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Abstract—Recently, a number of successful free-space well known, and provide the motivation for modern optical
chip-to-chip and board-to-board optical interconnects have been fiber networks. Optics is now challenging copper at shorter and
demonstrated. Here, we present some of the design rules thatghq ey gistances. The benefits of optical interconnects include

can be derived as a result of this work and also as a result of d d si | distorti d att fi | .
numerical and theoretical analyzes. We draw a number of con- reduced signal distortion and attenuation, lower power require-

clusions. In the area of optoelectronic very large scale integration Ments, lighter components, potentially lower costs, and much
(VLSI) design, we suggest that differential electrical and optical greater immunity to electromagnetic interference. A thorough
transceiver designs provide the best performance. In the area of review of these physical issues is provided in [1] and [2]. In the
optical design, we present scaling and system partitioning laws for commercial arena, several manufacturers now supply optical

clustered optical relays and determine the interconnect distances _. . . .
at which microlens or macrolens systems are more suitable. We fiber ribbon-based parallel optical data links (PODLs) of 8 to 12

also show that the ease with which two modules can be aligned channels, operating at data rates of up to 3.25 Gb/s per channel
can be related to the optical invariant of the system and is, thus, over distances of 100—1000 m (depending on bit rate). How-
a function of the size of the detector and the numerical aperture ever, there are applications where many more parallel channels
of the detector optics. Finally, we show that when multiple optical are required and in some cases the interconnect configuration
components must be aligned, very high individual component is more complex than a simple point-to-point link. For example

tolerances are required if the system as a whole is to have a high - S )
chance of success. multiprocessor computers, telecommunications switches, and

Index Terms—Free-space optics, hybrid integrated circuit pack- Fmbe?deld si’ﬁtems all r:aqfu t';]e gl.ghb; paraII_eI mte(rjctonngct?ns.
aging, microoptics, optical interconnection, optical receivers, op- n particuiar, the concept ot the direct sourcing and termination

tical transmitters, optoelectronic devices, vertical cavity surface Of optical signals on silicon has been proposed as a method
emitting lasers (VCSELS). to relieve the off-chip communication bottleneck. Fig. 1 is a
schematic representation of this concept.
In recent years, significant progress has been made in the en-
abling technologies for parallel optical interconnects for digital
ARALLEL optical interconnects are capable of providingsystems. This includes the hybrid integration of vertical cavity
high bandwidth communication links both within andsurface emitting lasers (VCSELSs) with silicon integrated cir-
between high-performance electronic systems. The advantaggiss [also referred to as optoelectronic very large scale inte-
of optical communications for long-distance interconnects aggation (OE-VLSI)], assembly techniques for free-space optical
interconnects (FSOIs), the development of fiber arrays and the
integration of optical waveguides with printed circuit boards.
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y Fig. 2. Projected evolution of on-chip clock speed (dashed line, right axis),

off-chip clock speed (dotted line, right axis), number of high speed I/O lines
(dash-dot line, left axis) and total bus capacity (solid line, left axis) as a function
VLSI circuit of time and transistor size for high performance systems.
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Fig. 1. Schematic representation of a board-to-board parallel optical link wit &2 1000? : 1000
direct termination of optical signals on-chip. 8 b
- : - Ry | : 100
implementation. The rules that we introduce cover a range © i - - a3
areas, including optoelect_ronic de_vice layout, ele_ctronic circu o 1 On-chip clock
design and operation, optical design and packaging. 8 (356bs) @ N

In developing these rules we have made several assumptio 10 ‘ N 10

1) optical sources in a free-space optical interconnect will t Off-chip clock ,

VCSELs, and may be either single mode or multimode; jg8cGbsy: -

2) heterogeneous integration using flip-chip bonding an 1 - -
substrate removal of optoelectronic devices with comr 1 10 100 1000 10000
plementary metal-oxide-semiconductor (CMOS) base Number of channels
transceiver and processing logic;

3) the optoelectronic detectors are GaAs p-i-n diodes;  Fig.3. Projected off-chip I/O requirements for 2014. The graph shows the data

4) optical interconnect distance is less than 150 mm (i éate per channel necessary to achieve an aggregate data rate of 5 Th/s.
characteristic of interchip and board-to-board spacings); ) )

5) interconnects are all rigid free-space optical systems; €lectronic systems, we refer to the International Technology

6) interconnect has a point-to-point transmissive topologyR0ad Map for semiconductors [18]. Fig. 2 shows the projected

7) interconnect should incorporate a realistic tolerance fFréase in VLSI transistor on-chip clock speed, off-chip clock
misalignment; speed, number of high-speed off-chip clock lines and total

8) interconnect is capable of assembly by passive technig@schip /O capacity as a function of time for high-perfor-

These assumptions will be further clarified in the following sec-
tion when we will introduce a generic free-space optical inte
connect for chip-to-chip or board-to-board communication. O
research has been based on the use of GaAs optoelectronic
vices and so the wavelength of operation is 850 nm. Howev
many of the guidelines can be adapted to other wavelengths.

(i.e., should not be necessary to switch emitters on use A¥@nce systems, taken from [18]. It can be seen that by 2014,
tive alignment to ensure that light arrives at the detectordji€ Off-Chip clock speed is projected to reach 1.8 GHz and the
idth of the off-chip bus is also projected to increase to 3000

ligh speed lines, with a total projected off-chip I/O capacity of
Tb/s. The on-chip clock speed is projected to reach 13.5 Gb/s.
am this data, we can obtain a view of the design space for
-chip interconnects by the year 2014, under the assumption
that the necessary off-chip bandwidth will be 5 Tb/s. This is
shown in Fig. 3, where the data rate per channel necessary to
achieve 5 Tb/s is plotted as a function of the number of parallel

Il. FSOI DESIGN SAcE channels. We have shaded different regions corresponding

The first task is to identify the design space in which FSQb different possible optical interconnect formats. It seems
for chip-to-chip and board-to-board communication must oppparent that one-dimensional (1-D) fiber ribbons will not be
erate. Since this technology is aimed at future high performanzapable of delivering the necessary bandwidth as data rates of
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more than 200 Gb/s per channel would be necessary when,
for example, a 24-fiber ribbon is used. The step up in density
is provided by fiber arrays. At present fiber arrays ok83

to 16 x 16 have been demonstrated [19], [20] but volume
fabrication of these elements remains to be properly developed.
Even a 256 channel fiber array would require per channel data
rates of 19 Gb/s. Moreover, for the very short distances that we
consider here, the limited bending radius and high fabrication
cost of fiber arrays may render them impractical. From Fig. 3,
it is apparent that if we assume that the optical interconnect

channel data rate is not to exceed the projected on-chip data !‘ .' " '? : g
=B

.

rate of 13.5 Gb/s (which would otherwise require the use seri- ; W R .
alization/deserialization circuits) then a 5 Th/s aggregate data ‘ 4 'Tr T?
rate implies the presence of 370 optical lines. If we assume that e = .
the off-chip optical links run at the projected electrical off-chip -
clock speed of 1.8 Gb/s, then this implies approximately 2700
optical lines. We suggest that these two values represent the
boundaries for optical solutions to the off-chip interconnect
problem, and that they also represent the domain in which (b)
free-space Opt,lcal Interconnects re_presents a possible SO“,“H”.%. (a) Experimentally realized 512 channel inter-chip interconnect
Several experimental free-space interconnects have achlegg&'gm, (b) Transmitted beams.
the lower end of the parallelism range [4], [6], [21], [22] and
we have recently reported an OE-VLSI application specifir
integrated circuit (ASIC) with 1080-optical I/0 that approache ~ Optical packaging
the middle of the required parallelism range [7], [8]. Othe ~ Relay optics
researchers have demonstrated matrix addressed VCSEL ar
with 4096 outputs [23]. o
Fiber image guides and fiber image conduits [24]-[26] re} ocﬁlé?at'(“cm
resent another possible alternative high-density interconnect Transceiver s m s wuman
medium. However, fiber image guides suffer from transmissici L e
nonuniformity unless large channel spacings are used, and qu’
tions also exist as to their potential for low cost fabrication.
Image conduits are closer to rivaling free-space optics in teriffig. 5. Generic free-space optical interconnect.
of performance. Since they are also a rigid technology, a com-

parison should b_e made in terms of cost and performance, QHEh as signal integrity and power dissipation), optoelectronic
we will not cons@e_r _them fu.rther. here. It has been sugges gckaging (which concerns the attachment of the optical
thaf[ wavelength d'V'S.'On r_nulnplexmg C.OUId be used asan alt omponents to the OE-VLSI chip), and the optical packaging
native to spatial multiplexing, but we will also not consider th%vhich concerns the assembly of the relay optics). In designing

option [27]. a system, some of the issues which must be addressed are:

