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Abstract—For an ATM switch system, we have developed a
100-Gb/s input/output (I/O) throughput optical I/O interface ATM
switch multichip module (MCM) that has 320-ch optical I/O ports.
This MCM is fabricated using ceramic (MCM-C) technology and
very-small highly-parallel O/E and E/O optical converters. It uses
0.25- m complementary metal oxide semiconductors (CMOS)
ATM switch large scale integrations (LSIs) and has a total I/O
throughput of up to 160 Gb/s. A prototype module with total
I/O throughput of 100 Gb/s has been partially assembled using
eight optical I/O interface blocks, each composed of a 40-ch O/E
converter and a 40-ch E/O converter; the data rate per channel is
from dc to 700 Mb/s. Using this module we developed an optical
I/O interface ATM switch system and confirmed the operation of
the optical interface.
Index Terms—ATM, MCM, optical I/O MCM, parallel optical
interconnection, wiring bottleneck.

I. INTRODUCTION
RAFFIC speeds and volumes are expected to increase as a
result of demand for high-speed multimedia services. Technological progress is needed from the transmission layer, such
as optical fibers, to the application layer, such as electronic
commerce, to support a platform that can handle the increasing
amount of information in circulation. The development of a
high-speed and large-capacity switching node system is one
step and a Tb/s class ATM (asynchronous transfer mode)
switching system, which is suitable for handling multimedia, is
under research and development, for example [1]–[3]. The core
of the high-speed and large-capacity ATM switching system,
that is, the routing-block, is constructed from some switching
modules that are composed of switching LSIs. The quantity
of hardware necessary for a Tb/s ATM switch system will
be very large unless the core’s switching modules are made
as small as possible. A key technology for miniaturizing the
switching module is the fine process technology of LSI. The
number of functions in a chip has steadily increased and the I/O
speed of switching LSIs has reached the Gb/s level. However,
this rapid progress of LSI technology has led to difficulties in
assembling such LSIs on a printed circuit board (PCB) from
the viewpoints of high-speed and highly-parallel transmission,
Manuscript received June 4, 1999; revised September 27, 1999. This work
was presented at the IEEE 49th Electronic Components and Technology Conference, San Diego, CA, June 1–4, 1999.
The authors are with the Ultra-High-Speed Module Division, Nippon Telegraph and Telephone Corporation, Kanagawa Prefecture 243-0032, Japan.
Publisher Item Identifier S 1521-3323(01)02417-0.

Fig. 1. Conventional module-to-module interconnection.

electrical power supply, area for termination resistors, and
cooling. Thus, high-performance switching LSI assembly itself
has been a bottleneck in the development of the switching core.
Therefore, we have developed an “optical I/O interface ATM
switch MCM,” which is composed of an 80-Gb/s electrical
MCM ATM switch block using MCM-C technology and a
40-ch E/O and O/E conversion parallel optical I/O interface
block. A prototype using eight optical I/O interface blocks,
whose total throughput is 100 Gb/s, has been assembled and
tested, confirming successful optical input and output operation
of the module. This paper describes the concept of the optical
I/O interface ATM switch MCM, its fabrication, and its use in
developing an optical I/O interface ATM switch system, and
presents some measured results.
II. CONCEPT OF THE OPTICAL I/O INTERFACE MCM
For fabricating a high-throughput ATM switch module, it
would be useful if we could raise the I/O pin speed of the LSI
since that would suppress the required pin count of switching
LSIs, which is now increasing due to the accumulation of
functions made possible by the fine process technology of LSI.
In fact, a CMOS switch LSI having an I/O speed of 1.25 Gb/s
per pin [4] and a 4:1 MUX circuit with 2.6-Gb/s/pin I/O [5]
have been developed. Although assembling packaged LSIs on a
PCB may be effective if the LSI I/O signal speed is under about
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Concept of the optical I/O interface MCM.

