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Abstract—The High-Speed Optoelectronic Memory Systems
(HOLMS) project, sponsored by the European Union Information
Society Technology program, aims to make the use of board
level optical interconnection in information systems practical
and economical by developing optoelectronic packaging tech-
nology compatible with standard electronic assembly processes.
To demonstrate the potential of the technology, it develops a
demonstrator system that addresses the most pressing problem
of contemporary computer architecture: memory latency. This
paper describes the key ideas and some preliminary results of
the HOLMS projects focusing on the electronic interconnection
technology, in particular optoelectronic packaging issues.

Index Terms—integrated optics, optical computing, optical
interconnections, optoelectronic packaging, waveguide inter-
connections.

I. INTRODUCTION

ONCENTRATED research efforts in recent years have

lead to significant progress in optoelectronic components
including the tight integration of optoelectronic input/outputs
(I/0s) and silicon chips, novel microoptical devices, and
advances in optomechanical integration [36]. A number of
high-bandwidth interconnection demonstrators were also
constructed. However, so far, optical interconnections have had
nearly no impact on board or even rack level interconnections
in real life systems. This failure can be mostly attributed to two
factors: 1) inadequate and costly packaging technology and
2) inadequate system architectures.
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a) Packaging TechnologyElectronic assembly technology

has become optimized for low-cost mass production.
Lithography based on cheap materials for system-level
printed circuit board (PCB) interconnection and chip

packages suitable for attachment using pick and place
machines allow low-cost automated production. Optical

systems, as they are implemented today, are mostly
incompatible with this assembly technology. This has

created a barrier for the adoption of optical interconnec-
tion that neutralizes any potential benefits.

b) System Architecture IssueBhe increasing gap between

very large scale integration (VLSI) circuit speed and the
I/O capabilities of system-level electronic interconnec-
tion technology has often been cited as a compelling
reason for the transition to optical interconnections
[35]. Obviously, extrapolating current trends in VLSI
technology far enough shows that at a certain point,
chip-to-chip bandwidth requirements that are going to
exceed the physical limits of electronic links. On the other
hand, the proponents of purely electronic technology
argue that, for current system architecture, this point will
not be reached for another 15 to 20 years [48]. At the
same time, while implementing adequate interconnec-
tions is going to become increasingly harder with higher
frequencies, in practice, evolutionary improvements in
electronic signaling and detection techniques are more
attractive then switching to a new technology. As a con-
sequence, it is not clear when (if at all) mere replacement
of electrical links with higher bandwidth optical pendant
will become an attractive option for system designers.
However, current computer systems have been optimized
to circumvent the shortcoming of electronic interconnec-
tions. It is, thus, understandable that they cannot fully
utilize the advantages of optical interconnections. As a
consequence, system architectures specifically designed
to take advantage of the properties of optical transmission
are needed to make optical interconnection technology
attractive for practical applications.
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above obstacles to the practical use of system-level optical sponsored consortium, the optoelectronic backplane system
terconnections.To this end, it develops an optoelectronic packealized by McGill lead Canadian consortium [6], [23], [49],
aging technology that facilitates seamless integration of frége DARPA three-dimensional (3-D) optoelectronic processor
space, waveguides, and fiber optical links with standard eleystem [11], the Heriot—Watt SPOEC high-speed interconnec-
tronic packaging technology. The core of the technology istion system [1], and the RWC-1 massively parallel system [42].
novel optoelectronic multichip module (OE-MCM) concept. In addition, different theoretical architecture concepts have

In the architecture area, the key concept of the HOLMBeen developed [13], [15], [26]. In this context, a considerable
approach can be summarized astting through the inter- amount of attention has also been given to the issue of optical
connection hierarchyf29] to reduce communication latency.interconnections in shared memory systems [7], [13], [18],
The concepts exploits the fact that in the relevant approxim@-1], [30], [45].
tion the bandwidth and latency of an optical link is virtually Most of the demonstrator projects mentioned above
independent of the length, the fanout/fanin, and the overathve developed their own packaging concepts. They include an
density of the interconnection. At the same time, it leverag&E-MCM technology similar to the one pursued in the HOLMS
new technological developments that allow close integration pfoject [12], and different precision mechanical systems (e.g.,
large arrays of low-latency high-bandwidth optical 1/0s witli33], [38], [50]). In addition, a number of other groups have
complex VLSI circuits. As a result, new interconnection archlooked at novel optoelectronic packaging techniques (e.g., [14],
tectures replacing high-latency multistage networks with diref@4]). Most notably, an image guide-based packaging concept
low-latency links between all relevant components become pdss been recently proposed and demonstrated by several groups
sible. In addition, generous use of optical fanout allows tHB], [22], [51], that aims at similar applications as the HOLMS
implementation of efficient cache coherence protocols.  technology.

