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Th e advances in the design and fabricati on of micro laser arra ys , pho-
to detectors, and free-space optical interconnection elements have driven the
creation of ever more \real w orld " demonstrator systems . In this pap er w e

review the progress made to date on tw o separate demonstrator pro jects
w hich have been assembled at H eriot { W att U niversity . We shall describ e
some of the enabling technologies used in the creation of these systems and

outline the potential for scaling the architectures describ ed up to sizes w here
the computation al advantages of the optics- in- comp uti ng paradigm become
highly attractive.

PAC S numb ers: 42.79.Ta

1. I n t rod uct io n

The increasing array sizes of opto electroni c devi ces in conjuncti on wi th the
decreasing power requi rem ents of the indi vi dual devi ces are dri vi ng the develop-
m ent of opti cs-in-com puti ng system demonstra tors. The purp ose of these system s
is to show the suita bi li ty of free-space interco nnected opto electronics for deploy-
m ent into the general communi cati ons envi ronm ent. In parti cul ar, microlaser ar-
rays, in conjuncti on wi th di ˜ra cti ve opti cal elements, appear to o˜er the maxi mum
Ûexibi l ity in the pro blems they can address.

Thi s paper describes two free-space system s based around verti cal -cavi ty
surf ace-emi tti ng laser (V CSEL) arra ys. The Ùrst, an analog system , is designed to
perform opti m izatio n on a two -dim ensional data set. The second is the im plem en-
ta ti on of a 1 Tbi t / s aggregate bandwi dth dig ita l crossbar swi tch. The indi vi dual
opto electro nic m odul es tha t m ake up each of these systems are characteri zed and
som e of the techni ques used in the assembly of the com plete systems are outl ined.
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2. T h e Ho p Ùeld net w ork sys t em dem on st rat or

The physi cal impl ementati on of the high bandwi dth para l lel pro cessing archi -
tecture com monly kno wn as a \ neura l netwo rk " [1] requi res two disti nct hardwa re
m odul es, the array(s) of thresho lding processors (neuro ns) and the inter- processor
connecti ons (wei ghts). The inherent Ûexibi l i ty of di ˜ra cti on-based free-space op-
ti cs allows any arbi tra ry topology of inter- pro cessor connecti on to be constructe d
at no extra cost in term s of system size; i .e. a system wi th twen ty connecti ons per
neuro n wi ll occupy the sam e space as a system wi th two hundred connecti ons per
neuro n. The preci se form ta ken by the interco nnecti on to pology depends upon the
typ e of pro blem being addressed. It shoul d be noted tha t in thi s section the neura l
archi tecture under discussion is one where the interco nnecti on to pology is Ùxed
and can be determ ined analyti cal ly before operati on. Ada pti ve archi tectures, such
as the error backpro pagati on m ul ti -layer perceptro n or the adapti ve resonance
theo ry netwo rk, l ie outwi th the scope of thi s paper.

The system demonstra to r described in thi s section is based around a Ho p-
Ùeld- typ e neura l netwo rk [2] and is designed to perform a cro ssbar swi tch thro ugh-
put opti mizati on. Fi gure 1 shows a schemati c of the system in whi ch the netwo rk

Fig. 1. T he crossbar switch hardw are incorp orati ng the H opÙeld netw ork switch con-

