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Abstract—The completed detailed design and initial phases working on the scale of terabits per second and above will be
of construction of an optoelectronic crossbar demonstrator are required to meet the 1/0 requirements of future generation inte-
presented. The experimental system uses hybrid very large scale g ataq circuits and switching systems [1] but calculations have

integrated optoelectronics technology whereby InGaAs-based de- . .
tectors and modulators are flip-chip bonded onto silicon in- shown [2], [3] that electrical interconnects have fundamental

tegrated circuits. The system aims to demonstrate (a 1-Tbh/s difﬁculties, arising from the skin effect, in aChieVing links of
aggregate data input/output to a single chip by means of free- these bandwidths over distances of several centimeters. While

space optics. state-of-the-art CMOS already offers production electronic
Index Terms—OE-VLSI, Optical interconnects, smart-pixels.  interface technology with a capacity of 160 Gb/s [4], these
limitations suggest that a new technology capable of delivering
an order of magnitude more bandwidth—of the order of
several terabits per second—is required to meet long-term
needs.
HE COMPLETED design of a demonstrator system being |n recent years, a technology referred to as optoelectronic
developed to explore the capabilities of optoelectronigery large scale integration (OE-VLSI) technology has
interconnects based on hybrid integrated circuits (IlI-V semémerged as offering a potential solution to this problem. It is
conductor on silicon-CMOS) and free-space parallel opticBhsed on hybrid integration of surface normal optoelectronic
connections is described in this paper. A major aim of thigevices with mainstream VLSI electronics using attachment
paper is to investigate the use of such a technology to pk@achniques such as flip-chip bonding. A number of experi-
vide aggregate input/output (I/O) data-rates to a conventiongkntal demonstrator systems using this technology have been
CMOS chip in the terabits per second domain. Interfac@geady constructed with terabits per second or near terabits
per second optical interfaces [5]-[7], but fully populating these

. ) ) sgstems has been difficult and complete operation of such an
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Fig. 1. General architecture of the system demonstrator.

technology, it is nevertheless the case that crossbar switchheantum-well (MQW) spatial light modulators (circuit C2-b).
are a good example of a system that can exploit the higihe 64 output optical signals are sent, in this case, to a simple
connectivity offered by free-space optics. Thus, although tletput chip composed of an array of photoreceivers (circuit
switch does not fully address the needs of a specific applic@4) flip-chip bonded onto a silicon chip (circuit C5) that
tion, it remains a valuable generic architecture for considerimgnverts the signals to electrical outputs.
how OE-VLSI may be used for routing applications. The crossbar system thus includes ax644 switch matrix

In this paper, we describe the design of the system intr@ith optical inputs and outputs permitting nonblocking one-to-
duced above and report on the initial stages of constructione or unrestricted broadcast connectivity. The target data-rate
and findings on some of the important issues in the designigf250 Mb/s per channel. The system is designed as a packet
terabits per second scale optical interfaces. The overall systewitch with the routing chip configured by the packet header,
architecture is described in Section Il. The optical layout gfhich contains the address information provided as part of
the system and design of the optical demonstrator hardware @€ optical inputs. Arbitration between those inputs which
discussed in Section Ill. Descriptions of the VLSI switchingimultaneously request access to the same output is handled
circuit and the modulator/detector array with which it is flipinternally by means of a cyclic priority scheme.
chip integrated are given in Sections IV and V, respectively. |n this demonstrator, a strained InGaAs on GaAs optoelec-
The inputs to the crossbar system are provided by a VCSkgbnic chip implements the optical-to-electrical and electrical-
array, whose performance characteristics are given in Sectigtoptical conversion of the signals, thereby allowing the use

VI. General conclusions are drawn in Section VIL. of a single chip for the circuits C2-a and C2-b. The interfacing
of this chip with the silicon-based routing chip is carried out
Il. SYSTEM ARCHITECTURE by solder-bump flip-chip bonding [9]. The specified overall

The demonstrator system, that has been designed as pafferughput of the switch (i.e., before fan-out) is around 16
the European project Smart Pixel Optoelectronic Connectiof¥/s, corresponding to 62 250-Mb/s data inputs. The two
(SPOEC), takes the form of an optoelectronic matrix—matrf€maining optical inputs are used for the (differential) clock
crossbar [8]. The functional schematic of such a systeiinals which are distributed optically to each super-pixel [10].
is shown in Fig. 1. Starting from the left-hand side, input Itis worth noting why we chose to use a separate, optically-
electrical data (64 signals) are converted into optical sign&lgnnected, output chip rather than taking the signals directly
by an electrically addressed 8-by-8 VCSEL array (circuit C19ff the routing chip. Firstly, we wanted to avoid having to drive
Each of the 64 optical outputs from the array are themsel\@2 signals off-chip at 250 MHz. Drivers with this performance
fanned out 64 times by an 8-by-8 fan-out diffractive opticatonsume significant amounts of power and take up more
element (DOE). The resulting set of 4096 optical signalgfea than we had available on the routing chip. Secondly,
incident on the InGaAs optoelectronic chip (circuit C2-abhis routing chip is partitioned so that the high-speed signals
defines a partition of 64 blocks or “super-pixels” at th&re local to each super-pixel, and thus all the necessary data
optoelectronic interface. Each super-pixel receives the full daputs and the clock are provided optically within the super-
of 64 optical input signals and converts these into electricpixel area. By providing an optical output we maintain this
signals which are electrically fanned-in (fan-in of 64-to-1) bjndependent structure and avoid the problem of tracking fast
the silicon-based 0.gm (CMOS) routing chip (circuit C3). signals across the chip (which can lead to serious cross-talk
The unigue output from each super-pixel, which represerdificulties). The advantage of optical interconnects is again
one of the original set of 64 signals, is converted back intemonstrated in this context by the simple manner in which
an optical output by means of a differential pair of multiplethe output modulators can be driven directly from the digital