600 Mb/s, it may be difficult to use wiring for highly-parallel
I/O signals above 1 Gb/s from the viewpoints of transmission
characteristics and skew. Therefore, the problem has been how
to assemble an LSI having parallel high-speed interconnections. To meet these requirements, an ATM switch module
using MCM has been developed, for example, an 80-Gb/s
ATM switching module, which has total I/O throughput of
160-Gb/s, using ceramic 40-layer MCM-C technology [6].
Although ceramic MCM-C technology allows miniaturization
and high-speed chip-to-chip interconnection, it only moves
the boundary of the high-throughput region from the LSI to
the MCM. Therefore, MCM-to-MCM (module-to-module)
interconnection will be a bottleneck if the I/O speed of MCMs
goes beyond 1 Gb/s, because conventional MCM-to-MCM
interconnection had been attained by signal lines in a PCB
as shown in Fig. 1. If the medium for the high-speed and
highly-parallel signal transmission is a PCB, then the transmission length and flexibility will be limited. Moreover, it will be
difficult to control the signal line length, to suppress skew, and
the impedance; ensure a sufficient area for a large number of
signal lines; and suppress crosstalk. These days, research and
development of parallel optical interconnection modules are
being actively undertaken [7]–[10]. We believe that the best
solution for versatile interconnection of MCMs is for an MCM
to have its own built-in optical I/O interface using a parallel
optical interconnection module. For this purpose, we propose
the concept of an “optical I/O interface ATM switch MCM,”
which is shown in Fig. 2. The ATM switch module contains
O/E and E/O modules inside it and the input and output to and
from it is done only by optical signals. In the configuration of
the optical I/O interface MCM, the PCB is used only for power
supply and control signals. In other word, electrical parallel
signal interconnections in the PCB have been eliminated. This
work has extended the frontiers of the optical interface in the
assembly layer of a high-throughput switch system as shown
in Table I.

III. MODULE STRUCTURE
The composition of the developed optical I/O interface ATM
switch MCM is shown in Fig. 3. It has three main parts: an
80-Gb/s electrical MCM ATM switch block using MCM-C
technology, a 40-ch optical I/O interface block, and a metal

TABLE I
ASSEMBLY LAYER AND OPTICAL INTERFACED

frame with a liquid cooling jacket. These parts are described in
detail in Section III-A—III-C, respectively. There are two kinds
of optical I/O interface block for E/O and O/E conversion. Each
block has 40 channels, so with eight converters, the optical I/O
ports have a total of 320 channels. This structure keeps the
electrical wiring as short as possible and completely eliminates
it from the PCB; the switching module itself has only optical
I/Os.
A. 80-Gb/s MCM ATM Switch Block
The 80-Gb/s MCM ATM switch is block A in Fig. 3. It is an
8 8 ATM switching MCM having switch throughput of 80 Gb/s
using 40-layer ceramic MCM technology. This module is 114
mm 160 mm. Eight switch LSIs and MCM-interface LSIs are
mounted on the MCM substrate. The switch LSIs are fabricated
by 0.25- m CMOS/separation by implanted oxygen (SIMOX)
devices [11]. The switch LSI provides 4 2 switching, handling
input and output line speeds of 10 Gb/s. To reduce the number
of high-speed I/O pins and achieve high throughput, we constructed the Gb/s I/O interface using CMOS low-voltage-swing
I/O circuits [5]. A 10-Gb/s-cell stream is transmitted by eight
physical lines at 1.25 Gb/s each. The MCM-interface LSIs were
fabricated from high-speed Si-bipolar devices using super-self
aligned process technology SST-1B [12].
They have serial-to-parallel and parallel-to-serial conversion
functions to convert the line speed between the 16 physical lines
at 625 Mb/s and eight physical lines at 1.25 Gb/s. This MCM
has several features: the internal signal transmission speed is
1.25 Gb/s on the MCM and the interface speed is 625 Mb/s;
termination resistors were fabricated by thin film processes and
their size is very small; there are many power supply layers,
whose impedances are reduced by 50- m ceramic-sheet layers.
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Fig. 4. Photograph of the liquid cooling jacket.

Fig. 3. Structure of the optical I/O interface MCM.