troller.
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operates. Incom ing data packets are stored in the input bu˜ers and the header of
each incom ing packet is decoded by the queue m anager for tha t input l ine to gen-
erate the appro pri ate interco nnecti on request. W hen each queue m anager receives
a packet header from i ts input l ine, i t examines the destinati on address to deter-
m ine whi ch output l ine tha t packet wi shes to use. It then updates i ts interna l ly
stored request vector by setti ng the bi t of the appro pri ate colum n. The request
vecto rs of al l queue m anagers are suppl ied to the Ho pÙeld neura l netwo rk, whi ch
has one neuron correspondi ng to each cross point in the crossbar switch. The neu-
ra l netwo rk uses the combi ned request vecto rs as i ts ini ti al sta te and com putes an
opti mal conÙgurati on for the crossbar swi tch. The resulti ng conÙgurati on vecto r
is returned to each queue m anager, and tho se cross points selected by the Ho p-
Ùeld netwo rk are then cl osed. Each queue m anager tra nsmi ts a single packet as
selected by the returned conÙgura ti on vector thro ugh the crossbar swi tch to the
appro pri ate output and up dates i ts row request vecto r by cl eari ng the bi t of the
selected colum n if no m ore packets f or tha t output rem ain. Thi s pro cessconti nues
in a cycle where new packets are being received whi le queued packets are being
tra nsmi tted. The thro ughput of the swi tch is said to be opti mized i f the num ber of
packets selected for tra nsmission by the HopÙeld netwo rk on any one swi tch cycl e
is equal to min( N I ; N O ).

The HopÙeld neura l netwo rk, whi ch contro ls the setti ng of the crossbar
swi tch as described above, is im plem ented using free-space opti cal interco nnec-
ti ons in conjuncti on wi th arra ys of opto electro nic devi ces. These opto electro nic
devi ces pro vi de the electro nic-opti c and opti c-electroni c interf aces to the di ˜ra c-
ti ve opti cal element (D OE) based free-space interco nnecti on. The electronic-opti c
interf ace consists of an 8 È 8 arra y of VCSELs wi th appro pri ate analogue ASIC
VLSI dri vers. The opti c-electronic interf ace is an o˜- the- shelf Si photo detecto r
arra y wi th a tra nsi mpedance am pl iÙer to produce the correct vo lta ge levels for ap-
pl icati on to the neurons. The neurons them selves are im plem ented electronical ly
usi ng T exas Instrum ents di gi ta l signal pro cessors (D SP), whi ch each suppl y the
functi onal i ty for 16 neurons. Fi gure 2 shows a schemati c of the opti cal layout of
the Ho pÙeld netwo rk and a photo graph of the opto m echani cal baseplate used in
the system dem onstra to r.

The D OE pro vi des the inhi bi to ry interco nnecti ons between the neurons. Us-
ing standard opti mizati on techni ques [3], hi gh e£ ciency (> 7 0%), low reconstruc-
ti on error (< 1 %) non- local interco nnecti ons can be designed and fabri cated [4]
usi ng conven ti onal VLSI techni ques. The interco nnecti on requi red for the crossbar
swi tch thro ughput opti m izati on probl em is shown in Fi g. 3.

The di ˜ra cti ve opti cal element wa s designed usi ng a com bina ti on of an i t-
erati ve Fouri er tra nsform algori thm (IFT A) and a cl osed-form tra pezoida l algo-
ri thm [3]. In general , these standard design m etho ds al low the creati on of DOEs
wi th e£ ciencies of > 7 0% and reconstructi on errors of < 1 %. However, due to the
restri cti ons placed up on the D OE period by the opti cal system , a reducti on in the
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Fig. 2. Optical layout of H opÙeld netw ork demonstrator: (a) electronic system, (b) op-

tical system.

Fig. 3. Inhibiti on pattern required by H opÙeld netw ork.

overal l e£ ciency of the D OE to 50% was requi red to ensure tha t the nonuni form it y
wa s of an acceptabl e level. The period of the DOE is given by

T =
n f Ñ

s
; (1)

where n i s the num ber of orders between col l inear \ on" di ˜ra cti on orders, f and Ñ
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Fig. 4. Cross- section through inhib iti on interconnection DO E output.

are the focal length and wa velength respectivel y and s i s the separati on between
\ on" di ˜ra cti on orders. Fi gure 4 shows the output from two di ˜erent inhi bi ti on
D OEs, the Ùrst designed wi th the col l inear spacing between the di ˜ra cti on orders
set at one di ˜ra cti on order and the second wi th the col l inear spacing set to two
di ˜ra cti on orders.