An example_ of an expenmentally real_lzed_ po'nt'to'po'n_ltransceiver layout; the use of single-ended or differential
free-space optical interconnect is shown in Fig. 4 [6]. In thi rcuitry; power consumption; the use of error coding; the
system, two OE-VLSI chips are bidirectionally interconnecte ! ' ’

di ‘86 Each chi ins 256 “incorporation of built-in self test; the optical interconnect
over a distance o mm. Each chip contains transmittgg ology; and the impact of optical misalignment. Finally, it

(VCSELSs) and 256 photodetectors and operates atawaveler]g ecessary to consider the way that these different aspects

of 850 nm. The mtercon_n_ectlon c_ilstan_ce was selected Sqﬁheract with each other. In the following sections, we will
that by inserting two additional prisms into the beam path &

could interconnect two boards in a bookshelf configurationscusS these issues in detail
[6]. The relay optics are based on clustered diffractive lens and
the array density that was achieved was 28 channel$/mm lll. OE-VLSI CHIP DESIGN

schematic diagram of this system is shown in Fig. 5 This will In the following sections, we describe OE-VLSI chips and
be used as a framework for the ensuing discussion of desagsociated packaging used in our system demonstrators. By
rules as it represents the necessary components of a free-sgaaenple, we articulate appropriate design guidelines we have
optical interconnect. These are: a printed circuit board (PCBinployed while constructing these devices. This section is
[or multichip mode (MCM) substrate], an integrated circuibrganized as follows: in Section IlI-A we describe heterogeneous
which contains control circuitry and the optical transceivergtegration techniques we have used and in Section 1lI-B we
the optoelectronic devices, collimation optics (necessary wheescribe the two transceiver architectures and comment on
VCSELs are used), relay optics and then various packagitig suitability for each. We also discuss in Section IlI-B the
levels, including electrical packaging (which concerns issuésctionality we have embedded into our OE-VLSI circuits to

| Optoelectronic
i devices

Electrical packaging Optoelectronic packaging

Authorized licensed use limited to: McGill University. Downloaded on February 23,2010 at 11:28:38 EST from IEEE Xplore. Restrictions apply.



534 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 9, NO. 2, MARCH/APRIL 2003

p-contact I<— 125 um —'I
n-contact
brought DBR
to wafer
surface Gain region
DBR 3

n-contact

n-type semi
insulating substrate |

125 pm
1 VCSEL emission direction post tact
hybridization and substrate removal. p-contact

Fig. 6. Schematic of the VCSEL geometry indicating the emission directic =

post substrate removal and integration to the CMOS chip. Based on the par

transmittivity of thep-contact/DBR, the VCSELs could be probed prior to n-contact

hybridization with the CMOS to verify functionality at the wafer level.

enhance the signal processing capability of this technology.

Our overall approach in designing these OE-VLSI ASICs fdg. 7. Photomicrograph of four isolated VCSELSs prior to flip-chip bonding.
istent with the desi hil hv that th ti Trﬁn-contact and thp-contact are indicated. The scratch marks are a result of

consis _en Wi € aesign pniosop _y al € optcs are U%ﬁ er probing prior to flip-chipping.

for the interconnect and the electronics are used for transceiver

functions and digital signal processing of data.

A. Heterogeneous Integration

We have used heterogeneous integration to achieve the hi
density optical 1/0 required for achieving the FSOI intercon
nects realized to date. Key issues include using foundry CMC
for our ASICs. In doing so, it is important to assure compa
ibility of CMOS metals with the metals used in the flip-chip
bump bonding. A related issue is the need to insure alignme125
of CMOS connection points with 1l1I-V device contact points
In the following sections, we summarize our flip-chip bumy
bonding based heterogeneous integration strategy. To achi
the OE-VLSI ASICs described throughout this paper, two-d ¥
mensional (2-D) arrays of VCSELs and photodetectors (PD
were fabricated on separate substrates and subsequently i
grated onto the silicon CMOS die. In order to support the con
pact high-density microoptical interconnects described aboy
the VCSELs and PDs were interleaved. We describe in this sec-
tion: the design and target operating properties of the VCSE[Lig:- 8. Photomicrograph of four isolated PIN's prior to flip-chip bonding. The

. h n-contact and the-contact are indicated.
and PDs, the OE device layout geometries, and heterogeneous
integration techniques including flip-chip bonding and substrate
removal of the interdigitated OE devices. brought to the substrate surface through mesa isolation and ion

1) VCSEL and PD Design and SpecificatioriBhe VC- implantation.

SELs used in our designs were designed to operate at 850 nriig. 7 is a photomicrograph of four isolated VCSELSs prior
with threshold currents of 1.0-4.5 mA and slope efficiencide flip-chip bonding and substrate removal with fheontacts

of 0.25-0.35 mWs/mAs. The devices were also designed andn-contacts indicated. The VCSELs in the photograph are
be backside-emitting because of the desire to flip-chip bowth a 125-x 1254m pitch. Once bonded to the CMOS as per
them to CMOS driver circuits as described in the followinghe description given, the-contact and DBR became the top
This necessitated removal of the GaAs substrate to minimi@mitting) surface of the VCSEL.

absorption of light. To achieve these objectives, VCSELs wereThe PDs were p-i-n structures designed to operate with a re-
fabricated with both the-contact and the-contact located on sponsivity of 0.5 A/W. Fig. 8 is a photomicrograph of four iso-
the top surface of the wafer to facilitate electrical contact fated PDs on a 125« 1254.m pitch prior to flip-chip bonding
the CMOS circuits. Fig. 6 shows a schematic of the VCSE&and substrate removal; tipecontacts and the-contacts are in-
geometry indicating emission direction after substrate remowitated. The 2-D PD arrays were fabricated at the wafer level
and integration to the CMOS. Thecontact was formed aboveon a 125-x 125-um pitch and were designed to be flip-chip
the top distributed Bragg mirror (DBR) and thecontact was bonded to the CMOS driver chip.

p-contact

n-contact
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Fig. 9. Schematic of the VCSEL and PD placement requirements for ¢
implemented free-space optical link.

Fig. 10. Four clusters after heterogeneous integration and substrate removal.
The VCSEL device was 10& 100um and had a 1:m in diameter active

. region; the PIN was 10& 50 m and had a 5k 50 xm active region.
2) OE Device Layout Geometryin order to support a "> a K g

compact point-to-point optical interconnect system, as shown
in Figs. 4 and 5, the VCSELs and PDs were interleaved and
arranged in a clustered geometry. Fig. 9 is a schematic of
the VCSEL and PD placement requirements. As is indicated,
VCSELs and PDs were grouped together in clusters, and within
each cluster, rows of VCSELs and PDs were interleaved.
Specifically, a cluster consisted of eight VCSELs and eight PDs
arranged in four rows. The pitch of the optoelectronic devices
was 125um in both the horizontal and vertical directions;
therefore, the VCSELs and PDs were on }28-horizontal

by 250u:m vertical pitch. The complete 256-VCSEL and
256-PD array consisted of 32 clusters arranged in eight rows
and four columns. The center-to-center spacing of clusters was
750 um horizontally and 75@:m vertically. The CMOS driver
ASIC was designed to accommodate this OE device pitch and
placement.