238 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 5, NO. 2, MARCH/APRIL 1999

PBSA 4 bt InGaAs/CMOS
Read Beam, 1047nm -~ Smart-Pixel Chip
ﬂ n ' Y | H Lens 2 - Position

Microlens U DOE 2 |.| w

aray {67 V2 o= InGaAs/CMOS
VCSEL NN mart Pixe
array A 1 PBS-B Cross bar array
960nm \AJ DOE 1[|

N Lens 1

Electrical input

64 channels at 250MHz 7
Eg Lens 3
b A fr2

Hybrid or all-Si
output chip 1=

Electrical output

Output
Chip
Position

Fig. 2. Optical layout of the system demonstrator.
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circuitry. It is also the case that, by avoiding cross-chip high Pesition
frequency signals, this partitioning is particularly suited tc
scaling up in size. Fig. 3. 3-D rendering of the optomechanical arrangement of the designed
system baseplate.

Il. OPTICAL LAYOUT

A. Functional Description order image of the input signals overlaps with quadrants of

The optical system layout [11], shown in Fig. 2, is designetge four central super-pixels. The use of diffractive optics in
to work at 956 and 1047 nm the' wavelengths of ihe vCSEL optoelectronic interconnect requires that critical wavelength

and modulator readout laser, respectively. The two optic bility and array uniformity are maintained to ensure correct
paths through the system are: 1) from the VCSEL arr ignment of the beams onto the detectors. In this system the

to switching chip (Arm 1 or input arm) and 2) from the nifotrrrrl]ity ac_rosls the VCSEL array needsdto be)‘ Sh ! |
readout laser to output chip detectors via the routing chip' e optical components are mounte using the sqt-
(Arm 2 or output arm). In the input arm, a square arra ate approach [12]. A baseplate has been designed with

of 64 optical input signals is provided by the 8-by-8 array 9r00Ves in which the barrel mounted components sit. The
of VCSEL's. The output from the VCSEL's is partially dvantages of this scheme include the ease of focal adjustment

collimated (increased ifi/number from 3 to 6.7 at 95% powercombined with good gtability. The three_ circuit boards that
gathered) using a refractive microlens array. A muIti-eIemeHP!d the VCSEL, routlng_and output chips ar(_a_mounted on
bulk lens (Lens 1) collimates the 64 beams. These beaﬁ%ustaple brackets for. fine angular and posmonal cpnFroI.
are then fanned-out to form an 8 8 array by a diffractive The entire optomechamcal system, shown n F|_g. 3 f!ts Into
optical element (DOE1) and directed toward the routing ch box approximately 30 cm 20 cmx 10 cm in dimension. )
by two polarizing beamsplitters (PBS-A and PBS-B) whic or _compactness, the contlnuous-wav_e Nd:YLF laser which
operate as polarization-independent reflectors at the VCSErIf)_V'deS the modulator read beams is mounted below the
wavelength. A second multi-element bulk lens (Lens 2) imag@gt'caI baseplate.
the 64 x 64 array of optical signals onto the single-ended ) .
detectors of the routing chip. The collimated and polarizdgr Optical Design
beam from the read laser (Nd:YLF) is fanned-out to axn 86 A telecentric 4-fimaging system, composed of custom-made
array by DOE2 and passed through PBS-A which is operatingulti-element lenses, conveys the signals from the VCSEL
as a polarizing beamsplitter at this 1047 nm wavelength. &ray to the InGaAs/CMOS routing chip. A second 4-f relay
quarter wave plateX/4 in Fig. 2) circularizes the polarizationimages the outputs from the routing chip to the output chip.
before Lens 2 images the read beams onto the@array of The specifications for the three lenses that make up this
differential modulators that form the output from the routingystem (see Fig. 2) are shown in Table I. Lenses 1 and 2 are
chip. Reflected light from the modulators is collected by Lerfsve-element telecentric anastigmatic lenses, developed from
2, converted to a polarization orthogonal to the input by thearlier designs [13] using the CODE V ray-tracing software.
quarter-waveplate and reflected by PBS-A. To permit PBS/ particularly demanding aspect of the optical design is the
to be an identical design to PBS-A, a half-wave plat¢2) requirement that Lens 2 has excellent image quality over the
polarization rotator is inserted between them. Lens 3 imagesavelength range 956-1047 nm to ensure good performance
the output beams onto a matching<88 array of differential for both the input (VCSEL) and read (Nd:YLF) beams. The
detectors on the output chip. output Lens 3 is an adaptation of Reiley and Sasian’s lens [14].
Binary phase gratings are preferred over multi-level gratingsLens 2 has to be well-corrected over a large field (17.5-
for all the diffractive components because they provide very eiim diagonal). This requirement led us to choose an /4 lens
fective zeroth-order suppression despite their lower efficien@fter working through the trade-offs inherent in compound lens
This is essential to avoid optical crosstalk where the zerottiesign. Lens 1 was then required to be /6.7 to demagnify the
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Fig. 4. Theoretical and experimental reflectivity coefficient spectra of the
polarizing beamsplitters developed for routing optical signals through the

data channel separation from the 2@ VCSEL pitch to the system.

