OPTI CAL | NTERCONNECTI ON ARRANGEMENT FOR HI GH SPEEED, HI GH DENSI TY

COVMUNI CATI ON SYSTEMS Cross-Reference to Rel ated Applications This

appl i cat iwo 20iozi4masst he benefit of US Provisional Appli cacirars2080/038103

61/ 186, 718, filed June 12, 2009 and herein incorporated by reference.

Techni cal Field The present invention relates to an optical interconnection
arrangenent and, nore particularly, to an arrangenent that reduces the need
for extensive serialization/de serialization (SERDES) functionality by

utilizing pul se_ anplitude nodul ati on (PAM_techniques in conbination with a
separate tr mg g&#%%ﬁﬁ@i}‘:@gﬁ\% EVIghd| F T SKEEED, HigH

I nvention Due to the contpmusng @gm@n\f;@c%ﬁ@w gnd net wor ki ng
applications, there is a growi ng demand for hi per orrrance comput i ng
(HPC) pl atforms as well as large data centers. Tn either case, the

inter connec@s}g@g;}j@@g&@m&pfgppjﬁgﬁgs or network nodes have not been abl e
to keep up with the growh in Conputing power within the chip or server.
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nunber of out put | eads. As a result, a serialization process is usually

per f or med t he chip, creatl ng serial data fromthe parall el
wor d. At t%éa 8@”8%%@?1%“’6?”%e communi cat i on pat h,

Due to the continuing demand for computing and networking applications, there is
a growing demand for high performance computing (HPC) platforms, as well as large data
centers. In either case, the interconnects between computer servers or network nodes have
not been able to keep up with the growth in computing power within the chip or server.
The bottlenecks include, but are not limited to, chip-to-chip communication power, size
20 and latency, as well as server-to-server communication power, size and latency. In more
recent applications, optical fiber has been used as the physical link between the chips (or
the servers} inasmuch as the bandwidth of the fiber is significantly greater than the
standard copper interconnect.
The processing on a chip itself is generally performed using a parallel word that is
25 multiple bits in width (a typical parallel word having a width of & bits, 16 bits, 32 bits or
64 bits). Transferring this information from a first chip and onto a second chip (or other
element) usually requires the paralie] word to be converted to serial form in order to
reduce the pin count at the edge of the chip, where the physical packaging would
otherwise need to deal with, perhaps, a large, paraliel number of output leads.
30 As aresult, a serialization process is usually performed at the edge of the chip,
creating serial data from the parallef word. At the receive end of the communication path,
a de-serialization function is required to re-format the incoming serial data stream back

into the paraliel word structure used within the chip on the receive side of the process.
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a de-serialization function is required to re-format the incom ng seri al
data stream back into the parallel word structure used within the chip on
the receiwe 2sioda4638 t he process. The conbi nati on of thesecsarseabiozsavs on and
de-serialization processes are often referred to in the art as "SERDES".
Additionally the receive end of the system nust performclock recovery on
the incomng serialized data streamin order to properly re-create the
parall el word. The SERDES and cl ock recovery processes are problematic in
that they consune a significant amount of power, while adding |atency to a
process whet®® RingHadpedd spergiradan pad HerHpadorapiressepactodan fHisd 1 a” need
remains in G Ard <RERDAG ORLdiGAHarPAREH i B GOMBEREerS KD LGB YT NodiTpr oved
operational characteristics. Summary of the Invention The needs remaining
in the prioecqety oartke aarios saglipy delsstrprme Senderihpentryon-craakitehpardicht es to
an optical jayerconnection arrangenent and, nore particularly, to an
arrangenent that reduces the need for extensive

seri al i Zati on/ dghs SERBIES 2a¢ lopk (LSERDESycehigh aieipovainiatiy ibipatthéy opsumyg dpul se
anpl i tude P ] i 'S, 18 2additlanally. ' ing a
separ at e trrrsg%gg rlﬁ% ég&gﬁ%‘ﬁ?ﬁﬁ%‘?g"? g\lr; 9%&?%1 %%%Ws?gggﬁég&%ﬁmﬁ‘éﬂt%%% C&%‘%ﬁ%}aed for
cl ock recoviedymaidedrnidtexyecord. t he recei ve end of the arrangenent. In