3) Heterogeneous Integration and Substrate RemoVle
VCSELs and PDs were integrated onto the CMOS drivefg. 11. Complete OE-VLSI chip. The rectangular section located in the
using flip-chip bonding and substrate removal techniques. THldle ofthe die s the VCSEL and PD array. Thecll cm, 0.3%:m OE-VLS|
VCSEL flip-chip contact area was 1% 15 uym and the PD ASIC was packaged in a 256-pin PGA.
flip-chip contact area was 1@ 10 um. The contact areas on
the CMOS die for the VCSEL driver and PD receiver weren the OE devices was accomplished through a combination
identical to those on the optoelectronic devices. of force and controlled temperature. The process resulted in

Heterogeneous integration was accomplished by employiakgctrical isolation of individual OE devices and allowed the
relatively conventional photolithographic processes to depogiterleaving of the VCSEL and PD devices onto a single
and lift off contact metals and the wafers followed by &MOS die. Although individual dies were used to assemble
precision assembly process using a flip-chip bonding todhis generation of OE-VLSI chips, migration of the process
In the photolithographic step, a photoresist polymer is firtv the wafer level is relatively straightforward.
spun out on the wafer and printed with the contact metal Fig. 10 shows a photomicrograph of four clusters after
pattern and then developed. Indium is then evaporated oh&terogeneous integration and substrate removal, each cluster
the wafer and the photoresist is lifted off, leaving metal on ttednsisting of eight VCSELs and eight PDs hybridized to the
contact pads. This process was used for the VCSEL and BBderlying CMOS chip. Fig. 11 is a photograph of the complete
wafers and the CMOS dies. The individual OE device di€3E-VLSI chip after VCSEL and PD integratation. Fig. 12(a)
were separated by mechanical dicing into arrays containing ttleows a group of four clusters with 32 VCSELSs biased below the
necessary 256 elements and then integrated onto a CMOSthHreshold, and Fig. 12(b) shows the entire VCSEL array biased
using the precision alignment hybridization tool. The VCSEhRbove the threshold. Using continuous wave measurements, the
die was first attached to the CMOS chip followed by drn)/CSEL yield after heterogeneous integration wa88%. In
etching to remove the substrate; integration of the PD diee following two sections, we describe the transceiver circuits
was accomplished next followed by substrate removal. Thad the CMOS chip architecture which were implemented in
bonding of the indium metal contacts on the CMOS chip arttis interconnect system.
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switching noise generation at a practical minimum, as well as to
be immune to the expected presence of the substantial amounts
of aggregate switching noise generated from a large array of
mixed analog and digital circuits.

Given these design objectives, the design of the laser driver
was based on current-steering. Specifically, a VCSEL was
dc-biased with a currenBiAas to a point above the VCSEL
threshold current. Modulation current was provided by the
current sourceMoD and was steered through either the VCSEL
or through an electrical dummy diode load, which was imple-
mented as a diode-connected PMOS transistor. Current steering
was achieved with switching transistors and complementary
rail-to-rail digital CMOS inputs/in andVinb. The polarity of
the laser driver circuit was noninverting; thus, when the inputs
were logically low {in low andVinb high), the VCSEL was
biased at#iAs + IMOD and, therefore, produced a logically
high-output power. When the inputs were reversgdn( high
and Vinb low), the VCSEL was biased with onlyias and
produced a logically low output power.

The current-steering nature of the laser driver allowed the
total current drawn from the power supply to remain nominally
constant atsIAs + IMOD whether the VCSEL was in a high- or
low-output power state. Power supply current transients could
not be completely eliminated due to the mismatch in electrical
parameters of the dummy load D1 and the VCSEL, but the ap-
proach allowed current transienté/({d¢ noise) to be kept to

(b) a small fraction of thenop. The range of currents settable
Fig. 12. (a) Four clusters with 32 VCSEL biased below threshold. (b) Enti}ct_(a)r ImoD and BI_AS was approximately 6 and 12 mA, reSpef:'
VCSEL array biased above threshold. The astigmatism is caused by the optibé@ly. The nominal voltage supply was 4.8 V. The power dis-
system used to image thexd36 mm array simultaneously. sipation per laser driver circuit depended on the magnitudes of
IBIAS and MOD, and was estimated to be 86.4 mW in the worst

We have found the process to be very effective in realizingase. An individual transmitter circuit was successfully simu-
the OE-VLSI ASICS used in our systems to date. As suggestéated under worst-case (i.e., largest magnitude) conditions for
the process is relatively straightforward and can be extend@tas and MoD at data rates in excess of 1 Gb/s.
to wafer level integration of CMOS devices with wafers of The receiver circuit used in [5] were optically and electri-
optoelectronic devices. The process lends itself to high levelslly single-ended and was based on a common source tran-
of integration thus permitting large optical /0O counts. In @impedance amplifier (TIA) front end. An offset-control stage
subsequent chip, we successfully integrated 1080 VCSELSs amaks included to compensate for both the dc-coupled nature of
PDs on a 15< 7.5 mm CMOS substrate [7], [8]. In this caseworking with CMOS amplifier stages and the decoupled nature
the optoelectronic devices were not interleaved but insteafithe optical input. This allowed properties of the receiver such
were integrated as blocks for transmitter and receivers. as sensitivity (preamplifier feedback resistance) and the accom-
modation of various average optical power levels (offset control)
to be dealt with independently, providing greater operational

There are numerous possibilities with respect to transceif@axibility. The final stage of the receiver consisted of a Schmitt
design for OE-VLSI technology. We have employed both singteégger that served as a final gain stage for decision-making and
ended and differential designs. In the following section, we dprovided some hysteresis in its transfer function to help reduce
scribe the two topologies including the merits of each. the effects of power-supply switching noise in an array environ-

In [5], the main objective of the transceiver circuit design wament. Via the heterogeneous process described previously, each
to provide enough flexibility to allow for the successful simultadriver circuit was integrated with a VCSEL and each receiver
neous operation of large numbers of transmitters and receivavas integrated with a PD; this resulted in a 2-D array of 256
Although simulation results described in the following indicattransmitters and receivers.
high-speed operation was achievable, high data rate operatioin addition to the previous chip, we have designed, fabricated,
was not a principal design objective. It was expected that thad tested an OE-VLSI ASIC that employed a fully optically
VCSEL, PD, and CMOS characteristics would vary over a largad electrically differential architecture. The details of this chip
device array; thus, the transceiver designs had to allow for stae presented in [7] and [8], and will only be summarized here.
tistical variations in device parameters and had to avoid depd@mansmitters and receivers were implemented as fully differen-
dence on parameters specific to the silicon and the OE proce&d.circuits, both optically and electrically. Using optically dif-
The transceiver circuits were designed to keep their inherdatential signaling allowed the receiver to determine a decision

3
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B. Transceiver Architectures
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threshold based on the optical input signals on a per-receiver
basis. A fully differential electrical architecture allowed for re-
duced switching noise generation on the power supplies and en-
hanced rejection of common-mode noise. The transmitters and
receivers were designed for operation at a data rate of 250 Mb/s.
Additional circuit elements were added to the transmitter and
receiver circuits to allow for circuit testability prior to optoelec-
tronic device (OED) integration. These circuit elements were
placed in parallel with the normal locations of OEDs, and could
be specifically enabled by test inputs. To further enhance testa-
bility and operability, configurable parameters such as the mag-
nitude of the modulation and bias current magnitudes and the
magnitude of the feedback resistance the receivers could be set
using digital inputs.