B. Optical I/O Interface Block
The optical I/O interface is block B in Fig. 3. This block is a
parallel optical module called ParaBIT, for parallel inter-board
optical interconnection technology [7]. The module has a
simple structure which allows O/E and E/O operation without
any multiplexor, demultiplexor, or retiming circuits, and uses
simple electronic circuits with a fixed-decision-level receiver
and an APC-less (APC: automatic power control) transmitter
for low cost and low power consumption. The transmitter
module consists of four 10-ch vertical cavity surface emitting
laser (VCSEL) arrays, eight 5-ch TX-ICs, two 20-ch polymeric
optical waveguide films with 45 mirrors, and two 20-fiber
bare fiber (BF) connector receptacles. The receiver module
consists of four 10-ch PD arrays, eight 5-ch RX-ICs, two 20-ch
polymeric optical waveguide films with 45 mirrors, and two
20-fiber BF connector receptacles. Including losses at the 45
mirror and BF connectors, the average insertion losses of the
coupling components for TX and RX were 2.3 and 2.2 dB,
respectively [13]. Multimode optical fiber ribbons (graded
index 50/125 m: GI-50/125) are used for the interconnect.
The total skew of the optical I/O interface block is about 240 ps
including the 10 m fiber ribbons. 10-ch VCSEL arrays are used
for the optical signal sources. A skew due to the laser operation
delays of these VCSELs is negligible because these VCSELs
are dc-biased above the threshold currents. Then the total
Tx skew that includes the skew of the 10 m-long multimode

Fig. 5.

Fabrication process of the module.

fiber ribbons is less than 80 ps. In regard to the Rx modules,
the skew that is induced by the intensity variation of incident
optical signals is dominant because the fixed-decision-level
type receivers ICs are used in the Rx module. We suppress
the intensity variation of incident optical signals to be less
than 2 dB by using the highly uniform VCSEL arrays. This
2 dB variation corresponds to the Rx skew of about 160 ps.
Thus we achieve that the total skew of the optical I/O interface
block is less than 240 ps. The above components are mounted
on an AlN multilayer substrate that is 39 mm wide, 17 mm
long, and 1 mm thick attached to a 150- m pitch electrical
I/O wire-bonding pad with a ground-signal-ground structure.
The E/O (TX) and O/E (RX) modules are only 39 35 6.5
mm each as a result of high-density assembly of parts and the
maximum deviation of their electrical signal length is less than
2 mm, which corresponds to skew of 13 ps.
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Fig. 8.

TMB process.

Fig. 6. Au wire-bonding pad configuration of each block.

Fig. 9. Photograph of the module.
Fig. 7.

Details of connections in each block.

TABLE II
MAIN FEATURES OF THE MODULE

C. Cooling Structure
The liquid cooling jacket and the 80-Gb/s electrical MCM
ATM switch combined with the metal frame are block C in
Fig. 3. A photograph of the jacket is shown in Fig. 4. The jacket
has a coolant pipe inside it and the connector, which sticks out
from the jacket, is connected to a distant radiator. The cooling
performance of the jacket was precisely measured using a heater
block. The thermal-resistance of the jacket was 0.082 C/W.
IV. FABRICATION PROCESS
A. Total Module
Fig. 5 shows the fabrication process of the module. First, an
MCM-C substrate for the MCM ATM switch block is fabricated
and the condition of its electrical paths is evaluated. Then, the
MCM-connector for power supply and control signals is bonded
to the MCM. After LSI chip die attachment and wiring of the
LSIs on the MCM, the bare LSIs are encapsulated in resin (potting) to protect their bonding wires and surfaces. Next, the MCM
ATM switch block and a metal frame are bonded using conductive paste. The optical interface block is also bonded using
conductive paste. Au bonding pads built into both the ATM

switch block and the optical I/O interface block are arranged
face-to-face, as shown in Fig. 6, and are connected electrically
by wire bonding. Finally, a liquid cooling jacket is attached and
tested. After correct operation has been verified, the wires between the switch block and the optical I/O interface are encapsulated in resin (potting). Fig. 7 shows details of the connections
of each block. A metal frame is placed around the MCM ATM
switch block, and optical I/O interface blocks are mounted on
the frame. The shell of the optical module has a fiber connector
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Optical I/O MCM mounted in the unit.

Fig. 12.

System for evaluating optical I/O MCM.

Fig. 13.

Operating waveforms of optical I/O MCM (at 625 Mb/s).