P’%}%ég?ﬂgﬂm is created

accordance wi ththe a%[eeeosr%%éinlts IVEOLL Py Bl Lleed el B
fromthe parall el data wor O Cfeate an' encoded stream 1S able to

transm t mukiprpeéofritenaltchiheacdainoe tinme, elimnating the need to conpletely
seri alilzae the parallel data word at the edge of a chip. The PAM may be
perforned on the entire word, or a partial PAMtechni que may be enpl oyed.
For exanpl eSusandp\NF ik@naatibeal nodul ation technique may be utilized to

si mul t aneously N2 nodul.ation t ni que is

ansmt 4. bits in general, a PAM | .Qg
Used to s mil i anBBUETy FHAREI PP 8 “orddiad o Neg i rerr o EREbai o
of the presehtes tduseiptitg hterdshnoldneatndvheh-sdehnste parkiniignf, eF fretagen(ddl ) is
used to create the PAM 8?'[ put signal i fromthe lpar,al l*ﬁ V\%gg L nput s gnal. A
second Mzl T TR tsRAgd () CiepRFaeE R HodRstriE AP HRN sl fugrtvn
paral | els Wi gyhitilibiag BAM shgnade m@luidonatAMdet e eead, haineafer m cl ock
recovery on the receive end. The. . ] o )
incorporating a separate transmission channel for a clock signal, eliminating the need for
clock recovery circuitry on the receive end of the arrangement.
In accordance with the present invention, a multi-level PAM signal is created from
the parallel data word to create an encoded stream that is able to transmit multiple bits at
20  the same time, eliminating the need to completely serialize the parallel data word at the
edge of a chip. The PAM may be performed on the entire word, or a partial PAM
technique may be employed. For example, a PAM-16 optical modulation technique may
be utilized to simultaneously transmit 4 bits. In general, a PAM-N? modulation technique
is used to simultaneously transmit N bits of data.
25 In a preferred embodiment of the present invention, an optical Mach-Zehnder
interferometer (MZI) is used to create the PAM output signal from the parallel word input
signal. A second MZI is then used to separately transmit the clock signal, in parallel with
the PAM signal, eliminating the need to perform clock recovery on the receive end. The
optical clock signal may be transmitted over the same signal path (generally, fiber) as the
30  PAM output data signal using a different wavelength, or may be transmitted over a
second, separate optical fiber using the same wavelength.
Advantageously, the created optical clock signal can be further distributed across

the chip and provide a frequency-locked clocking arrangement.
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optical clock signal may be transmtted over the same signal path
(generally, fiber) as the PAM output data signal using a different

wavel engtwo 20r0/egs8be transmitted over a second, separateTapskeloassihs ber
usi ng the sane wavel ength. Advant ageously, the created optical clock signal
can be further distributed across the chip and provide a frequency-| ocked
cl ocki ng arrangenent. @ her and further enbodi nents and advant ages of the
present invention will becone apparent during the course of the follow ng
di scussi on and by reference to the acconpanyi ng draw ngs, where |ike

numer al s represéﬁ?ﬁﬁp aribs abofineginigd afvaieRkeT therresni Bese9tilon of the
Drawi ngs Refeesiit figpaRtON @ g ke otiawl g follomlndisbuds®n andbPteHae @ of an
exenpl ary data communi cation arrangenent between a first chip and a second
chi p, each SUTRFGYAE BrOUEEsTRfge gy BiteHat reuesant Meaparaer e viatsa wor ds and
an interconnection that utilizes serial data transm ssion; a conventional
prior art optical -based interconnection arrangenent using the SERDES
functiomality; FTG 2 illustrates an exenplary prior art inplenmentation of

an optical - pagesti.H8h 6PADLELAYs ar rangenent using the SERDES functionality
for use in the aﬁf%ﬁgeﬁgnt CIFI%f 3, FIG 3 is a block diagramof an

exenpl ar }' data?@&ﬁﬁﬁﬁﬁ%ﬁ@ﬁﬁhﬁawﬁahgenent, where the SERDES functionality
shown in FIG 1 'F%},rﬁigh%ﬁ)%gd%ﬁagx @faglei;&% roagtag&!qmm&ﬁ{oﬁ%gfg%me&n
a ! &

arrangenment; FIG 4 illustrates an ex ry direct optical”interconnection
ar r angenentdetiran amesy chie andeckcpmd the eaphrhanige rerceseig Fbi@tha8 ptidee paaliel pul se
anmpl i tuge ul. agd P heme, J. s\ L0451 il Us| ransm t