149.5.:m pitch of the detectors on the routing chip. In turn, a

further demagpnification is desirable between the switching chip

and the output chip to minimize the area of the output chip.

The use of microlenses on the VCSEL chip is required since

the multimode emission from the VCSEL's contains 95% of

the output power in a cone of Numerical Aperture (NA) 0.17.

To collect this optical power with a single bulk lens would

present challenges to later optical elements so it was decidec

to split the collimation function between an>8 8 array of

refractive microlensesf(= 880 um, diameter 162:m) and

the following bulk Lens 1. The fused-silica microlenses are
operated at f/3 to reduce the NA of the beams to 0.075 and

thus match the NA of Lens 1.

Modeling of the two arms of the system has shown that

we can expect spot diameters at the detectors on the switchin

chip of 19,m (90% enclosed energy). The expected spot size

for the read beams at the modulators (80%) areu26 and

the reflection from these is imaged to A8 (80%) spots on

the output chip detectors. All of these dimensions are taken

at the extremes of the imaged field. When manufacturing an

assembly tolerances are included in the model, the require

diameter for these three devices is expected to be 24, 28,

and 18um, respectively. Following this analysis, and allowing |®
for alignment margins, device diameters of 3% have been

specified for the modulators and detectors on the switching

and output chips.

Discrimination between the two wavelengths used is re-
quired within the system. While the 1047-nm beam from the

e
e (& [0
Pixel with input pad 7 Routing channel for

7 internal signals

Routing channels for
power supplies

Global logic with
output pad

gig. 5. Physical layout of one super-pixel on the CMOS routing chip.

Nd:YLF read laser can be polarization routed, the InGaAs vV@ange centered at 45The designed and measured spectral
SEL array is not polarization controlled. The two beamsplittegerformances are shown in Fig. 4. It should be noted that,
therefore need to act as PBS’s at 1047 nm and as losslessthe InGaAs/CMOS routing chip, the modulators in each
polarization-independent reflectors at 956 nm to route téferential pair are orientated vertically to reduce the influence
VCSEL emission efficiently. In addition, the large number o8f nonuniform beam splitter performance as a function of field
beams incident on the routing chip, combined with the degré€9|e at 1047 nm.

of fan-out, requires that these beam-splitters operate over thd here is scope for significant increase of the density of data
relatively wide incident cone angle of£7.5°. The chosen channels relayed by optical schemes of the type described
PBS design is based on an air-spaced construction [15], ratA8Fe. The spot size predictions above indicate that a receiver
than the usual cemented glass cube configuration, to expRifay on a pitch of 50um could be addressed, allowing

the inherent asymmetry and thus improve the performané&ta communication rates in the order of 10 Tb/s using the
The materials used for the high/low refractive index coating@nses described above. This would require considerably more
are TiO, (n = 2.45) and SiQ (n = 1.45). 27 layers were dense electronic design at the routing chip than currently but

coated on a substrate of B27@ (= 1.51) resulting in a

indicates the potential of free-space optical relay of data.

total thickness of 4.7:m. Experimental tests of the fabricated ]

beamsplitters have shown a contrast greater than 2:1 betw&eroPtical Power Budget

s and p polarization reflection at 1047 nm and, importantly, A calculated optical power budget for the demonstrator
more than 99% reflectivity of bothandp polarizations at 956 system is shown in Table Il. The optical power reaching the

nm. These characteristics are maintained over ag®ular

routing chip is of critical importance to ensure that sufficient
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TABLE 1

OpTICAL POWER BUDGETS IN THE INPUT AND OUTPUT ARMS OF THE SYSTEM DEMONSTRATOR

Arm 1 Efficiency Power after
Element (uW)
Qutput of single VCSEL 1250.00
Coupling of VCSEL output by refractive microlens 93% 1162.50
Collimating Lens (Lens 1) 97.5% 1133.44
Risley Prisms (one pair) 98.8% 1119.84
8x8 fanout DOE 1 (division by 64) 1/64 1750
8x8 fanout DOE 1 (efficiency) 60.0% 10.50
PBS-B (reflection, average of s and p) 98.7% 10.36
Half wave plate 98.0% 10.15
PBS-A (reflection, average of s and p) 98.7% 10.02
Quarter wave plate 98.0% 9.82
Focussing Lens (Lens 2) 97.5% 9.58
Coupling into detectors 90.0% 8.62
Optical Power at detector on InGaAs chip 8.62
External Quantum Efficiency 70% 6.03uW
Ideal Responsivity (A/W) 0.77 4.65uA
Photocurrent expected from Detector 4.65pA
-  Arm2 Efficiency Power after
Element (mW)