Through the design, fabrication, and testing of these two
large-scale OE-VLSI ASICs and numerous test chips in which
different receiver and transmitter topologies were employed,
we draw upon analytical, experimental, and simulation-based
work to arrive at a number of core conclusions. First, there
needs to be some method of controlling the key set point
parameters of the laser drivers and receivers across a subset ()
of the entire array. This leads to higher operational yield.
Secondly, the use of an optically and electrically differential
architecture for the receiver and transmitter designs is optimal
for OE-VLSI applications. Through our work, we have found
that an optically and electrically differential architectures
facilitate or optimizes the implementation of several critical
aspects of OE-VLSI ASIC design, including:

1) design for testability (DFT) concepts and implementati
for receiver and transmitter circuits;

2) the receiver and transmitter circuit generation of, and

immunity to, switching noise on the voltage supply anfpr the density that is achievable for the clustered intercon-
ground rails and through the substrate; nect topology, which is one of the most popular classes of

3) the improvement of operational yield (percentage of fun@btical interconnects. With this model it is possible to directly
tional circuits in a group of circuits that meet bit-erroPbtain the relationship between interconnection distance and

and data rate targets) in common bias and control receiVBf Spatial density that can be achieved. In Section IV-C, we
groups; will again compare interconnect topologies, and will intro-

4) the reduction of intrachannel receiver skew in parallel digluce & model for misalignment tolerance. We will use this
ital synchronous OE-VLSI applications and the reductio draw conclusions as to which topologies provide the best
of individual receiver latency. misalignment tolerance and what the general characteristics

These results are detailed in [7], [8], and [28]. of a misalignmer_wt tolerant system are. W_e will introduce th_e
concept of the alignment product of an optical system and will
show that this remains constant at all stages of the system.
IV. OPTICAL INTERCONNECTDESIGN ISSUES Finally, in Section IV-D, we will investigate the way in which
As described in the previous section, improvements in hépisalignments of many individual components impact the per-
erogeneous integration processes has resulted in the availabiffjnance of the system as a whole.
of large arrays of VCSELSs and detectors on CMOS. The desi
of optics that can make efficient use of these devices is the
fore critical. In the following sections, we attempt to address Several previous studies have dealt with the choice of optical
a number of important questions regarding the design of dpterconnect topology [29]-[31]. The three most widely em-
tical interconnects. First, it is important to determine the moptoyed optical interconnect technologies are the microchannel
suitable interconnect topology, which will transmit the opticakelay [32] the clustered interconnect [29], [33] and a con-
signals over the required distance while also maximizing tiwentional bulk or macrolens solution [21]. These are shown
interconnection density and also tolerance to misalignmefig. 13. All of these schemes have different advantages and
In Section IV-A, we briefly discuss the main classes of opdisadvantages. The microchannel relay [Fig. 13(a)], in which
tical interconnect topologies that have been introduced, aedch optical channelis relayed by a single series of microlenses
describe their benefits and drawbacks. In Section IV-B, we limited by diffraction. As the interconnect distance (or
will show that it is possible to obtain a quasi-analytical modelptical throw) increases, it is, therefore, necessary to increase

&ig. 13. Optical interconnect topologies. (a) Microchannel relay. (b) Clustered
Interconnect. (c) Macrolens.

n
ge_ Free-Space Interconnect Topologies
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Interconnect distance /.

the microlens aperture, which limits the device density, or ac
additional relay stages, which makes alignment and assem 7 i g

more difficult. However, the design scales well with increas : — T — :
device array field size as additional channels can be adc ‘ :
without changing the optical design. Microchannel relay || |
typically operate in the maximum lens to waist configuratior@ %0
in order to maximize the interconnect distance for a given le :
focal length. Fig. 13(c) shows the macrolens design, which E
also simple. All of the channels are share a common optic |
aperture. This design scales well with increasing optical thrc | Spacer (index 1)
distances, and can make use of multielement lens desi¢  ~ *° Rty oo Deteror
in order to improve performance. However, the design do amy aray lenscs array
not scale well as field size increases as this directly impacts (@)

the aberration performance of the lens. Furthermore, the

incorporation of additional lens elements will increase the cost, < D >
although molded aspheric lenses could represent a cheaper
alternative. The clustered interconnect (or minilens) design,
shown in Fig. 13(b), is intermediate to these two designs. The
channels are arranged into clusters, each of which is relayed
through a single optical aperture. When VCSELs are used,
a microlens array is also employed to collimate the VCSEL h
beams and to collect the relayed beams onto the detector array.
Clustered systems are usually telecentric. At its extremes,
a clustered interconnect could be said to subsume both the
microlens relay (in which there is one channel per cluster)
and the macro-lens approach (in which there is one cluster
per array). Therefore, it is necessary to determine how the
partitioning of the optical field impacts the performance of the !
system. In the following section, we will introduce an optimal '
technique to partition the optical field into clusters. However,
we will show in Section IV-C that even more improvements (b)
can be made by introducing additional elements.

g v 4

Fig. 14. Optical interconnect parameters. (a) Array layout. (b) Optical system.

B. Analytical Model for Clustered Optical Interconnects

There are three main factors which influence the performanthee clustered relay_ lenses [i.d, = 2f(n + 1)) It.ShOU|d
noted that the interconnect distance can be increased by

and scalability of the clustered free-space optical interconnect, ) -
; . ; - intfroducing additional glass elements between the cluster

These are diffraction (which places an upper limit on lens . .
enses and the microlenses (this is the case that for the system

spacing), geometric aberrations (which places an upper lim o . . )
on the field size), and the speed of the relay lens (which WﬁbOWH in Fig. 5). We can now determine the maximum field

also limit field size for a given focal length) [15], [16]. Fig. 14S|Zeh for a given gluster lens S.IZB’ optical throwL and a set
of source properties. From this, we can calculate the number

represents the important parameters of a clustered mterconncenp channels that is supported by the interconnect and hence the

The optical sources are arranged, in a squsirex N array . ! 2 1o
of pitch p. The distance from the center of the array to th(éhannel density (defined a%"/ D” since the relay lenses are

; . L . assumed to have a 100% fill factor).
outermost line of sources s (i.e., this is the distance to the . . . .
We have determined the maximum off-axis source position

edge of the optical field of the cluster lens, measured alongh% as limited by the speed of the relay lens and the aberrations

vertex). The light from the sources is collimated by a microlen . .
which has an aperture equal to the pitch of the channels an@ ztihe relay system. We treat the system by modeling the light as

focal length £, which for a given pitch is determined by the: aussian beams at the input and output side and via ray-tracing

. oo in the relay block. It can be shown that for a ray that enters the
divergence of the VCSELSs and the degree of clipping that cay . S . .