To demonstrate the potential of our approach, we address
what is generally regarded as the most pressing problem of con- II. HOLMS OVERVIEW
temporary computer architecture: memory latency. For this pur- .
pose, a memory architecture specifically tailored to utilize tHe HOLMS Rationale
advantages of optical interconnections has been developed. IAs described in the introduction the main idea behind the
the project, a fully functional demonstrator system based on ttH®LMS project is that optical interconnection technology can
architecture is being built to show that optical interconnectigie used to cut through the traditional electrical interconnection
technology is capable of providing system-level benefits in regjerarchy. This hierarchy is the main factor in the communica-

life computers. tion latency, which, in turn, is the main performance bottleneck
. in today’s computer systems.
B. Paper Overview 1) Interconnection Hierarchy and LatencyHierarchical

This paper focuses on the optoelectronic interconnectidtilitistage interconnect architectures are a fundamental concept
packaging technology and its application in the demonstrat@ electronic system design. In general, electronic systems are
system. The description of the memory architecture is limitdderarchically partitioned into subsystems consisting of physi-
to an overview required for the understanding of the interconally adjacent components. Such subsystems can be the circuits
nection issues. After an introductory overview of the HOLM®n a single chips, chips on a single multichip module, or a local
concepts in Section I, we present the HOLMS demonstratgroup of chips and multichip modules on a PCB. The intercon-
system in Section Ill. We, then, turn to a detailed discussigrection architecture follows the subsystem structure favoring
of the OE-MCM technology in Section IV, and the printedocal links inside a subsystem over intersubsystem connections.
circuit board-based waveguide interconnections in Section |d.most subsystems, there are just a few designated components
Finally, we discuss the interface between OE-MCM devicgfterfaces) that are responsible for communicating with other
and the PCB embedded waveguides that combines standafgsystems. The majority of such links connect to subsystems
electronic attachment with an appropriate optomechaniGi the same or, at most, one stage higher hierarchy level. Em-

coupling mechanism. pirical studies have shown that, for most systems, the number
of interconnections in any given subsystem exponentially
C. Related Work decreases with increasing hierarchy level. Since increasing

Early implementation of optoelectronically connected conhierarchy levels correspond to increasing subsystem diameter,
puters include, among others, the Delft fully connected muhis also means that the link density exponentially decreases
tiprocessor [52], the Cosine system [43], and the MEMSWith distance. As a consequence, communication between
machine [31]. At the same time, a number of architecture cofar away components is mostly indirect, passing through the
cepts such as a time division multiple access-based crossbésrfaces between many hierarchy stages. This leads to high
[37], a hierarchical hypercube based design [40], and differdatency and introduces complex communication protocols.
bus systems were studied (e.g., [27]). Thus, for example, the message latency in a multicabinet

More recent optoelectronic systems demonstrators incluggrallel computer or a workstation cluster can be as high as a
the opto field programmable gate array [3], [17] built by an Egbw microseconds, which is three orders of magnitude above

the time of flight delay
1The Project participants are: 1) Heriot-Watt University, Scotland; 2) ETH
Zurich, Switzerland; 3) THALES Communications, France; 4) Siemens/C-Lab,
Germany; 5) University of Hagen, Germany; 6) SUPELEC, France; 7) Univer-2This assumes a signal speed of about 30 cm/ns and a cabinet-to-cabinet dis-
sity of Paderborn, Germany; and 8) ILFA AG Germany. tance of one or two meters.
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For many systems, the above hierarchical architecture is HOLMS Memory Architecture
natural and efficient implementation option, since it reflect
their logical structure, which is dominated by local commu
nication. However, in cases where global communication

important, the high latency of long range communication | -

a major performance bottleneck. As will be described late "f’l umﬁ.u

shared memory multiprocessors (SMPs) are a good example — i 1

this type of system. . . _ ‘ﬁ" o G )
One of the main reasons for the interconnection hierarcl Processor U l=U

is the fact that the performance of electronic interconnectio i

ropiar safF, B =
is strongly dependent on the physical properties of a link. 7 ﬁst Isi=8 /o= k1% T
achieve high bandwidth, the links and the transceivers must Fi lft_,?su Ugli—iau

exactly impedance matched and care must be taken to route
signals in such a way that crosstalk is minimized. In additior,
the interconnection complexity is limited by the planar naturgg. 1. idea behind the HOLMS memory architecture. In this diagram, there
of the interconnect, since the interconnect area is proportioms two ErockeSSéJfé\iT]G =6 fgenlotgg ban_'; Smpsﬁ_ each W“?ﬁBd =2 ;
H H H H : memory banks. Each memory ban = CNips organized aroun

to the SeC_Ond power of the mterconnectlon plsectlon_ width. a controller that is optically connected to the processor.

2) Cutting Through the Hierarchy Using OpticShe
principal advantage of optical interconnections lies in the fact, . .
that in the relevant approximation the bandwidth and Iaten%:xw'th physical system diameters between 50 cm and a few

Memory Bank Memory Bank Group

of an optical link is virtually independent of the length th eters for large multirack systems, it is obvious that the distance

fanout/fanin and the overall density of the interconnection. H’mte_d time of flight of the signals does nOt. S|gn|f|cantly
ntribute to the above delay. Instead, the interconnection

addition, with free space optics the interconnect area increa%a%s

: . . . . ency is due to a hierarchical, multistage network architecture.
only linearly with the bisection width. Furthermore, new trend . . . )
. . . . uch architecture introduces a cascade of driver and conversion
in optoelectronic integration are emerging that allow hundre

or even thousands of high-speed optical I/Os to be direc %(L?gso?ss well as complex communication and memory access
integrated with high-performance VLSI circuits. Thus, a single 2) HOLMS Memory Architectureln the HOLMS project

chip can have direct high-bandwidth low-latency links to e concept of cutting through the interconnection hierarch
large number of devices both in its direct neighborhood an% P d g y

