photographs of surface-normal outputs in a centralized optical
backplane bus for (a) three-board and (b) five-board interconnects with single
VCSEL and (c) five-board interconnects with 2� 2 VCSEL arrays (1 mm
array spacing).

Fig. 8. Results of data transfer performance in digitally modulated signals.

-factor and the results of conversion to BER are shown in
Fig. 8. Fig. 8 also shows the results and jitter measurements
based on the measured eye diagrams. The experimental values
of BERs at all data rates are less than 10, and the jitter in
the worst case is 15 ps. With speeds of less than 1.5 Gb/s, we
may see the error-free region. Starting from 1.5 Gb/s in the
data rates, the BER is not very sensitive to the increase of the
data rate, but finally it does reach 10 at a rate of 3 Gb/s. It
is here concluded that our optical devices for board-to-board
interconnect meet the performance requirements to transfer
data at 2.5 Gb/s per channel.

Another important advantage of this rebroadcasting method
arises out of the function of the distributor. The distributor con-

sists of a receiver, a doubly multiplexed hologram, and a trans-
mitter. In our design, the interconnect distance increases twice
by virtue of the distributor and the distributor is similar to a
dedicated regenerator in a fiber-optic system. It may be used
to detect a weak optical input signal and regenerate a sharp and
clear signal waveform. Therefore, the maximum interconnect
distance can be 45 cm, which corresponds to a 15-board inter-
connect system, with 2-D bus lines if we use a 5-mm focal length
lens [5], [9].

Our approach also reduces the number of fabrication steps
required by other, earlier designs. Because the fabrication of a
DH takes twice the time as that of an SH and requires signifi-
cant effort to reach exact diffraction efficiency, it is better if we
can reduce the usages of DHs. A centralized optical backplane
for n-board interconnects requires (1) SHs and one DH. By
contrast, a previously reported guided-wave optical backplane
has required ( 2) DHs and two SHs [3]. Also, a free-space
optical backplane is even more demanding; 10SHs and one DH
would be needed to implement even a four-board broadcasting
system.

IV. CONCLUSION

We have introduced a new method for broadcasting signals
in an optical backplane bus system based on guided-wave inter-
connects. By introducing a distributor in the center board, which
consists of a receiver, a DH, and a transmitter, all signals coming
from boards are collected in a receiver in the distributor and then
rebroadcast from the transmitter in the distributor to all boards.
This method shows a variety of advantages.

1) The power broadcast to the designated boards is uniform.
We consistently achieved the equalized fan-out intensity
by simply controlling the diffraction efficiencies of single
holograms.

2) We were able to double the interconnect distance over
previous implementations. The distributor can serve also
to amplify weak signals, to reshape them, and to broadcast
clean signals to all the boards.

3) The total number of holograms and the number of doubly
multiplexed holograms are fewer in our approach, de-
creasing the number of steps to fabrication.

A centralized optical backplane may be modified using bulk
optics. The two single holograms in the last two boards at the
edge must have 100% diffraction efficiency. These holograms
can be replaced using a substrate with a 22.5bevel angle that
provides 100% coupling to the substrate. This is more conve-
nient because 100% diffraction efficiency of SH is difficult to
achieve in practice. It is possible also to use a right-angle prism
instead of a receiver and a transmitter in the distributor. In re-
gard to routing signals, this prism has the same function as the
combination of receiver and transmitter.

REFERENCES

[1] T. Sakano, T. Matusumoto, and K. Noguchi, “Three-dimensional
board-to-board free space optical interconnects and their application to
the prototype multiprocessor: COSINE-III,”Appl. Opt., vol. 34, no. 11,
pp. 1815–1822, 1995.



KIM et al.: REBROADCASTING SIGNALS IN OPTICAL BACKPLANE BUS 965

[2] H. J. Haumann, H. Kobolla, F. Sauer, J. Schmidt, J. Schwider, W. Stork,
N. Streibl, and R. Volkel, “Optoelectronic interconnection based on a
light-guiding plate with holographic coupling elements,”Opt. Eng., vol.
30, pp. 1620–1623, 1991.

[3] S. Natarajan, C. Zhao, and R. T. Chen, “Bi-directional optical backplane
bus for general purpose multiprocessor board-to-board optoelelctronic
interconnects,”J. Lightwave Technol., vol. 13, pp. 1031–1040, June
1995.