... relay block with anglé;,,, originating at height;,,, the third-

be tolerated). The clustered relay lenses are confocal with {fie . . L

i rder expansion of the ray intercept ers@t the output is given
microlenses and are assumed to have square apertures §| €
length D) and focal lengthf. They are attached at either en
of a glass block, of index, and which has a total length of 3h2 sin 6y,
2fn (in order to maintain telecentricity). The optical system €= ”}? (1)
is symmetrical in that the microlenses at the detector end are ’
identically located relative to the detectors. This ensures thdére the angle;, is the angle of the ray that corresponds to
the system is bidirectional. The optical thr@xfor interconnect the 99% power asymptote of the incident multimode Gaussian
length) is defined as the distance between the focal planesbetm after collimation by the microlens array. This assumes that
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Fig. 15. Channel density as a function of interconnect distance. Interconnect distance (mm)

the diffractive lenses are thin elements with a quadratic phase @
profile [16]. From this, we can obtain an approximate expression __ 1° 10
for the increased clipping loss that will be undergone at the 1S S
. - . £ Chip size
output microlens [15]. For a given degree of tolerable clipping PO T B 8
loss, we can obtain an allowable aberratign . This is given o -7 /
by o .
£ 6 6
5 5 . o Lens size
[0
max — n T 7 N 5 2 N
c P (4 v —log(v) 2) @ a4 x25 — {4
=
from which we can obtain an expression for the maximum pos- 3
sible source height, as limited by aberrations. This is given by Gel0
fgmax | X5
hay =n 4/ = . 3 x2 .
b=n 6 sin 6;,, (3) 0 0

0 100 200
Note that an additional factor gf2 has been incorporated since Interconnect distance (mm)
h measures distances along the axis rather than along the diag- )
onal (which will -ha-ve the most aberra-‘ted beams)' ijg. 16. System design example for a %050 f/4.5 system on a 12xm
The second limit to the source height is the_apert_ure of t c;h. (.a) ghannels/cl%ster (S([))Iid line) and clué}erg/system (dashed line).
relay lens. If we assume that thf¢# of the lens is defined as (b) Lens size (solid line) and chip size (dashed line).
the ratio between the focal length and the diagonal aperture size,
and that a 1% clipping condition again obtains, the maximu

i 0,
source height in this case is given by g 125,m and the loss toleranceis 5%. It can be seen that

at very short distances and for fast lenses a density of almost
_; ( 1 — )> @) 64 channels/mfcan be achieved (which is the limit for de-

T \2vRf/# " vices on a 125:m pitch). As the distance increases however,
The maximum source heighit,.... will, therefore, be deter- the achievable density decrea_ses. Slow lenses offer a lower den-
mined by the minimum of (3) and (4). Therefore, the maximursity thar_1 fast Iepses at short dlstgnces, but eventually the perfor-
number of channels (in one dimension) is given by mance is dominated by aberrations (as occurs at a distance of
120 mm forf /3 lenses) and so the relay lens speed is no longer

N =29 Pranax +1. (5) an advantage.

p We can also use this model to calculate the impact of VCSEL

Finally, we need to determine the area of the relay lens, in ordéivergence on performance. It has been found that for devices

to calculate the channel density. The relay lens aperture is givena 125xm pitch at distances above 100 mm a single mode

by VCSEL (withwy = 3 um, M? = 1, 1/¢? half-beam divergence
= 5.2°) allows a 50% increase in channel density when com-
D = 2[hmax + f tan(bin)] . (6) pared to a multimode VCSEL which has twice the divergence
We can now calculate the channel dengityom 266'4'0‘;0 = 3 um, M?* = 2 and1/e* half-beam divergence
o= N_2 @) This model can be used to design an interconnect system that
D2 will maximize density for a given interconnect distance. As an

Fig. 15 shows the calculated density as a function of intercoexample, Fig. 16 shows the variation in the number of channels
nection distance for an interconnect which uses 850-nm mulber cluster and clusters per system for an interconnect that re-
mode VCSELs withM/? = 2 andwy = 3 pm. The array pitch quires 50x 50 channels, with multimode\{?> = 2) VCSELs

Authorized licensed use limited to: McGill University. Downloaded on February 23,2010 at 11:28:38 EST from IEEE Xplore. Restrictions apply.



540 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 9, NO. 2, MARCH/APRIL 2003

80 D,.. beamsplitter module
70 kf\\_— — ulens “ | p _\ A
T T RTEES = s \
£ 50 t : e —
Z 40 LN | f/3 0
=2 [ N »
) 30 : [ \\ . /4.5 gf},
82—+ . 6 ; M
10—+
0 5 10 15 20
Interconnect distance (mm)
Fig. 17. Comparison of interconnect density for microlens rejdgr(s) and P I S R v

clustered relay, for a range 6f #. This assumes the clustered relay has sources ™
with a pitch of 125:m and that the VCSERM{ parameter is two for all systems.
Fig. 18. Free-space interconnect example.

onal125um pitch with f /4.5 relay lenses, as afunction of inter- _ o
connect distance. It can be seen that for a short distance (10 nififjated by Neilson [35]; in this work, the author calculated the
there will be a small number of channels per cluster(2) CcoUpling efficiency between two misaligned FSOI components
and, hence, many clusters per system ¥285). As the inter- PY considering the overlap integral between their respective
connect distance increases it eventually becomes most effici@htical modes. Neilson’s approach focuses on the fundamental
to use just one relay lens (i.e., a macrolens) with albk&60  Properties of Gaussian beams and his conclusions are indepen-
channels traversing it. This holds for distances above 250 m#gnt of the lens configuration used. Here, we will addresses
The relay lens size increases almost linearly with distance df§ iSsue of alignment from the opposite perspective: by
the chip size (determined as the product of the relay lens sip¥estigating how certain lens configurations can lead to FSOI
and the number of clusters per system) remains almost consf##ems that are inherently more tolerant to misalignment.
at 8 mm. Obviously, there exist intermediate distances wherel h€ first step toward such an analysis [13], [36] consists of
it would not be possible to have an integer number of clustdft® definition of a suitable misalignment metric. Typically this
per system. This indicates that at these distances, it is not pi§s3 [0Ss measurement, due to beam clipping or misalignment of
sible to obtain the maximum density. However, by selecting@P&am on a detector (for example it may be decided that a 5%
different source array pitch it may be possible to improve tH@Ss is tolerable). Having done this, we can then define a figure
density which can be obtained. of merit (FOM) for alignment that should measure the ease of

We can also make a comparison between the clustered reigning an optical interconnect. Components within FSOIs can
system and a microchannel interconnect. As we have seerPfamisaligned within all six degrees of freedom. However, in
Fig. 16, as the interconnection distance decreases the nunfB@pt practical cases only two degrees are of interest. These are
of channels per cluster also decreases until there is evé{eral misalignment i (represented asz) and tilt misalign-
tually only one channel per cluster. However, the clusteré@entine (represented asf, ). The others can be neglected for
interconnect remains telecentric, and so does not provide hg following reasons: 1) most optical interconnects are sym-
same interconnection distance (as a function of relay lens foggtrical so thatdz: = Ay and Af, = Af,; 2) rotational
length) as can be achieved by a microlens relay in the maRisalignment Q6.) has the same impact locally as a lateral
imum lens-to-waist configuration [32]. This effectively meanlisalignment; and 3) longitudinal misalignment toleranse X
that at very short interconnection distances the microchanifefyPically much greater than lateral tolerance. Therefore, the
interconnect should offer better densities. This is shown flignment FOM is defined as the product of lateral and tilt mis-
Fig. 17 for a multimode /2 = 2) system for which the clus- alignment tolerance, i.e.,
te_red system has a_device ptih of _1/251 (the pit(_:h of_the Alignment FOM= Az - Af ®)
microchannel relay is a function of interconnection distance
[34]). As can be seen, for distances below 5-15 mm (aswdere the subscript oA# has been dropped for simplicity. In
function of relay lensf/#) the microchannel relay offers ageneral, the larger the figure of merit, or alignment product, the
better density. However, for interchip distances the clusteredsier the system is to align.

interconnect offers much better density. In the following section, we calculate the alignment product
) _ o for five different optical relay systems which are designed to
C. Optical Invariant and Misalignment Tolerance perform an identical task, which is to relay light through a cube

The clustered interconnects described previously represeaam-splitter and focus onto a detector (see Fig. 18). The pa-
one possible solution to the design of optical interconnectameters of the optical system are given in Table I. The clipping
However, it is interesting to ask whether these provide the béstio k; is a measure of the degree to which beams are clipped
possible tolerance to misalignment. Although many researchétghe lens apertures and is defined as the ratio
have calculated the misalignment tolerance of individual D
systems there has been little systematic investigation into ke = #
which classes of design provide the greatest tolerances and plens
of general principles for designs which have a high toleraneéhereD 1., is the effective lens aperture amgle,s is thel/e?
to misalignment. Research in this direction has recently be€&aussian beam radius [32]. Belland and Crenn [37] have shown

9)
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TABLE | system (Design 3) provides almost as much total tolerance as
DEFINITION OF PARAMETERS the field lens system (design 5) the tilt tolerance is extremely
Paramotor Definition tight (only 14 arcmin). This low tilt tolerance has previously

been recognized as a disadvantage of clustered systems [6], [3].