Read beam optical power at 1047nm 500.00
Risley Prisms (one pair) 98.8% 49400
8x16 fanout DOE 2 (division by 8x8 modulator pairs) 1/64 7.72
8x16 fanout DOE 2 (efficiency) 60.0% 4.63
PBS-A (transmission) 60.0% 2.78
Quarter wave plate 98.0% 2.72
Focussing Lens (Lens 2) 97.5% 2.66
Coupling onto modulators 80.0% 212
Differential Modulation by InGaAs chip (30-60%) 30.0% 0.64
Collimating Lens (Lens 2) 97.5% 0.62
Quarter wave plate 98.0% 0.61
PBS-A (reflection) 96.0% 058
Half wave plate 98.0% 057
PBS-B (transmission) 60.0% 0.34
Risley Prisms (one Pair) 98.8% 034
Focussing Lens (Lens 3) 98.0% 0.33
Coupling onto output detector pair 90.0% 0.30
Differential Optical Power at detector pair on output chip 030

photocurrent is available for the silicon receivers to operasdicon process has implications on the degree of smartness
as designed. In the table, power losses are indicated in tfehe super pixel. The physical organization of the electronic

two optical paths shown in Fig. 2. The values tabulated achip is discussed in this section in the light of these constraints.
those at an extreme field angle corresponding to the worst césdescription of the transceivers is also given, along with their

for beamsplitter performance. Because of the limited outpptedicted performance and the key design issues relevant to
power of the VCSEL's and the large fan-out, arm 1 is thdesigning a terabits per second OE interface.

most critical in terms of power budget. Hence, the stringent

requirements on PBS reflectivity at 956 nm and the adoption &f Digital Circuit Design

composite f:ollimation optics for the VCSEI__’s. Th_e predicted 1) Physical Organization of the Super-PixeThe physical
8.6-uW optical power on each of the routing chip detector

) . ) ﬁartitioning inherent in smart pixel technology makes the
and the resulting photocurrent of 4uA, is expected to permit layout of the super pixel easily recognizable. The CMOS
operation with a satisfactory margin.

routing chip consists of 64 super-pixels, each of them divided
into four blocks of 16 pixels as shown in Fig. 5. The overall
dimension of the super pixel is 1614/m in the x and
Hybrid OE-VLSI technology imposes a certain numbey directions with a pixel pitch of 149.5xm. This leaves a
of constraints on the layout of the silicon electronics. Farrosslike area into which is fitted the logic global to the super
example, the positioning of the photoreceiver circuits, mogbixel (in the horizontal branch) and routing of internal signals
ulator drivers and the solder-bump pads required for flignd power cells (in the vertical branch). The input, solder-
chip assembly, puts stringent constraints on the placementboinp, bond pads have 18n diameter and 149.5m pitch.
electronic circuits with the two metal layer process chosen fédhe output bond pads for the modulators are spaced at half
fabrication. In addition the maximum die size permitted by thine super pixel pitch.

IV. ELECTRONIC DESIGN
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Fig. 6. Functional block diagram of one super-pixel within the CMOS routing chip.
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Fig. 7. Timing diagram for the header plus data, and the clock and synchronization signal.

2) Description of the Super-PixelThe functional configu- address that matches are considered for output. However, only
ration of one super-pixel is shown in Fig. 6. This architectutde highest priority packet is successfully transmitted to the
encompasses input and output interface circultsand I;, output modulator. This optically embedded routing mechanism
respectively) an address decoder for each channel, a cyds#sociated with super pixel level arbitration of simultaneous
priority encoding block piloted by a 6-bit counter and @utput requests, removes the need for a global electronic
multiplexer which routes the selected input toward the ligltontrol. It also avoids routing over long tracks across the chip
modulator acting as the output device for the super pixelnd keeps all control signals local to a super-pixel. Another
Each super-pixel includes two clock pixels (differential opticdtey aspect of this smart pixel architecture is the optical clock
signal), 62 input data pixels, two output amplifiers for theistribution to each of the super-pixels. This also avoids global
modulators, and scan path test logic for monitoring the addrassiting across the chip and helps to minimize clock skew,
decoders and multiplexers. The input and output interface getentially allowing higher clock rates.
cuits are, respectively, analog receivers and modulator driversThe design of the arbitration scheme has been implemented
Because of their importance in optoelectronic hybrid-VLS30 as not to compromise the performance of the data routing
technology, they are discussed in more detail in Section I1V-Br the address decoding circuitry. An asynchronous arbitration

Input data at each of the detectors are bit serial amiehg, using a cyclic address encoder tree, is chosen over a
organized into packets of arbitrary but equal length for atandom priority scheme since it requires less space on the
the channels. Each packet consists of a header section ehigh and is simpler to test. No provision has been made, on
a data section. The 7-bit header consists of a flag whithe switching chip, for the buffering of data discarded during
specifies a valid address and a 6-bit addréds--- Ay) arbitration or for feeding back to the input information on the
which identifies the destination of the packet. There is lass of the discarded packets.
gap between header and payload (2 clock cycles) to allowA specific external electrical signay(ncin Fig. 7) indicates
additional time for proper multiplexer switching. Each supethe beginning of an address. It should be noted that it is the
pixel has its own address and thus all received packets with@mly external signal needed to synchronize operation of all the
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super pixels. Consequently this signal is distributed over th
whole circuit through long tracks but provided the first active
clock edge arrives aftesynchas settled at each super pixel |-
there is no problem regarding the propagation delay of thi
signal. Thus, the frame rate is affected but not the data ra
of the payload. Since data transmission is asynchronous, t
clock signal is only needed during address decoding phas
This helps in minimizing power consumption of the circuit.
3) Layout and Packaging of the Chipfthe overall chip
(14580 x 15640 um) has been designed on a Q.6
technology from Austrian Mikro Systems. The core logic
the super pixel is surrounded by horizontal and vertical powd
supply tracks (12@:m wide). The chip package is a PGA25
cavity-up carrier. 128 pins are devoted to digital power supply; : : v ‘
18 to digital signals including a global reset signal, a global. .~ =~ . .. .. = . . o
synchronization signal, and 16 other test signals. 100 pins : ' : ' ' ' ' :
devoted to analog power supply and bias signals.