¢ h bi his all : hi applied to the processor memory network in multiprocessor
as far away as the next cabinet. This allows for new architeGgiems  As described in [28], high-latency multistage links

ture concepts that cut through the traditional interconnectiofe repiaced by direct optical channels between optoelectronic
hierarchy providing direct time of'fllght limited links between|;oq closely integrated with the relevant VLS| components. To
all relevant components. In particular, the number of staggg,yide the lowest possible latency, the processor should have
between the CPU and the memory chips in a multiprocesspjirect optical connection to every RAM chip in the system.
system can be reduced leading to memory latency close to Fﬁ’tﬁ‘wever, even using free-space optics implementing such a
chip access time. Atthe same time, appropriate use of broadegshplex interconnection is not practical. As a compromise, the
channels can simplify cache coherence protocols. HOLMS architecture uses a single intermediate stage: a con-
troller that is responsible for a small group of RAM chips. The
processors and the controllers communicate with each other
using optical I/Os closely integrated with electronic circuits. To
1) Memory Latency in Multiprocessor Systen@ne of the further reduce the number of processor 1/Os, broadcast, rather

main problems of today’s computer architecture is the widenifgen point-to-point channels, are used with each transmitter
gap between processor cycle time and memory latency (e_@,the processor. Thus, each transmitter is assigned to sev_eral
[44]). This problem is particularly grave in SMPs, where thE'eémory controllers. In general, the HOLMS memory archi-
CPUs of the parallel machine communicate through a commisigture is composed of NRAM banks, each consisting of NC
memory system. Depending on the number of CPUs, tRé\M chips electronically connected to an optoelectronic bank
memory access latency in such systems ranges from aberftroller. The memory banks are organized in NG groups with

200 ns in dual CPU machines to more then 1000 ns in lardg> = N/NG banks each. The memory controllers in a single
scale servers. memory bank group share a single fanout/fanin channel optical

annel for each processor. An example of a system with
=6,NC = 4, NB = 2, and two CPUs is shown in Fig. 1.

B. Memory Architecture

Memory latency is often blamed on the gap between DRA
speed and CPU operating frequency. Although such a ga ig;
undeniable, it explains only a small part of the above latency.
Today DRAM memory modules with a latency of 22.5 ns arg”
available (ESDRAM). Single transistor high-density SRAM As described above, our approach to using optical intercon-
(ESRAM) can provide a random access latency of 12.5 nsractions in computer systems exploits the insensitivity of optical
similar density and only slightly higher cost. This is betweelinks to the length, fanout, and complexity to cut through the tra-
1% and 10% of the overall latency. The remaining 90% to 99¢iétional interconnection hierarchy. The main practical problem
are due to interconnection delays [4]. facing this approach is the fact that, depending on the distance

Interconnection Technology and Packaging Concept



LUKOWICZ et al: OE INTERCONNECTION TECHNOLOGY IN HOLMS SYSTEM 627

reflective optical components
on the surface fibre array
/ - connector

BCB planar optical system

transparent MCM substrate

electrical = ! T
MCM layers

optical PCB layer

opto—electronic
chips

electronic
chips

Fig. 2. HOLMS optoelectronic packaging technology. An OE-MCM containing a PIFSO free-space optical system and electronic interconnectido #teache
glass substrate is soldered on a PCB containing an optical waveguide layer.

and type of interconnection, different transmission technologiggmory interconnection based on the transmission technolo-
need to be used. In the HOLMS project, these are: gies and architecture concept sketched in the previous section.

1) Parallel fiber arrays for transmission of data between difo demonstrate the capabilities of the system, a JPEG 2000 de-
ferent PCBs. Here, a commercial system based on the M@der software for large medical and satellite imaging applica-
connector standard is used. tions will be implemented. For large images, it requires a lot of

2) Waveguides integrated in a conventional electronic P@Bemory with low-latency random access, which means that it
for a robust, low cost point-to-point transmission acrog2ptimally utilizes the advantages of the planned system.
the system board. This technology has been developed byAs shown in Fig. 3, the HOLMS demonstrator consists of
Siemens and University of Paderborn [8]. four CPUs and 16 memory banks distributed over two PCBs.

3) Planar integrated free-space systems (PIFSO) feach CPU is located on its own OE MCMs (CPU OE-MCM)
fanin/fanout operations and the mapping of the optéogether with an optoelectronic memory management unit. On
electronic 1/0s to the fibers and waveguides. PIFSthe memory side, two memory bank controllers constituting
systems, developed by University of Hagen [4], fold & memory bank group are located on each OE MCM (MEM
free space optical system inside a thin glass substré®E-MCM). Each CPU OE-MCM is connected to each MEM
They provide all the benefits of free-space optic withod?E-MCM using a dedicated, point to point, duplex optical
the a”gnment and Stab|||ty prob|em5 usua”y associatéﬁlannEL Each channel consists of E|ght data, three ContrOL and
with conventional free space systems. In addition, th&ne clock line, each driven at 600 MHz. Depending on whether

can be used as an optomechanical interface to the Nffe OE-MCMs are on the same PCB or not, the channel is
connectors of the fiber arrays [32)]. implemented using waveguides or fiber arrays. In any case,

The key packaging issue faced by the HOLMS project fhis link is shared by both memory bank controllers of the

the development of an optomechanical interface that allofE-MCM.