It can be seen from Fi g. 4 tha t the larger period pro duced by the doubl e order
spacing has im pro ved the overal l uni form it y of the element. Thi s impro vement in
Ùnal uni form it y is due to the larger m ini mum feature size of the doubl e order
spacing element and the com mensurate im pro vement in the photo l itho graphi c
tra nsfer of the phase pro Ùle onto the glass substra te.

The VCSEL arra ys used in the HopÙeld netwo rk dem onstra to r are 8 È 8

arra ys (2 5 0 ñ m pi tch) suppl ied by Avalon Photo ni cs as shown in Fi g. 5.

Fig. 5. 8 È 8 V C SEL array used in H opÙeld netw ork demonstrator.
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Fig. 6. A nalogue C MO S current driver circuit.

The origina l m icrolasers used in the dem onstra to r [5] emi t in the near in-
frared (Ñ = 9 6 0 nm ) at a di vergence angle of 1 2 £ FW H M. The avera ge thresho ld
current of the m icrolasers is 2.65 mA and the avera ge peak power-conversion-e£ -
ci ency is 6.3%. The ASIC CMOS current dri ver circui ts shown in Fi g. 6 suppl y a
m axi mum current of 3.5 m A at 2 V pro duci ng an opti cal output of 2 0 0 ñ W .

The opti cal output in each channel can be im pro ved by the use of oxi de-con-
Ùned (OC) VCSELs [6], whi ch exhi bi t a signi Ùcantl y higher conversi on e£ ciency,
lower thresho ld current and impro ved operati ng l i feti me. Thi s last factor has be-
come signiÙcant duri ng the assembl y of thi s demonstra tor as the origina l (non-OC)
VCSEL arra y ceased laser operati on duri ng testi ng of the VCSEL dri ver circui ts.
The avera ge thresho ld current of the OC VCSELs is 0.74 m A wi th an average
peak power-conversion-e£ ciency of 14.3%. Sim ulati ons of the current dri ver ci r-
cui ts wi th these VCSELs have dem onstra ted tha t a m axi mum current of 4 m A
at 2 V is achievable, corresp ondi ng to an opti cal output of 1 mW. The maxi mum
opti cal power inci dent upon a sing le photo detecto r from one VCSEL is equal to

P dete c t or =
² P V C SE L

4 ( N À 1 )
;

where ² i s the overal l e£ ciency of the DOE (0.5 in thi s case), N i s the num ber
of input/ output channels in the system and P V CSEL i s the maxi mum opti cal out-
put from the VCSEL. For the dem onstra to r system described here, the maxi mum
power per detecto r is 3 : 5 7 ñ W for the non-OC VCSELs and 1 7 : 8 6 ñ W for the OC
VCSELs. The photo detecto r arra y, whi ch is an o˜- the- shelf Si array, has responsiv-
i ty at 960 nm of 0.35 A/ W , pro duci ng a photo current of 1 : 2 5 ñ A wi th the non-OC
VCSELs and 6 : 2 5 ñ A wi th the OC VCSELs. A discrete com ponent ampl iÙer has
been designed to convert thi s pho to current into a vol ta ge for appl icati on to the
D SP-based neuro ns. The am pl iÙcati on factor of thi s am pl iÙer was determ ined by
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calculati ng the maxi mum photo current tha t can be generated by one pho to detec-
to r and equati ng tha t photo current wi th a vol ta ge swing of 1 V. The to ta l num -
ber of VCSELs tha t can com muni cate wi th a sing le photo detecto r is 2 ( N À 1 )

givi ng a m axi mum generated photo current of 1 7 : 5 ñ A/ 8 7 : 5 ñ A (non-OC/ OC
VCSEL). Fi gure 7 shows the vo l ta ge modul ati on suppl ied to a sing le D SP from a
sinusoidal input wa ve form at frequenci es up to 10 MHz.

Fig. 7. Frequency response of opto electroni c system.

The lower cut- o˜ frequency for non-OC VCSELs observed in Fi g. 7 is due
to thei r relati vely high thresho ld current. It is anti cipated tha t the swi tch to the
lower thresho ld current oxi de-conÙned VCSELs wi l l al low the HopÙeld netwo rk
dem onstra to r to be operated at an i tera ti on f requency of 2{ 3 MHz.