A Operating wavelength : ) o

N Linear dimension of the array Design 5, therefore, provides the best partitioning of lateral
w Linear dimension of the chip and tilt tolerances. This advantage is maintained when the
L Interconnect length interconnect distance is increased to 50 mm. In this case,
m Cluster size (where appropriate) Designs 1 and 2 would not perform at all and the clustered
d Linear dimension of the detector system (Design 3) has a misalignment product of only 3frb-

Y Beam waist at detector plane arcmin (due to avery low tilt tolerance of 3 arcmin). Design 4 has
ki Minimum clipping ratio at a lens a misalignment product of 275@mn arcmin and Design 5 has

a misalignment product of 4683m arcmin (divided between

90 um of lateral tolerance and 52 arcmin of tilt tolerance)
that when the clipping ratio is greater than 2.12 the clippina3], [36]. The excellent performance of the field lens system
losses are less than 0.1% and diffraction effects do not signif-to be expected. Several authors have previously proposed
cantly modify the beam propagation characteristics. the use of field lenses to increase misalignment tolerances

For each system, it is assumed that the system is fabricajigdree-space optical interconnects. More fundamentally, the

in a pair of modules, one of which contains some of the relgi|d lens system is acting as a Gaussian relay in which the
optics and the other of which contains a detector array (and p@gtector is imaged in the aperture of the second relay microlens.
sibly some optics also). Within each module the components afgilson [38], [35] has shown that Gaussian relays (for which
assumed to be perfectly aligned, and so the alignment prodyulgzltenS = 7w} /\) provide an optimum tradeoff between tilt and
must be calculated for module to module alignment. The fiygteral misalignment tolerance. This is achieved by having slow

designs are shown within Table Il and are: beams on both sides of the interface at which misalignment
1) microlens relay (i.e., the lenses are perfectly aligned tmcurs, which is the case in Design 5.
each other but not to the detector array); This line of inquiry can be further extended to consider the na-

2) lens relay in which the focusing microlenses are intédre of the misalignment product of a module. Consider Fig. 19,
grated with the detector module (and thus assumed witich is a module that contains a single detector and a lens. The
be perfectly aligned to it), but where the first set of milens produces an image of the detector in space (which is essen-

crolenses are not aligned to the second; tially the entrance pupil of the system). It is assumed that the
3) minilens clustered interconnect; magnification of the system is such that the size of the detector
4) microlens telescope (in which the final microlens is amage is smaller than the lens aperture. The alignment tolerance

short focal length collecting lens); of the module is given by the product &fr andA#. The image

5) microlens relay with a field lens (where the final col-of the detector is drawn using one oblique ray and one axial ray
lecting lens is at the focal plane of the second relay leng)nd has a total size @f. The angle the oblique ray makes with

In each diagram, the solid bars connected to the detect8ig optical axis i¥’ andd in the image plane and object plane
show which components are assumed to be part of the dete¢gsipectively. These angles correspond to the entrance and exit
module. numerical apertures (NA) of the module. Within the laws of ge-

Table Il also shows closed forms for the lateral and tipmetrical optics, it can be shown that the following relationship
tolerances for these five designs. The maximum array sizeisrrue at all points within an optical system [39]:
each case is limited by diffraction beam clipping and is based on d d
aloss tolerance of 50%. Details of the reasoning which underlies 20=30. (10)
;hee; E?Lc;[lg\t;grr:i cl’s;] ESS:Z;?% |Vr\: hric(a:fr:a;ergze;i([ﬁl])’/ i[g’si.tiléacla(lguqﬁﬁls is referred .to as the optical invariant. We can now relate
as design 1 and design 2) can have a very different tolera s to the misalignment product. If we assume a SQ% loss tol-
distribution, as a function of where the system is broken. Th énce, then we can argue that the Iate_ral tolerdnees equal

. ' Y . : l{%’d’/2 and that the angular tolerangd is equal to the NA of

design 2 has mu_ch better Iater_al tolv_arance t_han design1 bec%ﬁgemoduleﬁ’. Therefore, from this and (10), we can write
as the second microlens remains aligned with the detector as the
first lens shifts [at_erally, so that the beam_ remains focused on AzAld 99. (11)
the detector. This is traded for decreased tilt tolerance, however. 2
The table also shows the results of a calculation example ba3éerefore, the alignment product is directly related to the optical
on a 10-mm square chip with an interconnection distance iofariant, which is a product of the detector size and the NA of
25 mm. The individual lateral and tilt tolerances are given, ireceiving optics. This is an invariant of the system, regardless
addition to the misalignment product. It can be seen that tb&the complexity of a module. We can, therefore, conclude that
minilens clustered system (design 3) and the field microlemge can maximize the alignment product firstly by increasing
system (design number 5) provide the highest misalignmehtwhich means using large detectors (up to the limit imposed
product. Design 4 (the microlens telescope) provides an identibal capacitance and bit rate) and secondly by maximizing the
misalignment product to Design 1 but the tolerances are mad¥é of the receiving optics. This provides a quick and easy way
equally distributed betweehx andA#d. Although the clustered to determine the alignment tolerance of an entire interconnect
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TABLE I
SUMMARY OF RESULTS EXPRESSIONS FORLATERAL TOLERANCE, TILT TOLERANCE, MAXIMUM ARRAY SIZE, AND OPTICAL INVARIANT

Design 1 Design 2 Design 3 Design 4 Design 5
Module withno ~ Microchannel Clustering Microchannel telescope Field lens
optics design configuration configuration
MINIMUM: MINIMUM:
Lateral a 1(1 _ i) 1(,,, _ l] “m-hd Md W L Md w . [iL
tolerance 2 INU N N N = v 2. = v
(Ax)
) MINIMUM:
Tilt 2d 2d 2d M2d W/NL—k\JaxjzL W [44
tolerance W L L T 1am NL '\ zL
(A9
Max. 2z0,W _ e oW e mN” 4 w
array ALK, ALK, [2d(m—-)N W +1 k2AL/x k2AL/x
size
Optical 4y aw _ . [ _ 2d(m—1)N) . .
invariant 2 n ! a& w M1 M1
)

Example Ax=25 pm Ax=97 um Ax=882 um Ax=125 pm Ax=100 um
’)’:8128‘““ AO=344 arcmin  AB=14 arcmin A6=14 arcmin AB=69 arcmin AB=124 arcmin
I2smm  AxAB=8594 AxAG=1339 AxAG=12129  AxA®=8594 pm.arcmin  ArA6=12394
1?20‘;;" pm.arcmin pum.arcmin pum.arcmin pm.arcmin
N=16, m=4

— detector
Incident beam // / module
misaligned by Ax ———= -~ -
] 7 N
Ax H e .
_> e optical |} e |

relay

. A9
Incident beam

misaligned by A& {1 “—detector
image detector —
index =n’ index =n

Fig. 19. Relationship between the optical invariant and the misalignment product.

system. One simply needs to determine the value of the optieal optical interconnect. However, it does not necessarily tell
invariant at the detector plane; if the invariant is small then thes everything we need to know about the ease or difficulty of
design is inherently difficult to align. With this in mind, we canassembly a particular system when many individual compo-
now reassess the five designs in Table Il. Designs 1 and 2 batnts are randomly misaligned. The interconnect described in
have small optical invariants (and, hence, alignment productsference [6] contains two consecutivef 4elays and requires
due to the low NA of the microlenses (which are required to hatiee alignment of eight independent optical device planes. It
long focal lengths for relaying and yet have small apertures3. particularly important to determine the way in which mis-
The clustered configuration (Design 3) increases the NA of tladignments of individual components stack-up to determine the
lenses by a factor af: and so the alignment product increasegerformance of the system as a whole. In particular, we need
by the same degree. Designs 4 and 5 both have a large alignnterite able to answer the following question: How precisely
product due to the fast microlenses that are placed in front of thieist each individual component be aligned in order to obtain
detectors. a high probability that the system as a whole will work? The
starting point is a sensitivity analysis in which each component
is misaligned in each degree of freedom in a ray-tracing or
Gaussian beam simulation and the impact on throughput is
The optical invariant approach described above representsaiculated [40], [41]. The degree of misalignment that can
powerful way of understanding the misalignment tolerance b€ tolerated for a given throughput reduction is described as

D. Stochastic Analysis of Misalignment Tolerance
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Fig. 20. Multielement optical relay.