a single electronic component mounted on a printed circuit

board to simultaneously access all the different transmissiBn CPU OE-MCM

technologies. This needs to be accomplished in away compatiblés shown in Fig. 4, CPU OE-MCM consists of the CPU, a
with standard electronic assembly techniques. For this purposmiaed-signal controller chip, the optical I/Os, and a PIFSO op-
novel optoelectronic multi-chip module (OE-MCM) packagingical system. The PIFSO optical system of the OE-MCM is used
technology [39], [47] has been developed (see Fig. 2) As image the optical I/Os of the controller onto the fiber and
described in more detail in Section IV, it combines PIFS@aveguide interface. This requires a 1:1 transmission through a
systems with thin film on glass electrical MCM-D technologylight pipe system combined with appropriate pitch adjustment.
Electronic and optoelectronic components are flip chip bond&dr optimal execution speed of the JPEG 2000 applications, one
to the thin film layers deposited on the glass substrate containl@®U OE-MCM will contain a high end Analog Devices Tiger-
the free space optics. Appropriate optical windows in the thihark DSP, while the remaining three will be assigned custom
film layers allow the optoelectronic components to be coupléZiPUs implemented in XILINX XCV2V3000 FPGAs. Indepen-
into the optical system. The whole substrate can be packagkht of the processor type, all CPU OE-MCMs have the same
as a ball grid array (BGA) and attached to a PCB usingpntroller chip. It consists of two parts: a memory management

conventional soldering techniques. unit (MMU) and the transmission circuits.
The MMU is identical for all four CPUs. It handles the in-
IIl. HOLMS DEMONSTRATORSYSTEM terface to the optical bus and performs actions related to cache

coherence, synchronization primitives, and conflict resolution
in cooperation with the memory controller chips.

The HOLMS demonstrator is a four CPU shared memory The main components of the transmission circuits are seri-
heterogeneous multiprocessor with a low-latency optoelectromiization/deserialization logic and analog VCSEL drivers and

A. Overall Architecture
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Fig. 3. Architecture of the HOLMS demonstrator system.

fibwr to other board

the logic responsible for address decoding, memory access, and
conflict resolution. For memory access, there are two electrical
channels to RAM chips on the printed circuit board, one for each
controller. The system will be based on Enhanced Memory Sys-
tems’ BSRAM SS2625-7.5, 2Mx36 chips with a random access
latency of 12.5 s and a capacity of nine MB per chip, of which
only eight MB will be used for data. To achieve 512 MB total
memory capacity with 16 memaory banks in eight memory bank
groups, four chips with a total of 32 MB have to be connected
to each channel.

The transmission circuits take care of the frequency conver-
sion and the analog interface (amplifiers and receivers) to the 24

Fig. 4. Architecture of the CPU OE-MCM of the HOLMS demonstrator.  Optical channels required by the system architecture.
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L Bt board D. Transmission Logic and Optoelectronic I/Os
" mixedsignal chip0 The design of an efficient transmission logic, drivers, and
cantollatlogic e meie: | TECEIVETS is One of the major issues in the HOLMS’s demon-
O i el - strator realization. A review of published paper on drivers and
— photo receivers amplifiers shows that performances of CMOS
" mixed signal ehip 1 ke technology with 3.3 V of power supply are too tight to ob-
o | coociriomc || RAM bps eifacs taiN the desired performances. Taking into account that most
trEnesiver " of the commercial circuits are fabricated with a silicon-germa-
P nium technology, a SiGe BiCMOS 0.35 m from Europractice
e A Enn oaer board technology has been chosen. The digital part of the chips will

be designed using standard CMOS cells which are compatible
Fig. 5. Architecture of the memory OE-MCM of the HOLMS demonstrator.\yith the BICMOS technology.

1) Optoelectronic TransmittersVCSEL's ULM 1x12
photo receivers amplifiers. Since the CPU address and data Biays at 25Q:m pitch with a wavelength of 850 nm have
are 32 bits wide at a frequency of 133 MHz and optical bus daaen selected. The devices have a threshold current of 1.8 mA
is 8 bits wide, the optical bus frequency needs to be 600 ME#d work with an operating current of 5 mA. Due to variations
(Fig. 5). Due to the envisaged architecture, 48 drivers and #8tween different VCSEL arrays, threshold and operating
receivers will be integrated on the CPU side interface chip. current need to be adjusted on a per array basis. As the drivers

and the logic driving them are integrated on the same chip,

C. MEM OE-MCM these interface problems are drastically reduced. VCSEL are

In the demonstrator system, there is a single MEM OE-MCleixternal components but since they will be, as well as the mixed
for each memory bank group. As shown in Fig. 5 it consists ohips, flip chip bonded onto a OE-MCM parasitic elements are
two mixed signal optoelectronic memory bank controller chipsainimized. Simulation with typical parameters showed that
one for every memory bank of the group, PIFSO. In additiotlock signal with frequency up to 1 GHz can be transmitted.
to pitch adjustment between the optical I/0Os and the fibers and2) Optoelectronic ReceiversAn identical 212 at 250um
waveguides, the PIFSO performs the fanin/fanout operations pich configuration will be used for the detectors to match the
quired by the HOLMS’s memory architecture. VCSEL array. Operation will again be at 850 nm with an ex-

Like the CPU side controllers, the mixed-signal chips compected sensitivity as high as M7V —!. The photodiodes will be
sist of two parts: a purely digital memory controller unit andonstructed on a GaAs/AlGaAs strained-layer structure. They
mixed-signal transmission circuits. The memory controller igill be p-i-n devices and have two contacts each. It is suggested