3. Ho pÙeld n et w or k d em on st r ato r simu lat io ns

Al tho ugh the demonstra to r hardwa re outl ined in the precedi ng section is
non-operati onal at present, the indi vi dual m odul es (i .e. VCSELs and dri vers, pho-
to detecto r arra y, opti cal system and the D SPs) have beensu£ cientl y characteri zed
to perm it accurate sim ulati ons of the converg ence behavi or of the netwo rk wi th
respect to di ˜erent operati onal parameters. The param eters studi ed in thi s paper
are the to lerance of the netwo rk to opti cal system non-uni form it y and the relati ve
e£ ciency of di ˜erent VCSEL dri ver operati on modes.

The D OE nonuni form it y or reconstructi on error observed in Fi g. 4 is a sys-
tem param eter of cri ti cal importa nce to the successful operati on of the HopÙeld
netwo rk. If the DOE nonuni form it y ri ses above som e cri ti cal level the soluti ons
pro vi ded by the netwo rk wi l l be sub-opti m al, i.e. the avera ge num ber of packets
swi tched thro ugh the crossbar on any netwo rk cycl e wi l l be less tha n N . Thi s
is dem onstra ted by Fi g. 8 whi ch shows the average num ber of packets swi tched
thro ugh an 8 È 8 cro ssbar for increa sing levels of D OE nonuni form it y.

It can be seen tha t up to a certa in level the HopÙeld netwo rk is im mune
to increasing DOE nonuni f orm i ty, however DOE nonuni form it y above tha t cri t-
ical level pro duces a gradual degradati on in netwo rk perform ance. For the 8 È 8
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Fig. 8. Degradation of H opÙeld netw ork operation w ith increasin g DO E nonunif ormity .

Fig. 9. Ma ximum DO E nonunif ormity for di˜erent netw ork sizes.

Ho pÙeld netwo rk, thi s cri ti cal D OE nonuni form it y level is 2%. Typi cal ly, DOEs
have a design nonuni form i ty, i .e. the nonuni form it y of the ideal ized design be-
fore fabri cati on, of ¤ 0 :1%. The fabri cati on pro cessesadd nonuni f orm it y to thi s
una voidable design nonuni form i t y. The pri mary m echanisms whi ch pro duce thi s
fabri cati on nonuni formi t y are etch depth inaccuracies and the roundi ng of sharp
features duri ng photo l i tho graphi c copyi ng. The amount of nonuni formi t y added
duri ng the in-house fabri cati on process is of the order of 1% per m ask level. By
sim ulati ng di ˜erent netwo rk sizes, as shown in Fi g. 9, the maxi mum size of netwo rk
tha t can be im plemented using a DOE wi th 1% nonuni form it y can be determ ined.

For the opto electro nic system presented in thi s paper the m axi mum netwo rk
size whi ch can be im plemented using the currentl y avai lable D OE fabri cati on
techno logy is 5 2 È 5 2 .

The VCSEL arra y can bedri ven either digi ta l ly, where the VCSEL is switched
on above som e arbi tra ry thresho ld vo lta ge, or analogue, where the VCSEL output
is al lowed to increase m onoto nica lly between a m inimum vol ta ge and some prede-
Ùned m axi mum value. Fi gure 10 shows the numb er of i tera ti ons requi red for the
netwo rk to converg e to a steady state for di ˜erent netwo rk sizes.

It can be seen tha t the digi ta l ly dri ven netwo rk di splays better scalabi l i ty
tha n the analogue netwo rk. Thi s better scalabi l i t y is due to the behavi or of the
analogue netwo rk in the gentl y slopi ng centra l region of the neuron response func-
ti on. If the neurons are ini ti alized in thi s reg ion then, for two netwo rks of di ˜erent
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Fig. 10. Comparison of numb er of iterations required for convergence betw een digital l y

driven netw ork and analogue driven netw ork.