Tt ple daty Bt ah Ao e SulRE e R B ot ca

i Nt er conneatricoart articangenkintero@hndchien graagendnt bsivgptht SBRDEAtfdctiznatig;a first MZ

to encode the patal).el gkectrical data into a PAM optical sjignal and a
second MZI to tf§%§ﬁﬁgaf{%a% 0C E%Y %gﬁfI%P%ﬁ?ﬁé??ﬁ%%Pﬁgﬂﬁgégm€or a CDR at
t he recei viingrecemaptidd Ganfensdhowsngthe SERBES atnicN@aBrytiodisaanthe efrartgheerapt i cal

interconnegﬁggg arrangenent of the present invention, using sanme wavel ength
to transmt H'the PAM

15 FIG. 3 is a block diagram of an exemplary data communication arrangement,
where the SERDES functionality shown in FIG. 1 is replaced with a direct optical
interconnection arrangement;

FIG. 4 illustrates an exemplary direct optical interconnection arrangement that may
be used in the arrangement of FIG. 3, where a pulse amplitude modulation (PAM) scheme

20 is used to simultaneously transmit multiple data bits;

FIG. 5 contains an exemplary embodiment of an optical interconnection
arrangement of the present invention, utilizing a first MZI to encode the parallel electrical
data into a PAM optical signal and a second MZI to transmit the clock signal, eliminating
the need for a CDR at the receiving end;

25 FIG. 6 shows an alternative embodiment of the optical interconnection
arrangement of the present invention, using same wavelength to transmit both the PAM
data signal and optical clock, providing separate optical fibers to transmit both signals; and

FIG. 7 illustrates an alternative optical clock configuration that may be used in the
arrangement of FIGs. 5 or 6, the alternative configuration including a second (spare) clock

30 source, as well as an optical splitting arrangement for distributing a frequency-locked

optical signal to various areas of the computing chip.



data signal and optical clock, providing separate optical fibers to
transmt both signals; and FIG 7 illustrates an alternative optical clock
confi gur awpan1oiiaatssmay be used in the arrangenent of Fl @GeT/US2a0/088103 he
alternative configuration including a second (spare) clock source, as well
as an optical splitting arrangenment for distributing a frequency-I| ocked
optical signal to various areas of the conputing chip.Detail ed Description
As mentioned above today's data centers rely on thousands of conputing
nodes, coue))ed t et her with high speed interconnects, to achieve the
per f or manc "r"r‘él{l‘i CEB%% oday' s appl i cations. Each computing node consists

of an TC (chip) spmeeassdnber! @dihalat Sntesadiyton HRREAQE BT dafpubksnddagct i ons.
The processin a continui.ng Iy incre

ower of. each n r
However , tﬁ@“ﬁ@cg@g?%mlvﬁ%?é}bﬁ?ﬁ@g‘f tefﬁ‘f@“ﬁﬁd@§“§t”ﬁ$‘bﬁ’?‘“@ §° MeBiRs nger and
even iower th@lyangylidaSoaUrpacidigutinendablsabl & ah 6C ha) eaicesoford slay. FIG 1
|IIustrat es a, conventional prior art optical interconnect arrangenent
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word format. A simlar processing core 4 is included within chip 2, and

there i s a MEEWHIBVEEFYES COPATIIEItAR Gh! f’dé@\ﬂ@@@%ﬁﬁtﬁ%@‘fl and 2 via an

optical intercompectij Jitﬁk:sécoiyrenﬂmﬁiaf-&mpgﬁ ypelar %E%Qnéchﬁ%angm %t Berwbapgl € |ink
5 is shown for the purposes of clarity. Tn a noderateiy-conplex system