LUKOWICZ et al: OE INTERCONNECTION TECHNOLOGY IN HOLMS SYSTEM 629

that the bottom layer in the p-i-n structure is used as grourgtrates. In short, PIFSO combines the capabilities of free-space
However, this should not be connected to the substrate to avoftics with the packaging simplicity of guided wave optics or
any potential reduction of bandwidth. The photodiodes will bstandard electronic surface mount components.
circular with an optical window of 180 m in diameter and ac- Different demonstration experiments have been reported, one
tive area of 220 m in diameter. This gives a detector area thfat is relevant for the HOLMS concept was demonstrated, for
3.8 x 1078 m2. Since the intrinsic region will be 1.5 m thick, aexample, in [10]. The technological challenge is optimizing the
photodiode has a predicted capacitance of 2.69 pF. This showmhsmission efficiency.
allow operation at up to 1.18 GHz. Series device resistance will
be approximately 50 ohms, thus, the load should be equif& OE-MCMs
lent. It is expected that a reverse bias of up to 5 V may be ap-The PIFSO substrate can served as an open platform for the
plied without any problem. To ensure an acceptable bit erf@iegration of optoelectronic devices [19] and used as a basis
rate (BER) of10~? in digital transmission, the current generfor simple electronic systems. Signal lines, pads for flip-chip
ated by the incident optical power on the photodiode must Bgnding of chips (electronic and/or optoelectronic), and sol-
144 times the intrinsic device rms noise current. Since materiring pads for attachment to printed circuit boards can be fab-
purity is very high, noise from the device is expected to be lowcated with the same lithographic technique used for the optical
Therefore, given a worst case scenario of 10 W of incident oomponents. In initial experiments, partners ETHZ and Hagen
tical power, achieving such a BER should not be a particulggve tested and characterized some simple systems [39].
problem. The HOLMS project goes beyond such simple systems to-
A review of a published paper shows that all architecture gfard the full integration of complex, high-density electronics
photo receivers are based on transimpedance amplifiers. Theigh PIFSO substrates in OE-MCM. The concept is an exten-
sign of such amplifiers is highly dependant of the characteristigin of thin film multichip module technology (MCM-D). In
(capacitance and sensitivity) of the optical receiver. As the GCM-D systems, a few micrometers-thick layers of metal con-
pacitance of the p-i-n diode to be used is rather high, the desigiiictor and dielectric (e.g., polymid or BCB) are deposited on
of the amplifier is a tradeoff between expected performancgSew hundredum thicker substrate. The technology allows a

and power dissipation due to bias current. feature size of down to 10m and component placement ac-
curacies of a few micrometers. A variety of substrates, some of
IV. OPTOELECTRONICMULTICHIP MODULES them transparent (e.g., glass), can be used.

. . To combine thin film MCM technology with planar optical
The HOLMS optoelectronlc_ packaging cpncept _calls fOsr stems, the optoelectronic components are flip-chip bonded on
free-space systems to be used in three areas: 1) for high-de

. ’ ) ) d (EYMCM module with the optical windows pointing toward the
interconnection atthe chip-and MCM level; 2) fanout/fanin OPEL hstrate (Fig. 2). Avia hole through all the metal and dielectric

at;or;s; 6.‘22 :213?'sgrlgct)iréﬁi'griv;izntL%nr?_drfézz?tIot\jl\gqig? yers is placed underneath the optical windows to allow light
wavegul ! nect gh- Ity devic gnals to reach the substrate. The substrate must be transparent
rays on the optoelectronic chips. For practical mplementaﬂoqg,the wavelength used. The MCM system with the optoelec-

suitable integration and packaging techniques for free-sp Shic components is glued to a PIFSO system, forming a com-
optics are required. The specific approach used here is &te OE-MCM ’

concept of PIFSO as described in many publications (e'g'For mounting an OE-MCM on a printed circuit board

[20]). The HOLMS project builds on this concept to develo%oldering balls are placed on appropriate pads of the MCM-D

an optoelectromechanical integration technology that a"mgﬁbstrate. The OE-MCM component can then be attached

the combination of free-space optical systems with high-p 6 a printed circuit board much like a conventional BGA

formance electronic substrates, and the required interfaces_to

fiber arrays and waveguides. This paragraph describes [EH gckaged chip. Currently, the suitability of different attach-
technology that we refer to as OE-MCMs. nt techniques, including reflow soldering, laser soldering,

and conductive glue, is being evaluated. The main technical
challenge stems from thermal expansion issues.
A. PIFSO Technology In the OE-MCM concept, planar optics is just another inter-
The main feature of PIFSO is the monolithic integration of theonnection layer of a conventional high-performance system.
optical elements on a single optical substrate by using a lithBhus, an OE-MCM module can be handled and packaged much
graphic fabrication process. The essence of this concept is ke a conventional electronic component. At the same time, it
folding of optical paths within a transparent substrate, where theovides complex electronic systems with a flexible interface to
passive optical components that make up the system (beam splitth free-space optics for inter- or intrachip communication and
ters, fanout gratings, lenses, mirrors, and so on) are fabricatedsgatem optical data transmission through fiber arrays or PCB in-
the outer surfaces of the substrate. The optics are kept smalltggrated waveguide (as described in Section V).
the sub-mm scale, and these microoptical components are contt) Experimental DevicesCurrently, different experimental
patible with established lithographic production. Lithographglectronic substrates are being designed, produced, and evalu-
gives precise alignment of the devices on the surface to microated. Fig. 6 shows a test substrate consisting of a three in and
eter precision and the common substrate removes the conaama out, 12-channel interconnection module combining one LD
about alignment retention. The further advantages of the teeray, three PD arrays, the corresponding drivers, and receivers
nology include the ease of packaging of the flat, quasi-2-D, sulith all the necessary passive electronic components. It is im-
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tures have to be developed: one for the interconnections at each
CPU-MCM (to be called CPU-PIFSO in the following) and one
for each memory-PIFSO (MEM-MCM). Because of geometric
extent and electrical alignment, the CPU-PIFSO has to be di-
vided into two parts, one for connecting the fibers and the other
one for connecting the waveguides to the optoelectronic chips.
Consequently, a total number of eight PIFSO systems are nec-
essary to implement the interconnections on one PCB.