Fig. 11. Dynamic operation of 4 È 4 and 8 È 8 H opÙeld netw ork.

sizes, i t wi l l ta ke corresp ondi ngly longer for any signi Ùcant gap to open between
the neurons of the larger netwo rk tha n between tho se of the smal ler netwo rk. Thi s
is shown in Fi g. 11, for two 1D netwo rks conta ining 5 and 10 neurons respectively.
The larger netwo rk ta kes longer to reach a decision point al tho ugh thi s can be
compensated for by increasing the slope of the neuron response functi on. D igi ta l ly
thresho ldi ng the neurons is equivalent to an analogue thresho ldi ng functi on wi th
inÙni te slope.

4. Th e sm ar t -p ixel op t oel ect ro n ic cr ossbar ( SP O EC ) dem onst rat or

The second demonstra tor system [7] considered in thi s paper is a packet-
-swi tched opto electronic matri x{ matri x crossbar based around an In GaAs detec-
to r/ m odul ato r smart- pi xel, where conven ti onal Si -based electro nics are combi ned
wi th opto electroni c devi ces by means of Ûip-chi p bondi ng. The system was de-
signed to dem onstra te the f easibi l i ty of a > 1 Tbi t/ s aggregate bandwi dth swi tch
usi ng currentl y avai lable opto electronic technology. Sixty f our electri cal signals
are converted into opti cal signals by an electri cally addressed 8 È 8 VCSEL arra y.
Each of the 64 opti cal outputs f rom the arra y are them selves f anned out 64 ti m es
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by an 8 È 8 fan-out di ˜ra cti ve opti cal element (D OE). The resulti ng set of 4096
opti cal signals is relayed to a hybri d InG aAs/ Si OE- VLSI chip whi ch is parti -
ti oned into 64 bl ocks or \ sup er-pi xels" . Each super-pixel receives the ful l set of 64
opti cal input signals and converts these into electri cal signals tha t are electri cal ly
routed by the Si -based electroni cs. The uni que output f rom each super-pi xel, whi ch
represents the one signal selected from the origina l set of 64, is converted back into
an opti cal output by m eans of a di ˜erenti a l pai r of m ulti ple-quantum -well modu-
lato rs. The system is designed as a packet swi tch wi th the routi ng chi p conÙgured
by the packet header. Fi gure 12 is a schemati c of the layout of the system show-
ing the opti cal pathwa ys used for the data- in (at Ñ = 9 6 0 nm ) and data-out (a t
Ñ = 1 0 4 7 nm ) channels.

Fig. 12. T he smart- pixel opto electroni c crossbar demonstrator.

The di ˜ra cti ve opti cal elements used in the SPOEC dem onstra to r are an 8 È 8

(D OE1) and an 8 È 1 6 (D OE2 ) binary even-orders- m issing (EOM) fan-out [8].
The EOM geom etry is used because i t gives excellent zeroth di ˜ra cti on order
suppression and signiÙcantl y speeds up the D OE opti m izati on pro cedure.

Fi gure 13 shows the phase pro Ùle and sim ulated output of the 8 È 8 fan-out.
It has a period of 7 2 ñ m wi th a m inimum feature size of 2 ñ m and the di ˜ra cti on
e£ ciency of the element is 71% wi th a reconstructi on error of < 0 : 5%.

The VCSELs used to suppl y the opti cal input data to the system, whi ch
are of the same typ e as tho se used in the HopÙeld netwo rk dem onstra to r, have a
large beam di vergence ( ¤ 2 0 £ ) due to the smal l size of the laser cavi ty . Thi s large
di vergence is reduced, by means of a refracti ve microlens array, to keep the design
to lerances on the bul k opti cal elements wi thi n reasonable bounds. The VCSEL
outputs are not coll im ated to ensure tha t a su£ cient numb er of periods of the
D OE (typi cal ly 3 È 3 ) are i l lum inated to give a uni form fan-out pattern at the
smart- pixel arra y. Fi gure 14 shows the patented m etho d [9] used to ensure tha t
each m icrolens is centered on the appro pri ate VCSEL. ReÛective Fresnel zone
pl ates are placed around the VCSEL arra y duri ng fabri cati on and rings are etched
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Fig. 13. 8 È 8 binary fan-out phase proÙle and DO E output.