~ERE S0.0mvVG M 2.00As CR3 /7 -10mV
Fig. 8. Eye diagram showing the buffered output of an electrical test version

B. Analog Design of Optoelectronic Receivers of the data receiver, 100-Mb/s 5/0A peak input current.

The routing chip uses two types of receiver to amplify
the detected photocurrent to a standard digital logic level: a

single-ended receiver for the data channels and a differential differential I
receiver for the clock channel. The data receiver uses a simple, 2% | ansconductance })——q Vbias+
single-ended, dc-coupled transimpedance design similar to amplifier

that described in [16]. The data receivers are designed é
have a typical power consumption of 2.5-mW each, giving ‘ ,\ . | X

a total peak power consumption of 10 W during header de- ] I

coding. The constraint of a two-level metal silicon process

restricted the total width available for power analog supplies wansimpedance transimpedance

to approximately 40 m per pixel. The voltage drop due to the front-end front-end
resistance of the power supply rails between the edge and the . ‘ .

centre of the chip placed the primary limit on the receiver transimpedance ' CLKOUT
supply current. The average power consumption is reduced by post-amplifier I

selectively disabling receivers during data reception according
to whether the packet address matched the super-pixel address.
Electrical tests of a prototype data receiver indicate Iﬁg 9. Simplified schematic of the electrically differential clock receiver
minimum sensitivity of 5uA peak photocurrent at a datacircuit with a transconductance-transimpedance postamplifier.
rate of 100 Mb/s (Fig. 8). The limited operating speed and
the pattern-dependent-jitter in the eye diagrams were due
to the low transit frequency of the on-chip, long-channelre followed by a differential transconductance amplifier;
transistor that was used to generate the small input curréimé currents are subtracted at node and converted to a
for electrical testing; calculations predict a roll-off at about 4€igital output voltage by a second transimpedance stage.
MHz. Simulations indicate that the receiver itself operates fthe transconductance-transimpedance postamplifier offers an
200 Mb/s. The receiver sensitivity is limited by the dc offsetmproved gain-bandwidth product compared to a conventional
arising from transistor mismatch rather than thermal noise. Owltage gain design [17]. A diode-connected clamp transis-
simulations indicate that the system will operate at a bit errtor [16], in parallel with the feedback resistor of the final
rate as low as 10'2. The design included in the final routingtransimpedance stage, limits the output swing and prevents
chip was modified to slightly improve sensitivity to 3;B\, the nonlinearity of the feedback transistor from degrading
matching the requirements of the optical power budget. the transient response. The main benefit of the electrically
The clock receiver uses an electrically differential trardifferential approach over the conventional approach to imple-
simpedance receiver (Fig. 9). The two-beam implementatiamenting a two-beam receiver [18], which uses two photodiodes
allows a higher bandwidth at the same photocurrent per diodennected in series and requires electrically independent n-
for the clock channel so that it can support a 250-MH®pe and p-type contacts for all photodiodes, is a simplification
return-to-zero (RZ) clock waveform (equivalent to a 500ef the InGaAs fabrication process (see Section V). The receiver
Mb/s data stream). It also allows the two clock VCSEL'sircuit also has better immunity to common-mode voltage
to be biased close to or slightly above threshold to reduoeise. The cost is a more complex receiver design with
turn-on delay. Two single-ended transimpedance front-enkigher power consumption and layout area. However, the small
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number of clock channels per chip justifies the additiona
complexity. Simulations indicate operation to 500 Mb/s at i
peak photocurrent of 3.6A per photodiode but experimental
tests were limited in speed by the same problem as the d3
receiver.
Note that the output chip is clocked using an electrical signa
from the word generator (which provides the electrical daties
input to the system) and that the phase of this signal is adjust]
manually to achieve synchronization with the routing chip.
An important design consideration was electrical crossta
between receivers due to simultaneous switching noise
the analog power supply. Several techniques were used to (@)
control crosstalk: approximately 2 pF of gate-oxide decouplin
capacitance were included in each pixel to filter the high-}
frequency supply noise; the decision stage of the receive
circuit, which created most of the switching noise, was given'
a separate analog power supply to that used by the sensitiv
front-end and post-amplifier; and a total of 100 external power
supply pads were used for the analog supplies to provide
acceptably low inductance. '
The analog cells have been laid out to fit within a digital
standard cell of height 3&m for ease of integration with
the digital logic circuitry. The data receiver occupies a width
of 117 pm including flip-chip pads, power supply rails and
decoupling capacitors. The clock receiver occupies a width of
255 pm.