The CPU-PIFSO systems require direct interconnections of
sources and targets without any fanin or fanout. The technolog-
ical and design challenge consists of providing a large number
of channelg2 x 4 x 12 = 96) arranged in a single line for re-
alizing the physical interface to the PCB-integrated waveguides
(see Fig. 4). A similar task is required for the fiber connections.

The memory-PIFSO system connects two sources with four
targets by coupling from one MEM-MCM into a fiber and an
integrated waveguide. That means (24 2 x 12) channels in
two rows for each memory bank are subject to a fanout of four
and one pair of channels of each row has to be coupled into one
fiber or waveguide (equivalent to a fanin of two). For coupling
into the detectors of the MEM-MCM, the reverse way has to
been used.

2) Coupling Issues:For the physical implementation,
it is important to note that different types of light sources
are used for the different systems: in the direction OE-chip
to fiber/waveguide, VCSELs are the sources and fibers or
waveguides play the role of targets, whereas in the reverse
direction, fibers and waveguides are the sources and the targets
are photodetectors. Coupling light from monomode sources
into a PIFSO system and outcoupling it toward waveguides or
fibers can be achieved by techniques as described in earlier
publications [32], [46]. Waveguides and fibers are multimode
with relatively large crosssections; they act as extended light
sources, which emit incoherent radiation. Therefore, the
coupling from a waveguide into a PIFSO system is more
challenging, because the waveguide or the light guiding beak
(LGB) have a relative large crosssection (approximately 100
Fig. 6. (a) Electronic MCM-D test substrate produced for a simple OE-MC ) and numer-lc-a! apertgre (NA0.3). For this Fas-k' an apprpe}ch
corﬁpbnent. (b) A closeup of the optical windows placed next to the VCSEL a'ﬁ@”,eq pupil division USI.ng Several_ lenses within the PUp" IS
PD bonding pads and alignment structures in the central transparent windo®@nvisioned to steer the light emerging from the waveguide (see

the right side of Fig. 7).
3) Optical Design: The optical realization of the
PU-PIFSO system may be achieved by a microchannel

. ) . or hybrid imaging system [46]. As described before the PIFSO
a minimal feature size of 1. The glass substrate is quartzInterface at the memory side is much more interesting and

which is normally used in PIFSO systems. For the alignmegt discussed here in more detail. A memory-PIFSO system

with the PIFSO, the module has alignment marks placed ingy; ¢ ino ail the demands of the final application, but bridging

central transparent window. This allows the marks to be segiy 5o, distance, has been designed, simulated, and manufac-

from both sides of the OE-MCM allowing different flexible 3Sured. It is based on a microchannel system. The fanout of four
sembly sequences.

is achieved by a diffractive beam splitter, which is combined
. with an imaging lens in a single diffractive optical element
C. Optical System of the Demonstrator OE-MCMs (DOE). The lens has the task to collimate the divergent light
Although a number of stringent placement constraints hawéthe source (VCSEL). For each channel, one more reflective
to be considered, the electronic layout of the demonstraioraging DOE (decreasing the tilt angle), a fanin DOE and two
OE-MCM is fairly straightforward and will not be discussed immirrors are used. Fig. 8 shows the paths of the light signals
this paper. Instead, we concentrate on the optical design issuesulting from a ray-tracing simulation. The realization of the
1) General ConsiderationsTo support the HOLMS archi- described design for six channels is shown in the center of
tecture, two kinds of PIFSO systems with different special fe&ig. 7. This picture includes the memory-PIFSO system and

3 ‘s o6 @ o e o e o o))
'doooe oo oo o oo

plemented in three-layer thin film MCM-D technology based op.
10 um-thick BCB dielectric, 2um, and thick copper lines with
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2 rows with 6 fan-in DOE
OE-chip with VCSELSs or PDs ows with 6 fa : OFs

grid to bond MCM from bank0 and

fibre bank1 on OE-Chip MT-connector

L/
!.:' %%":' antey /s

——— = L

-
=l uwow

ceerees

: : ! 3.6 mm
2 rows with 6 fan-out DOEs PIFSO-system

pupil devision lens

PCB MCM waveguides

electrical ball grid to light guiding Fig. 9. Schematic view of the arrangement of PCB, MEM-MCM and
layers of PCB || bond the MCM DOEs beak (LGB) memory-PIFSO system showing four channels. The ray trace for incoupling
the fiber is shown by the pink and dark red lines toward the left MT-connector.
gward the right, waveguides the red and orange colored lines represent the
@ht propagating through the PIFSO. The colored lines ending at the mirrors
Hint out that the input element in the center is a four times beam splitter.