[4] J. Liu, C. Zhao, R. Lee, and R. T. Chen, “Cross-link optimized cas-
caded volume hologram array with energy equalized one-to-many sur-
face-normal fan-outs,”Opt. Lett., vol. 22, pp. 1024–1026, 1997.

[5] G. Kim, X. Han, and R. T. Chen, “An 8-Gb/s optical backplane bus
based on microchannel interconnect: Design, fabrication, and perfor-
mance measurements,”J. Lightwave Technol., vol. 18, pp. 1477–1486,
Nov. 2000.

[6] J. Yeh, R. K. Kostuk, and K. Tu, “Hybid free space-optical bus system
for board-to-board interconnections,”Appl. Opt., vol. 35, no. 32, pp.
6354–6364, 1996.

[7] J. Yeh and R. K. Kostuk, “Substrate-mode holograms used in optical in-
terconnects: Design issues,”Appl. Opt., vol. 34, no. 17, pp. 3152–3164,
1995.

[8] A. M. Weber, W. K. Smothers, T. J. Trout, and D. J. Mickish, “Hologram
recording in DuPont’s new photopolymer materials,”Proc. SPIE, vol.
1212-04, pp. 30–38, 1990.

[9] K. Hirabayashi, T. Yamamoto, and S. Hino, “Optical backplane with
free space optical interconnections using tunable beam deflectors and a
mirror for book shelf-assembled terabit persecond class asynchronous
transfer mode switch,”Opt. Eng., vol. 37, no. 4, pp. 1332–1342, 1998.

Gicherl Kim received the B.S. and M.S. degrees
in physics from Inha University, Incheon, Korea, in
1989 and 1991, respectively, and the Ph.D. degree
from the Department of Electrical and Computer
Engineering, University of Texas, Austin, in 2000.

He was a Researcher with the Agency for Defense
Development (ADD), Korea, before joining the
University of Texas, Austin. From 1991 to 1993,
the project of electromagnetic field simulation
was assigned to him. After that, his research topic
focused on optimization techniques for target

detection and degaussing. Just before leaving ADD, he was in charge of a
project in Superconducting Quantum Interference Device (SQUID). He is
currently a Research Engineer and Project Manager in Radiant Photonics Inc.,
Austin, TX. His current research topics are design, fabrication, and perfor-
mance enhancement of multi-bus-line optical backplane for high-performance
board-to-board interconnects and microoptics. These projects include the
fabrication of high-efficiency holographic optical elements and diffractive
optical elements, optoelectronic packaging for transmitter (VCSEL, driver, and
microlens array) and receiver, high-speed performance measurements in optical
communications system, and studies in solution for limitations of crosstalk
and misalignment. His system including VCSELs, focusing optics, and optical
backplane device was demonstrated at an operating speed of 2.0 Gb/s per
channel or even more, and aggregate throughput of 8 Gb/s in 2-D bus lines. He
now works on the design and fabrication of a demonstration system of shared
memory architecture and the fully compatible optical backplane to electrical
boards.

Xuliang Han received the B.S. degree in electronic engineering from Tsingua
University, Beijing, China, in 1999. He is currently pursuing the M.S. degree in
electrical and computer engineering at the University of Texas, Austin.

His research topic is board-to-board level optical interconnections.

Ray T. Chen (M’91–SM’98) is the Temple Foundation Endowed Professor in
the Department of Electrical and Computer Engineering at the University of
Texas, Austin. He has also served as a consultant for various federal agencies and
private companies. His research group has been awarded more than 60 research
grants and contracts from such sponsors as DOD, NSF, DOE, NASA, the State
of Texas, and private industry. Currently, there are 20 Ph.D. degree students and
seven postdoctoral students working in his research group, which has reported
its research in more than 250 published papers. His research interests include
guided-wave and free-space optical interconnects, polymer-based integrated op-
tics, a polymer waveguide amplifier, graded index polymer waveguide lenses,
active optical backplane, traveling-wave electrooptic polymer waveguide modu-
lator, optical control of phased-array antenna, GaAs all-optical crossbar switch,
holographic lithography, and holographic optical elements. He has chaired or
been a program committee member for more than 40 domestic and international
conferences organized by SPIE, OSA, IEEE, and PSC, and has delivered nu-
merous invited talks to professional societies.

Dr. Chen is a Fellow of the SPIE and of the Optical Society of America (OSA),
a Senior Member of IEEE/LEOS, and a member of PSC.