V. MODULATOR AND PHOTODETECTORARRAYS

The 1ll-V semiconductor optoelectronic interface arrays @
comprise only modulators and detectors. The photodetectorf
receive the optical inputs and are single ended; that is, a singl
photodiode is used to detect each channel of information. Th
optical outputs (modulators) are differential; two diodes are|
used to “transmit” each channel of information, one carrying "
the data while the other carries its logical complement. The|
two diodes in the differential output pair use a common n-"
type bias voltage and separate digital driver circuits are used to ()

drive the two p-type contacts with the true and Comp|ementa‘f3@. 10. (a) SEM of a section of the finished InGaAs—GaAs optoelectronic

: :device array showing detail of the modulator (see text). (b) Top view of
data. Compared to the conventional approach of two Serlggsection of the device array, showing a modulator mesa (center) and one

connected modulator diodes, this approach reduces switChifag.ctor (above).
noise on the modulator bias voltage, but requires larger silicon
driver circuits to sink the total photocurrent through each diode
of the pair rather than the difference between the two. Tré[%
0

modulator bias voltage is separated from the detector b|asmIrror on the modulators): 3) trench isolation of the lower

avoid electrical crosstalk and to permit separate optimizatior?+ contact laver to disconnect electrically the modulators
The arrays are fabricated from In(Al,Ga)As strain-balanced y y

multiple quantum well (MQW) p-i-n structures grown b pd detectors; and 4) ove_rall passivation_ with PECVDSIO
molecular beam epitaxy (MBE). The structures are depositElf- 10(@) shows a scanning electron micrograph of a cross
on GaAs substrates with an intervening buffer layenna- section through an array. The isolation trench is located on
thick containing a linear grade in In concentration. The tof§® left hand side of the picture, thef metallization is left
p+-InGaAs contact layer includes Bedoping to facilitate the of centre, a detector mesa is on the right, while the overall
formation of low resistance, nonalloyed ohmic contacts. Full&iO2 passivation layer is also clearly visible. Fig 10(b) shows
details of the MBE grown MQW layers have been described # top view of modulator (middle) and detector mesas with
[19]. The processing of the arrays includes: 1) mesa isolatidie isolation trench clearly visible. Test diodes fabricated as
of the individual devices by a two-step wet chemical etch; Part of an array indicate turn-on voltages around 0.8 V and
liftoff of a sputtered gold film with a bilayer photoresist toreverse saturation currents of less than 10 nA for a mesa with
form nonalloyed contacts to the detectors and modulators (thediameter of~30 pm.

Id film serves the additional purpose of a high-reflectivity
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The modulators used in the demonstrator system are de-
signed to operate with the available 5 V. However, there is a
clear trend to decreasing voltages being used in the underlyin%‘w‘:w,ui , p'°°ma_cf
Silicon CMOS, and it would be very desirable to remai r— 9 . wiring metal
compatible with these voltages. Thus modulator design at —— _ isolation (SiyN,)
lower voltages is an important issue, and is also being pursued &= ual A cavity with
[20]. The basic physics of the quantum-confined Stark effect 3 In,,,Ga, ;A3 QW3
determmes the elgctrlc fields required 'Fo chgnge the absorption _ n AlA%/GaAs
of a given material (InGaAs MQW's in this case). Thus to . . DBR
reach the same fields with lower voltage requires that the’]

~ n-contact

thickness of the region over which the voltage is dropped to
be decreased, effectively decreasing the number of QW’s. Ofig¢ 11. Schematic cross section of the VCSEL design used for the88
approach to accommodating this decrease is to make bepRiical input array.

use of the available absorption by incorporating the active

region in an optical cavity [21]. This can be achieved in these

devices by incorporating a Bragg mirror stack between tlg2As barriers. A\2 thick GaAs contact layer concludes the
substrate and the diode structure, forming an optical cavi#jfucture. The individually addressablex® (square) arrays
with the back metal mirror. We have modeled the optimuifere processed on quarter 2-in. wafers. The pitch is 250
combination of mirror reflectivity and number of quantun@nd the overall size of each array, including bonding pads,
wells for different voltages [20]. As the voltage decreases tffe 3 x 3 mn?. The VCSEL’s have 1Q:m circular aperture
number of wells is decreased, with an increase in the mirdiameter. The measured capacitances of the centre VCSEL
reflectivity to counteract the loss of absorbing material. TH8f longest wiring) and border VCSEL (of shortest wiring) are
major limitation of this approach is one of device manufacturéalculated to be 3.05 pF and 1.05 pF, respectively.