Fig. 7. CENTER: The surface of the substrate with the elements for t
memory-PIFSO system on the left and nine DOEs for pupil division on t
right. LEFT TOP: three output DOESs consisting of two lens elements in eall
column. These two lens elements realize the fanin. LEFT BOTTOM: six input
DOEs with four times fanout and focusing properties. The top row is used for
memory bank 0 and the bottom one for memory bank 1. RIGHT: Blowup o
one lens used for pupil division.

input from output and fan-in
left bankO

Optical
layer

Fig. 10. Concept of PCB integrated optical waveguides fabricated with 45

diameter of complete off-axis lenses micromirrors for coupling,

input from
right bank1

output and fan-in

V. PCB INTEGRATED OPTICAL WAVEGUIDES

Optical interconnection technology based on board-inte-
grated optical channel waveguides enables on-board data rates
of several gigabytes per second [9], [41] over distances of up
to one meter. As depicted in Fig. 10, these waveguides are
embedded within an optical layer of a conventional multilayer
PCB and, thus, represent an extension of today’s conventional
PCB technology. A benefit of this technology is that it allows
the same degree of freedom in routing optical interconnects as
routing conventional electrical interconnects.

Fig. 8. 3-D ray-tracing simulation of the memory-PIFSO. An incoming Within the HOLMS system, this technology is applied to re-

collimated beam hits the splitting DOE and is divided into four parts. nglize high-speed optical data channels at board level between
simple description the propagation of only one beam (connection toward_a

waveguide) is calculated. The off-axis lenses are represented by a white-frafkddU @nd memory chips mounted on MCMs. Within the op-
circle. The top picture shows an incoming beam from the left memory batical layer of the PCB, the optical signal is guided by multimode

source, the one on the bottom represents a beam from the right memory b&ﬁ‘énnel waveguides. The coupling from the waveguides to the
source. i . .

top of the PCB and vice versa is carried out by so called LGB,
Fﬁxplained in Section V-C, and 43nicromirrors that are inte-
%reated into the channel waveguides. In addition to technology

some lenses to test pupil division. In the center two rows wi
six elements correspond to the splitting DOE. Symmetrical
both sides, the reflective tilt changing DOE and the fanin DO
are arranged.

A detailed overview of the interconnections between and t
arrangement of memory-MCM, PCB-integrated waveguides,
and PIFSO is given by Fig. 9. Mounting these elements S
another technological challenge that has to be solved in thiswithin the HOLMS system, two CPU-OE-MCMs and four
project. MEM OE-MCMs have to be connected by high-speed optical

velopment of board integrated optical waveguides, a simula-
ion software is developed in the HOLMS project in order to
ﬁ)éedict the signal integrity of such optical interconnects.

Interconnection Topology
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Fig. 12. Temperature (upper graph) and pressure (lower graph) profile during
the lamination process of the optical layer.

PCB technology, allowing reduced tolerance requirements and
simplifying the light coupling into the waveguides and vice
versa. Further simplification of the coupling results from the
large crosssectional sizes of the waveguides and the large
numerical aperture oNA = 0.3.

Optical layer
220cm

B. Technology

The manufacturing of board integrated optical polymer
Fig. 11. Placement of MCMs and routing of PCB integrated waveguides. Waveguides is subdivided into two main processing steps.
Within the first step, an optical polymer layer, containing the

. ) embedded channel waveguides, is fabricated, and within the
data channels. Each of the high-speed optical data channels ¢, step, this optical layer is laminated into the multilayer

necting one CPU and one memory MCM has to provide a tolabg  several processing technologies are known to manufac-
data rate of a minimum of 7.2 GP/S per Q|rect|on. This data "affre the step-index optical channel waveguides, respectively,
has _to be achieved over a maximum distance of 15 cm with, g, embossing [24], [25], photo lithographical techniques [2],

maximum loss of 0.2 dB/cm at an optical wavelength of 850 Ny irect writing techniques [16]. Each of these techniques
This limited dlstance.ensures a ma>§|mum optical S|gnal sk%n produce a polymer optical layer with integrated multimode

of less than 1 ns, while one CPU chip may communicate willyyico| waveguides. One common property of these manufac-
more _than one memory Ch”_o at once. Due to the curre_znt maQHFing processes is that the dielectric interfaces of the fabricated
facturing process, the maximum diameter of the optical IayWaveguides show surface roughness up to one tenth of the

is limited to 20 cm, which defines the routing space for thg oo \vavelength that causes unavoidable losses. Within
eight optical channels. Optical crossing of the channels is §9, gpsequent extended PCB lamination process, this optical
be avoided in order to reduce losses. Since the system archi