Fig. 14. V C SEL- microlens alignment technique and photograph of V C SELs imaged

through microlens es.

onto the micro lens array in positi ons corresp ondi ng to the opti cal axes of the
zone plates. D uri ng assembl y of the hybri d VCSEL/ m icrolens arra y, the reÛective
zone plates are i l lum ina ted and once each of the rings on the m icrolens arra y
has a focussed spot in i t, the arra ys are al igned wi th each other. The VCSEL{ lens
separati on is contro l led by means of a plasti c al ignm ent ri ng of the correct thi ckness
being pl aced around the VCSEL arra y. Thi s also pro vi des a conveni ent pl atf orm
for securing the microlens arra y to the VCSEL array.

The e˜ect of the micro lens on the VCSEL emission can be seen in Fi g. 15.
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Fig. 15. A ngular divergence of V C SEL w ithout microlens and w ith microlens.

The graph on the left is the diverg ence of an oxi de-conÙned VCSEL in the absence
of a m icrolens where the FW HM di vergence of the VCSEL operati ng at 6 m A
is about 2 0 £ . The Ùgure on the ri ght shows the pro Ùle of the sam e VCSEL af ter
passing thro ugh an f =8 m icrolens of focal length ¤ 1 mm .

The reducti on in the FW HM diverg ence angle of the OC VCSEL is appro x-
im atel y a f actor of 3 (f rom a di vergence of ¤ 2 0 £ to ¤ 7 : 5 £ ).

The ful ly assembled SPOEC demonstra to r has been shown [10] to be capable
of correctl y routi ng data thro ugh the crossbar for a single channel . The maxi mum
routi ng frequency achieved to date is 50 Mbi t/ s for the system operati ng wi th
ful ly fanned out VCSEL signals and 250 Mbi t/ s for the system operati ng wi tho ut
VCSEL fan-out. W i th the ful ly f anned out VCSEL signals the calcul ated aggregate
bandwi dth of the crossbar is 0.2 Tbi t/ s. A m ore accurate measure of the to ta l
aggregate bandwi dth of the crossbar swi tch wi l l be known once the ful ly para l lel
operati on of the system has been tested.

5. Su m m ar y an d co ncl u sions

Thi s paper has outl ined the devel opm ent of two free-space opto electro nic
opti cs-in-com puti ng system dem onstra to rs, whi ch, al tho ugh at present not com -
peti ti ve wi th conventio nal electroni cs, show the power and Ûexibi l it y of the en-
abl ing techno logies.

The scalabi l it y of both archi tectures presented in thi s paper is lim i ted by the
VCSEL arra y size whi ch, at present, is only 8 È 8 al tho ugh in pri nci pl e 1 6 È 1 6

(and 3 2 È 3 2 ) are well wi thi n the capabi l i ti es of current fabri cati on technologies.
The use of smart- pixel s, in the case of the SPOEC system , sim pl iÙesthe suppl y of
power to the opto electroni c devi ces as well as reduci ng any bandwi dth overheads
from signal tra nsfer from the opti cal dom ain to the electro nic. In addi ti on, i t
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gives opto electro nic system s access to the speed and gate density im pro vements
who se adherence to Mo ore' s law has given conventio nal m icroelectronic system s.
D i ˜ra cti ve opti cal elements whi ch pro duce hi ghly uni form arra ys of 2 5 6 È 2 5 6 spots
have been fabri cated usi ng standard 2 ñ m VLSI fabri cati on techni ques and once
smal ler f eature size VLSI processesare empl oyed in D OE fabri cati on, signi Ùcantl y
larger elements shoul d be feasible. The fabri cati on of ref racti ve microlens arra ys,
whi ch uti lizes therm al reÛow of photo resist, al lows arbi tra ri ly large arra ys to be
fabri cated using the current techno logy.
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