For correct operation the wavelength of the absorption peak of

the MQW material must be accurately positioned with respeBt Electrical and Optical Characteristics

to the resonant wavelength of the optical cavity, which is The DC electrical and optical characteristics of the VCSEL
determined by the cavity length. Modern MBE growth cagrray bonded onto their PCB are shown in Fig. 12. The mean
achieve accuracies of1%. Modeling suggests this wouldthreshold current is 2.6t 0.05 mA, the mean threshold
be sufficient to grow devices for the low finesse cavitiefoltage is 1.9+ 0.01 V and the output power at 8 mA is
required for 3.3 V or perhaps 2-V operation, but would be very 25 + 0.02 mw. The power conversion efficiency is 63
problematic for operation at lower voltages. To circumvent thi$1%. For this chosen array, all the 64 VCSEL'’s are lasing
problem we are investigating the possibility of postgrowt(n00% vyield) with an emission wavelength of 956 nm and a
etching of the cavity thickness to tune the cavity resonanggaximum wavelength variation across the array\of,,.. =
wavelength. More immediately, we are also harnessing thisy nm at 8 mA of input current. The additional wavelength
approach to obtain improved modulation performance with th@riation when all VCSEL'’s are operated simultaneously is

existing 5-V electrical drive. expected to beA\,.x = 1.1 nm, which corresponds to an
estimated temperature increase of 17 K, that is caused by
VI. VCSEL ARRAY AND PRINTED CIRCUIT BOARD a dissipated power of around 600 mW. These wavelength

The demonstrator switching system includes an 8 VC- variations are within the tolerance acceptable to the diffractive

: : ' o optical elements.
SEL array to provide the input signals. The fabrication of thep . . .
array of VCSEL's and their drive circuits are described in thig High-frequency operation of the VCSEL array prebiased

section at 1.9 V threshold, bonded o_nto the PCB, was test_ed with
' data rates up to 500 Mb/s. Fig. 13 shows the resulting eye
diagram measured on an HP54750A digitizing oscilloscope.

A. VCSEL Structure The eye is clearly open which demonstrates that data rates
The overall design of the VCSEL’s is shown in Fig. 1labove 500-Mb/s nonreturn-to-zero (NRZ) are possible with
and is based on dislocation-free strained AlAs—GaAs—InGa#gss VCSEL/driver/PCB subsystem. Even without any prebias,
heterostructures. The MOVPE-grown VCSEL's are designélde transfer of 250-Mb/s signals is possible. In this case
for top emission at 960 nm and consist of 30.5 pairs\&f the turn-on delay is 1.6 ns with an estimated maximum
thick Alp.9Gay1As and GaAs layers for the bottom Braggcontribution of 0.7 ns from the PCB/driver subsystem. The
mirror and 22 pairs for the top mirror structure. In order telectrical crosstalk can be a potential source for errors when
reduce the electrical resistance of the Bragg mirror structureany VCSEL’'s on the PCB/driver assembly are operated
each interface is linearly graded over a region of 30 nm. Bimultaneously, however this was found to be negligible.
reduce the free carrier absorption, the doping level is increasete measured optical intensity fluctuations induced by the
in the region with low intensity of the standing optical wavenodulation of one VCSEL on the output power from a
and decreased in regions of high light intensity. The totakighboring VCSEL operated at a constant current of 8 mA

length of the cavity is 270 nm including three central 8-nmwas measured to be below 10% and further measurements
wide Iny 13G& s7As quantum wells separated by 10 nm widshow that the observed crosstalk originates from the parallel
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Fig. 12. Electrical and optical characteristics of the VCSEL array, as bonded onto the PCB.

TABLE Il
TARGET SPECIFICATIONS OF THE8 x 8 VCSEL ARRAY REQUIRED FOR THE DEMONSTRATOR
AND OPERATING CHARACTERISTICS OF THEARRAY MOUNTED IN THE PCB/DRIVER SUBSYSTEM

[ Target VCSEL Array for ;| Best Result

‘ Specification Demonstrator
Ah <1% <0.1% <0.017%
Prax >1mW > 24 mW >4.5 mW
Lin <8 mA 2.6 mA 1.0 mA
Vin <3V 19V 14V
fmod >250 Mbit/s 500 Mbit/s >3 Gbit/s small signal
yield >90% within array | 100% 100%

Gold VOSEL

bonds ATy
Sapphire

Intermediate PCB
metal part
3 4\ N—
N ]

Resistors

Connectors

Power

connectors Heat sink Peltier

element

Fig. 14. Cross section showing the VCSEL/PCB subsystem, including the
heatsink and mounting arrangement.

I 10.0 sU/div  12.0 my

Fig. 13. Eye diagram of the VCSEL/PCB subsystem operated at 500-Mb/s . . . . L
NSZ_ ye dag Y P tf|on is being actively explored for possible future exploitation

by a number of research groups.