” i - Fs{]‘ér is integrated into a multilayer PCB. Therefore, a recess is
ture requires bidirectional data flow between the CPUs and theqed into a FR-4 layer of the PCB and the optical layer is

memory banks, two physical channels (one for each direCtiqlﬂ)serted. Afterwards, the FR-4 layer is laminated into the PCB

need to be used for each logical channel. _ . using a similar temperature and pressure profile as depicted in
In order to avoid optical channel crossing and obtaining;

almost equal signal propagation delays with a small signal”
skew(< 1 ns), the symmetric routing layout depicted in Fig. 11 . .
was d(evelopzzd inthe HOLMS project. Each ofthe unidirectiongl' OE-MCM Waveguide Coupling: LGB

channels shows an s-bend formation with a minimum radius ofThe coupling the board-integrated waveguides and the
2.5 cm and consists of 12 parallel highly multimode optical stepdFSO integrated in the OE-MCMs is one if the key packaging
index waveguides. It allows a total data rate o&kL@00 MB/sfor problems of the HOLMS system. The vertical distance that
every CPU memory interconnections which meets the requireds to be bridged between the PIFSO and the waveguides,
data rate of 7.2 GB/s. In order to be compatible to commercially in range of 1.5 to 2 mm. Compared with the horizontal
available vertical cavity surface emitting laser- and photo dioghétch between elements of the PIFSO and the waveguide of
arrays, the waveguides of one channel have a pitch of2560 250 pm, this vertical distance is very large. In addition, to
Their crosssectional sizes @b x 75 um is comparable to avoid excessive losses stringent constraints on the horizontal
those of microstrip lines. The large crosssections of the optieald angular alignment, accuracy must be satisfied. At the
interconnects are chosen to be compatible to the conventiosaie time, the optomechanical coupling mechanism must be
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12x100/140pm step index fibers

A
~ Y

MCM

PCB LGB | Fibers

2mm

>2000

MT-Pins ¢0.7mm
Distance 4.6mm

Fig. 14. Concept of the LGB.

MT : l MT
pin bladdmg pin

h

Channel waveguides Optical layer

Fig. 13. Assembly concept of the PCB, the LGB, and the MCM.

compatible with standard electronic attachment technology B
(soldering, conductive gluing, etc.). SEEA i |“ ;
1) LGB Approach: The coupling from the PIFSO to the 250+ 10“m
waveguides can be realized by free-space optics as the PIFSC , :
provides focusing elements. To this end, the focusing elements ' | b
have to be aligned in a precise manner that the angle deviationf
between the focused beam and the vertical axis is smaller tha
1° for a vertical distance of 2 mm. _
The coupling from the waveguides to the PIFSO cannbg 1>
be achieved by free-space optics, as there is no possibility
to integrate focusing elements within the waveguide. Without One of the manufactured LGBs is shown in Fig. 15. The fibers
these elements, the large numerical aperture of the waveguiti@ge a larger core diameter than the waveguides in order to re-
combined with the |0ng vertical Coup"ng distance makes @uce horizontal tolerance requirements and to improve the cou-
impossible to couple the optical power efficiently and caus®ing efficiency to the fiber. The horizontal alignment of the
significant optical cross talks and power losses. In order fers and the waveguidesis achieved using MT-pins atthe LGB
increase the coupling efficiency, the LGB approach, as depict@ad drilling holes within the optical layer. This technique per-
in Fig. 13, was developed within the HOLMS project. Thignits a passive adjustment of the LGB to the waveguides.
approach represents animaging system based on vertical aligned
multimode step-index fibers embedded within the LGB. The VI. CONCLUSION AND FUTURE WORK

vertical coupling distance can, thus, be reduced to the heightrhe HOLMS project aims to make the use of board-level
of the cladding materia(< 50 m) between the waveguidesgptical interconnection in information systems practical and
and the fiber as pointed out by Fig. 13. The optical power flowconomical by developing optoelectronic packaging technology
within the waveguides is turned round by°ABiicromirrors, compatible with standard electronic assembly processes. The
transmits vertically through the cladding material and is COUP'QQchnology enables seamless integration of PIFSO, waveguides,
into the fiber. The multimode fiber guides the power flow tgnd fiber arrays into high-performance electronic systems. To
the top of the PCB and then the power flow is coupled inigis end, a novel OE-MCM concept has been developed that
the PIFSO. adds PIFSO systems as just another layer interconnection layer
2) Technology:The LGB is built up by a synthetic block to high-performance MCM-D electronic packages. In addition,
using conventional FR-4 PCB material. As each optical dagacoupling technique that allows optical signals to cross from
channel is built up by twelve parallel channel waveguides, thige OE-MCM package to PCB integrated waveguides has been
LGB contains twelve fibers as depicted in Fig. 14. Thereforghtroduced.
it shows twelve drilling holes with a pitch of 250m and a  Currently, different aspects of the above technology are being
diameter of 15Qum. The height of the block can be matched teptimized, fabricated, and tested by the various groups involved
the vertical distance, that has to be bridged between the PIF&Eth the project. Key concerns being address include reducing
and the waveguides. Within each drilling hole, one step-indéxsses, alignment tolerance, thermal control, and the optimiza-
multimode fiber with a core diameter of 1@@» and an overall tion of the overall system assembly sequence.
diameter of 14Qsm is glued in. Afterwards, the top and bottom Once completed, the development will provide information
face surface is grinded and polished. and computing systems with high chip I/O, high bandwidth, and

LGB manufactured by ILFA using FR-4 material.
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low-latency connections. This is crucial to enable novel com{16] H.Huber, J. Moisel, and J. Guttmann, “Polymer waveguides for 100 cm
puter system architectures focused on using the fundamental ad-  (40”) optical backplanes,Proc. SPIE pp. 4805-4815, 2002.

vantages of optical interconnection to cut through the traditiona[l1 7l
electronic interconnection hierarchy. To demonstrate the poten-
tial of our approach, we address the most pressing problem &8l

contemporary computer architecture: memory latency. To this
end, a fully functional multiprocessor signal processing system,

in which the optical interconnection reduces the memory lall9l
tency to the range of raw chip latency and signal propagatio&o]
time,
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