E/O converter for system evaluation.

enabling optical fibers to be slipped on and off. The optical I/O
interface MCM is cooled by a liquid cooling jacket.
B. Optical Interface Block
In the optical interface block fabrication, multiple optical
array chips, such as VCSEL/PD arrays, are mounted on an
AlN substrate, and those chips are coupled to the waveguides
through the 45 mirror by passive optical alignment. Obtaining
the maximum optical coupling efficiency at the E/O and O/E
interfaces requires positioning and diebonding the optical
array devices precisely on the designed position. And all array
device chips must be mounted simultaneously to shorten the
exposure of the optical devices to high temperature (higher
than the melting point of solder), to avoid damaging the device.
Transferred multichip bonding (TMB) is being developed to
satisfy the above requirements for multichip diebonding. The
process of this technique in the fabrication of optical interface
block (Fig. 8) is described as follows.
1) A quartz plate with aperture alignment marks and substrate alignment marks, representing the precise relative
position of apertures on the four VCSEL/PD array chips
and the designed location of chips on the four VCSEL/PD
array chips and the designed location of chips on the AlN
substrate, is prepared [Fig. 8(a)]. We call this quartz plate

the “mask.” The apertures mean individual light-emitting
elements on the VCSEL array or individual photo-detecting elements on the PD arrays.
2) Each chip is stuck, using paste, after each aperture on the
chip is aligned face to face the aperture alignment mark
on the mask using a microscope [Fig. 8(b)].
3) The AlN substrate is heated above the melting point of
the solder sheet. The substrate alignment marks of the
mask are aligned onto alignment marks formed on the
AlN substrate [Fig. 8(c)]. The chips attached to the AlN
substrate are kept in contact with the mask for short time
[within 1 min; Fig. 8(d)].
4) After cooling, the AlN substrate is separated from the
mask. As a result, the four VCSEL/PD array chips are
transferred from the mask to the AlN substrate and simultaneously diebonding exactly onto the desired position [Fig. 8(e)]. Last, the paste on the chips and mask is
cleaned using organic solvents.
A photograph of the optical I/O interface ATM switch MCM
is shown in Fig. 9 and it main features are summarized in
Table II.
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V. DEVELOPMENT OF OPTICAL I/O INTERFACE ATM SWITCH
SYSTEM
Besides the optical I/O interface ATM switch MCM, we also
developed a power supply system, rack, mother-board on which
the ATM switch MCM and its control board are mounted, and
a liquid cooling system. Evaluations of the optical I/O interface ATM switch MCM were performed on the unit shown in
Fig. 10. The power supply voltage and control signals to the
optical I/O interface ATM switch MCM are supplied via the
connector on the back of the MCM. As the MCM only has an
optical I/O interface, we had to generate 20-ch parallel optical
signals from an electrical multichannel pulse pattern generator
(PPG) for signal input to the MCM. We also had to convert the
20-ch optical output signals to electrical signals in order to analyze them with an electrical oscilloscope. Therefore, we also developed a device that converts the electrical multichannel PPG
signal into parallel optical signals and a device that converts the
optical MCM output into electrical parallel signals, as shown
in Fig. 11. The E/O and O/E converters have the same outlet.
The main components of these two devices are ParaBIT modules, which are assembled in QFP packages. The entire system
is shown in Fig. 12.
VI. EVALUATION RESULTS
The 10 Gb/s optical ATM cell was put into the input port of
the optical I/O interface ATM switch MCM and that was taken
from the output port after routing. This indicates speed and skew
performance is successfully implemented as the design. Fig. 13
is the example output waveform of the clock, frame and the 625
Mb/s signals of the one link. The one link speed is 10 Gb/s and
the link is constructed of sixteen 625 Mb/s signals. In the Fig. 13,
six of 625 Mb/s signals are shown. This is just because of the
limitation of the display of the oscilloscope. The correct operation is confirmed by changing the monitor signals in sequence.
VII. CONCLUSION
We have developed an optical I/O interface ATM switch
MCM. The module has only an optical interface for signal
interconnection. For the optical interface, we used a parallel
optical interconnection module which offers a smaller size
and cost. The channel speed is 625 Mb/s and the total I/O
throughput of the MCM is up to 160 Gb/s. A prototype module
has been partially assembled with eight optical I/O interface
blocks each having 40 channels. Using it we constructed
an optical I/O interface ATM switch system and confirmed
successful operation of the optical I/O interface.
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