wiring on to PCB. Since the chosen VCSEL had the longeSt PCB and VCSEL Drivers
parallel wiring on the driver PCB and VCSEL array, these The VCSEL array is mounted on an intermediate sapphire
measurements represent the worst case. Table Ill summarigaisstrate, itself fixed on the PCB, as shown in Fig. 14. To
the target specifications and the measured characteristicsdesign the circuitry on the PCB, the VCSEL is modeled as a
the VCSEL array in the PCB/driver subsystem. The assemHll@5{2 resistance at the current versus voltagel{) operating
exceeds all of the system specifications. points (2.4 mA, 1.85 V) and (8.0 mA, 2.44 V). Using this
The fabrication of larger, and/or more dense, VCSEL amodel, a simple passive impedance two-port network has
rays may require close integration with external silicon drivieeen designed to provide a match between the specified 50-
circuits by such techniques as flip-chip bonding to minimiz& digital signal generator and the VCSEL load. This gives
crosstalk between the power lines to each device. Such integgacompromise between maximum bandwidth and a minimum
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sensitivity to the dispersion in the VSCEL characteristics ovémitation of using only a two-metal silicon process, the
the array. The PCB is 109 mm long and 62 mm wide antked to minimize: 1) voltage drop along the receiver power
is attached to the slotted baseplate by means of an adjustahipply rails and 2) switching noise appearing on the analog
mount. If we assume that 0 and 1 have the same probabilggwer supply has proven particularly problematic. However,
of appearing in the signals, the heat dissipation is 0.77 W fdrese are not fundamental difficulties and the use of present
the VCSEL array and 6.14 W for the PCB (6.91-W total)generation CMOS technology, with multiple metal layers and
In the worst case (maximum dissipation, each diode emits allbstantially smaller feature sizes, immediately remove these
the time) we expect 1.25 W for the VCSEL array and 8.5€onstraints. Another parameter that is greatly improved by the
W for the PCB (9.75 W total). We have designed a heat simkove to silicon with smaller feature sizes is the receiver power
that locates close to the back plane ground plane) of the dissipation. In the designed system, the power dissipated by
PCB. A temperature sensor (PT100) is included in order &ach receiver was-2.5 mW, corresponding to an overall
achieve feedback and be able to regulate the temperature. Fius/er demand of 10 W (Th/s}. This was close to the limit of
is accomplished with the aid of a Peltier element incorporatehat could be easily dissipated. A study of the impact of size
into the heatsink. scaling on power consumption [22] has shown that as feature
sizes drop toward 0.m so the electrical power consumption
of the receivers also drops, giving the prospect for optical
VII. CONCLUSION input at the level of 0.3 W (Th/s)} although, beyond this

The system demonstrator described here brings togetR@int, physical limitations on transistor performance will limit
the full set of technologies required to take advantage of th¢ther improvement in this metric. Similar studies by other
potential of free-space optical interconnects. Detailed desigiigthors support this trend [23], [24]. It is worth noting that the
of all components have been completed and this permits usPferating speed per channel scales in line with the decreasing
draw some important conclusions. technology size even if there is no further improvement in

Firstly, we have shown the feasibility of operating afhotodiode capacitance from the values quoted above. A
optoelectronic system incorporating an optical input to l&ely future implementation of a 1-Tb/s interface in a Quix
single silicon chip in the terabits per second domain. THechnology would be in the form of 256 channels of 4 Gb/s
designed system not only considers the hybrid OE-VLSI chigr channel. A system with 4096 channels, such as the one
itself, as has already been investigated by other researchégscribed here, is therefore potentially capable of significantly
but also includes a practical infrastructure whereby the filigher bandwidths. The detailed study referred to above [22]
performance can be demonstrated and assessed. As a ddBijeates that the performance of the electronic receiver is
process alone this has proven to be an extreme|y Va|uag|'éike|y to be the |Im|t|ng factor for bandwidths well in excess
exercise, in advance of the later phase of this work in whiéf 1 Tb/s. This illustrates one of the attractive features of using
experiments will aim to confirm the predictions of the variougptical techniques to solve the interconnect problems of the
simulations. future.

Secondly, this study has acted as a driver for a number ofAnother parameter that will increase with time is clock fre-
important optoelectronic and optical technologies. Ax 8 duency. The SIA Roadmap [1] predicts off-chip data rates for
VCSEL array capable of providing a 16-Gb/s electronic-tdpplication-specific integrated circuits to rise to over 1.5-3.0
optical interface has been developed and has been meas@&@Ed by 2012. This is well within the capability of the
as Satisfying numerous other System requirementsl parti@@IOG'GCtroniC interface devices developed as part of this
larly with respect to array uniformity. New microoptical andstudy. The desire to communicate off-chip at whatever clock
diffractive optical elements have been fabricated along wiffequency the silicon is operating can not only be satisfied
compound lenses designed to handle large arrays of optieiithese optical methods but becomes progressively easier to
signals over the required fields of view~{8 mm). Novel satisfy as the silicon technology itself improves.
beam-splitters have been designed and successfully tested; aridie system that we have developed as a focus for this
the challenge of providing a compact stable optomechani¢gsearch, corresponding to the switching fabric of a crossbar
assembly has been addressed. The development of our InGé}grconnect, is not intended to be a complete architecture
modulator arrays has permitted the evaluation of imprové@d its own right. Nonetheless, the completion of its design
(simplified) fabrication processes, suited to arrays of this siZ&nd the assessment of the critical components illustrates the

Finally the various constraints imposed by distributing oghanner in which the enormous capacity of free-space optical
tical interfaces across a conventional CMOS chip have beiéterconnects might be exploited in realistic high-performance
addressed. This latter has led to the development of low-povistems of the future.
receivers with novel designs and a study of the impact of
embedding large numbers of such sensitive analogu circuits
with digital microelectronics. From this, we have concluded
that the major factors limiting the communication capacity The authors acknowledge the contributions made by A.
of this optoelectronic interconnect system are the constraidts Waddie, G. R. Smith, and N. Ross to this paper. In
associated with the receiver designs. Combining sensitigddition, the authors would like to thank their colleagues in the
analog electronics with digital circuitry in such close proximityther projects of the European Commission MEL-ARI OPTO
is always going to be a challenge. In this system, with th@luster for useful discussions.
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