TABLE Il

COMPONENT TOLERANCES AS AFUNCTION OF SENSITIVITY

Slow system Fast system
Parameters 10% 1% 0.1% 0.01% 10% 1% 0.1% 0.01%
Source +27um +20pm +15um +10um +57um | #4.25um | +32um | +2.25pum
(lateral)
Source +1.7° +1.15° +0.75° +0.375° +7.2° +4.8° +3° +1.8°
(angular)
Relay lens +27um +20pum +15um +10um +5.7um | #4.25um | +3.2pym | +2.25um
(lateral)
Detector +27um +20um +15um +10pum +5.7um | #4.25um | +3.2um | +2.25um
(lateral)

the sensitivity of the component. The selection of the tolebers of relay blocks (i.e., with one, two, and three blocks
ance metric is a critical part of the sensitivity analysis. Farorresponding to 4-, 8-, and 12systems) were selected for
example, a lens in an optical system may be found to hasinulation purposes (see Fig. 20) [14]. The first system had an
a lateral misalignment tolerance of/Bn at the 10% power f-number off/16 (note that this refers to th&number of the
loss level, indicating that a Bm misalignment will result in Gaussian beams traveling in the interconnect) and was based on
a 10% throughput reduction. Systems assembled to a relage@lecentric relay system used in a FSOI [46]. The relay lenses
metric might be easier and cheaper to assemble but might algere 8.5-mm focal length minilenses with a square aperture of
provide lower performance in the assembled system due800.m. The source was placed on-axis at the focal point of the
accumulated losses. A more severe metric will mean that tlems and was assumed to emit a Gaussian beam possessing a
tolerances are tighter, providing a lower loss but also increasiwgist radius of 13.m. The detector was assumed to be square
the fabrication cost. Once the individual tolerances have beamd 70.m on the side. The relay lenses had anumber of
calculated it is then necessary to determine the way in which ifif10.6 (which is necessarily faster than tifenumber of the
dividual component misalignments interact and stack up. Thexach individual beam). This design is referred to as the “slow”
are a variety of ways by which this can be done. The masystem. The second system hgt8.38 lenses and was a scaled
direct approach is to obtain an expression for throughput asersion of the first, in that the focal length, minilens apertures
function of the positions of all of the individual componentsand detector size are scaled to provide the same clipping ratio
For systems with more than a few components this rapid(the ratio of the beam diameter over the minilens or detector
becomes an intractable calculation. The simplest alternativeaizerture) for both systems. In the second system, the focal
a worse-case misalignment tolerance calculation in which &hgth was 3.0 mm and the minilenses were 134in% on
components are assumed to be maximally misaligned. Anotleach side. The source was assumed to emit a Gaussian beam
technique that is commonly used is a root-sum-of-square (R§®psessing a 2.7om waist radius (corresponding to the radius
analysis [42], [43] in which each component is assumed td the beam emitted from a singlemode fiber operating at
misaligned such that it causes a given reduction in through@&0 nm). The detector was assumed to be square and 265
and the total throughput reduction is then calculated as tbe the side. This system is referred to as the “fast” system.
root sum of squares of the individual values. RSS analygiberrations have no significant effect on the performance of
is fast, but it is known that this method is not valid as erragither system.
functions for optical systems are not additive and tolerancesA sensitivity analysis followed by a Monte-Carlo analysis
are not linearly independent. Finally, it is possible to obtaiwas performed to assign positioning tolerances to the com-
an accurate determination of misalignment tolerance by p@oenents of the optical systems and calculate the probable
forming a Monte Carlo analysis [44], [14]. Many simulategerformance when assembling a system using components
systems are generated in which all components are assumesbiecified to those tolerances. Four tolerance sets were calcu-
be misaligned with some suitable probability distribution anidted with the help of four loss metrics: 10%, 1%, 0.1%, and
the final throughput in each case is calculated. In this way,0a01% power loss relative to the maximum. These are shown
probability distribution of throughputs can be obtained [45]n Table Ill. This table shows for example that for the slow
In order to investigate the points stated previously, twsystem the throughput drops by 10% when the source module is
parallel free-space optical interconnects possessing identicasaligned by+27 um. The tolerance limit as calculated in the
properties but differentf-numbers and with different num- sensitivity analysis is used to set the limits of the distributions
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that control the misalignments of the components induced 0 ' ' ‘ ' ' ' ' ' ‘

by fabrication and positioning errors. The shape of these
distributions is highly coupled to the manufacturing process
used to fabricate the component an it was decided to use the&s 08

09 r

same statistical distributions as are employed in a commercialg w7l
optics simulation package (see [14] for more details). s

It was found during the course of the sensitivity analysis that '§ 0.6F
the tolerances for each parameter did not vary significantly as %
the system complexity was increased frdrto 8 to 12f. This £ 05
is true for all the parameters except the source tilt which display g 04t
a 0.1% decrease for eachf addition. This is to be expected as  $

the minilenses are oversized with respect to the Gaussian bean;?: 037
passing through them which means that most of the clipping and §
power loss occurs at the detector and not at the aperture of eact” |
component. During the Monte-Carlo analysis, 25000-50000 0.1}
samples were calculated in each run. In order to compare the
output of the different Monte-Carlo runs, normalized cumula- 00"“' 03 04

tive histograms were generated. The distributions calculated by Normalized Throughput
the Monte-Carlo simulations for the slow and fast systems are
shown in Fig. 21 in the form of normalized cumulative distri-
bution plots for each of the four tolerance sets and fgr @)

and 12 (b) systems. Note that the dashed curves representdate |
for the slow system while the solid curves represent data for the
fast system and that they are paired for each tolerance. In thes 08¢
case of the 4f system the dashed curves are always topmost. @
Since these are cumulative histograms, this shows that more
samples possess small throughput values for the slow system‘g’ 0.6l
The fast system suffers from slightly less severe stack-up ef- %
fects. For example, in Fig. 21(a), it can be seen that there is ag 0.5¢
probability of 0.5 of obtaining a throughput of 0.5 or better when
constructing a slow 4~ system (solid curves) with components
having tolerances specified using the 10% tolerance set. This,
means that about half of the systems constructed will possess
a throughput above 50% while the rest will have a throughput
below 50%. In contrast, when a system is assembled from com-
ponents specified using the 0.01% tolerance metric, there is a /
much smaller chance (close to zero) of obtaining a throughput ([~

of less than 50%. The probable performance is slightly better 0 01 02 03 04 05 06 07 08 09 10

1.0 T T T T T T T T

of Sam;

0.7t

041

ormalized Cumu!
I
(83

0.2t

N

o

1 ! 1

for a fast system than for a slow system. For example, there Normalized Throughput
is a 0.55 probability that systems built using a 10% tolerance (b)

set will possess a throughput of 50% or more while there isFg. 21.  Cumulative loss for slow (solid) and fast (dashed)gaand (b)12
0.95 probability that a system specified to 0.01% tolerances walitical relays.
possess a throughput of 90% or more. The curves are notice-
ably shifted upwards as the system length increases, indicatingeveral conclusions can be drawn. First, tolerance stackup
that the effect of errors accumulate as the system length is éffects are important and must be included as part of system
creased. These graphs also show that as system complexitydigsign. Many systems are designed with individual component
creases (4-17) the probability of success decreases, due to thelerance metrics of 10%. Fig. 21 shows that this will often lead
increased number of parameters. Thus, for slow systems wittbgoor throughputs in real systems if passive assembly is used
single 4 relay assembled to the 1% tolerances, 50% the saand that tighter tolerance (1%) must be applied. This study also
ples have a throughput of at least 90%. However, for a tripghows that an RSS approach does not accurately predict loss
(12-f) relay, this throughput has fallen to 60% for 50% of thas the losses are coupled in an optical relay system and that a
samples. Monte Carlo analysis must be used. Software tools for this pur-
These results were also compared with RSS. It was found tipaise are being developed [47]. As could be expected, systems
RSS was dramatically over-optimistic, particularly for large toleontaining several consecutive relay blocks (and, thus, many
erance metrics (for example, for afdsystem with a 1% metric, components) have a lower probability of successful assembly
the mean system throughput was predicted by RSS to be 96B&n short systems (and will result in lower throughput). If a
whereas, the Monte Carlo simulation predicted a mean systegstem does require many components this suggests that they
throughput of 69%. should be assembled actively into a module which can then be
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inserted passively. Finally, there is little difference in the toler- Although we have discussed techniques for the design of
ance stackup of slow and fast systems. Fast systems displagisalignment tolerant interconnects, and have also discussed
slightly less severe stackup but slow systems have looser iriltie impact of misalignment stack-up, we have not discussed
vidual tolerances. methods by which these systems can be assembled to the
This approach can be extended further. Once a Monte-Caiégjuired tolerances. One of the biggest challenges in this area
analysis has been performed, it is then possible to performsdo align device planes in all six degrees of freedom which are
regression analysis in order to obtain a relationship between g&parated by several mm or tens of mm. A variety of techniques
system variables and the performance metric, as describedi@ve been developed to solve these challenges, including the
[48]. This can provide more insight into the sensitivity of théise of interferometric alignment techniques [52] and diffrac-
system in each degree of freedom and thus informs the systéyg features that can provide alignment in all six degrees of

designer as to the areas in which the greatest care is requireieedom [11], [12]. In particular, we have recently described
a technique which can provide precise diagnostic information

on the degree of misalignment on each axis independently to
within the tolerances required for FSOI, thus, opening the way
In this paper, we have sought to introduce some of the designautomated assembly. However, although these techniques
rules for free-space optical interconnects that we have discovedéél successful in producing small numbers of precisely aligned
as a result of designing, building and testing interconne@@mponents, they are not efficient for volume production.
Although we have presented these rules within the contdtewever, they may be useful as a method of producing master
of individual system components (for example analog circudomponents that can then be molded into a high-grade optical
design, optical design, etc.), itis obvious that there will be a higtplymer, as discussed in [42] and [53].
degree of interaction between them. Thus, when a clustered here remain many other challenges that must be overcome
optical design is selected, in order to obtain good toleranbefore FSOIs can be adopted as a solution to the chip-to-chip
to misalignment with long optical throw and high density, theommunication bottleneck. In particular, issues such as thermal
optoelectronic devices must also be laid out in a clusteréfid vibrational stability have not been properly addressed as yet.
fashion. The presence of gaps between clusters can thenHgavever, for many of these issues it always possible to obtain
used to advantage to route traces to the edge of the chign improved tolerance to misalignment by decreasing the den-
Another interesting area of interaction between the opticgity of the interconnect. Another solution is to use spatial redun-
portions and the electronic portions of the system lies in the g#ncy to increase tolerance to misalignment. For example, the
lection of the optical transmitters. At present, the most wideBystem described in [9] offers up t61 mm and+1° of toler-
used VCSEL emitters for free-space interconnects are muRice. However, in both cases, the density of the interconnect is
mode devices. These provide high output powers and can treduced and, thus, it may not provide the capacity advantages
liver good modulation rates because they are driven far abdt@t make FSOI attractive.
threshold. However, they also have a much higher beam diver-
gence than single mode VCSELSs. As a result, the array density
that can be achieved is not as large, as we have seen in Sec-
tion 1V-B. For a well-designed and assembled FSOI, transmis-In this paper, we have attempted to codify a number of design
sion losses of only 3 dB should be achievable. As a result thdes for FSOls at the chip-to-chip and board-to-board level.
~1 mW power that is emitted by a single mode VCSEL shoulthese have been derived partly from experience in constructing
be adequate to drive a typical receiver at data rates up to 10 Gb/sumber of different interconnect systems and partly from ana-
Furthermore, because multimode VCSELSs display spatial molgidcal and numerical analyses of the optics and optoelectronics
switching and random polarization switching as they are drivevhich underlie these systems.
up and down, they may induce more noise and less predictabl®©ne of the most obvious conclusions is that heterogeneous
behavior. However, if the system is limited by the power availategration of optoelectronic devices onto CMOS is a critical
able at the receiver, the higher power delivered by multimodespect of this approach. The high density 2-D optical I/O which
VCSELs may result in an improved performance. In this sitare seeking to achieve necessitates the use of 2-D surface
ation, a full system simulation at the device level is requireémitting device arrays which are only achievable through
Examples of suitable tools are provided by [47]. Such a simthis approach. The close integration of optoelectronics with
lation should also include thermal modeling, so that the impaCMOS also opens a route to the incorporation of advanced
of modifying the device pitch on the system as a whole can bggnal processing functions at the interconnect layer, including
properly understood. forward error correction and clock acceleration. Yield can also
In the area of optical system design, there are a numberba& improved through the adoption of built-in self-test struc-
areas that we have not had sufficient space to discuss. Thistures. Differential electrical and optical transceiver designs
cludes the use of techniques such as eikonal analysis [49] whiarbvide the best performance due to immunity to electrical and
can be very powerful in developing designs that have low distarptical crosstalk through common mode rejection techniques.
tion and other aberrations. The telecentric systems that we halhough they entail the use of more space and resources the
considered are inherently distortion-free, but more general gerformance gains so obtained outweigh the costs. Finally,
signs will require more advanced analyses. Examples of desigves have shown that the ability to control the bias currents
of this sortinclude reflective designs [22] and planar optics [504nd voltages of individual sections of large arrays greatly
[51]. improves performance. By defining common control groups

V. DISCUSSION

VI. CONCLUSION
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(CCGs) whose dimensionality is governed by factors such ag7)
the number of channels and the optical I/O topology, we have
found that high-operational yield can be achieved using this

approach.

(8]

In the area of optical design, we have investigated scaling
and partitioning laws for clustered interconnects. We have in-
troduced an analytical model which includes diffraction and [€]
aberration effects and which allows designers to determine the

optimum clustering configuration which will maximize device

density for a given distance. We have also determined the di$t0]
tance at which microchannel interconnects are more suitable,
and conclude that imaging (clustered) designs are superior for

distances above about 15 mm. We have also investigated t
problem of system partitioning modularization. The selectio

e
11]

of interfaces that are used to define module boundaries has a

critical impact on the misalignment tolerance of a system, an
in particular in the way that it is partitioned between lateral an

2]

angular terms. Furthermore, we have shown that it is possible

to relate the misalignment tolerance of the entire system to thig3

optical invariant that is defined by the size of the detector angha

the numerical aperture of the collecting optics. Finally, in this
areawe have also investigated the way that system misalignm
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