there will aj&stceips! af atshenid ahigs. dhisuioplufidsmiosocestnaaonet thabhnqien G 1 shows
a set Oicd f%m}ﬂllutaozﬂﬁﬁw %Qﬁhﬁpbp&talmgggmﬁc: wotrcg]f@?rngto qumy&%&%ts otrehat there

may be additional sets of tputs, linkin ese chips to nore than four
ot her nodest is mslugbbwiihin tchig meiéhﬁtreia mp@tkﬁdm‘adeewmwgﬂém eativery ceime h

processi ng 6ob6;d 5 ofi&ﬁgiq &Q&ﬁx‘e’q b5 04N 30 L AR 4d4§£@n§%‘%@ﬁ% ’%’ﬁéﬁm ""“elr €

a SERDES 6 I's associ ate processi ng core eparate
associ at ed s meﬁpﬂwc@swwgﬁebri%/ 4n a%)é@@miymgmhe SEwmhﬂr@afi | ortepatth is from

first chip t outsapnd]; ?ﬁ&nﬁi 1%1@ R&cge %hﬁ?%?(&%&%?%&t"‘@ our Q{ﬁguttgf fl?irqufeg gﬁFSSI ng

core 3 ist er serialized exi Ip 1 at,
for exarspl end ant altebt widealood dranteteinmay tpiandiPbnal Fesfeafpbiar linkdidpsthsseri al i zed
el ectrical naI s tr nsfl,g)rma into an optical replica within an

el ectri cal /%}5j ?m? OV EFETon device 8 and coupl ed into optical

i nterconnect |i rAksﬁwfrothtgraaamlrmsskjameincmg{eﬁ@m@ e@dH PossingMore is first

passed through an associated SERDES device, where a SERDES 6 is associated with
processing core 3 and a separate SERDES 7 is associated with processing core 4.

20 Presuming the communication path is from first chip 1 to second chip 2, the paraliel data
word exiting processing core 3 is thereafter serialized within SERDES 6 and exits first
chip 1 at, for example, an electrical connection pin P1. Thereafter, the serialized electrical
signal is transformed into an optical replica within an electrical/optical (E/Q) conversion
device 8 and coupled into optical interconnect link 5 for transmission to second chip 2. At

25 the periphery of second chip 2, the optical signal is then converted into electrical form
within an optical/electrical (O/E) conversion device 9 and applied as an input to the
“deserializing” portion 7-D of SERDES 7, which functions to de-serialize the data and
reproduce it in parallel word form.

While not shown in detail, it is obvious that similar transmission paths are used in

30 the opposite direction to transmit data back from second chip 2 to first chip 1. Indeed, all
of the interconnections are presumed to be bidirectional in form.

As mentioned above, SERDES 6, 7 and E/O, O/E conversion devices 8, 9 consume

significant power and are known to add latency to the overall system. Moreover, for high
4



t he periphery of second chip 2, the optical signal is then converted into
electrical formw thin an optical/electrical (O E) conversion device 9 and
appl i ed asoanio/mpis8 to the "deserializing" portion 7-D eCTRERDES38$193 Wwhi ch
functions to de-serialize the data and reproduce it in parallel word form
VWhile not shown in detail, it is obvious that simlar transm ssion paths
are used in the opposite direction to transmt data back from second chip 2
to first chip 1. Indeed, ail of the interconnections are presuned to be
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a separate lnput and the electrical data stgnhal Is used to create a
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el ectrical data signa e-serialfrzing portron of SERDES 7
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exiting firs “thi's I'cu a rate,
t he bandw dtts @fbeﬂmamlﬁj@bﬂﬁ‘n 8f SEREBER Grideeptcérs B-D is @G ) I‘v‘@é[heﬁ-sﬁmazltﬁihe
de-seri al | Zeé"aays a on?g‘lfalyur %St%gt éa?a p%?ns,o er;.cig Qpeerating at the same data rate as the set of
signals exiting first chip 1, in this case, 5 Gb/s. For this particular data rate, the bandwidth
20 of modulator 8, O/E converter 9, serializer 6-S and de-serializer 7-D all need to be on the
order of 20 GHz (presuming an input data rate of 5 Gb/s for four channels), requiring
significant electrical power.
An improvement over the prior art arrangement shown in FIGs. ! and 2 can be
realized by modifying the optical modulation technique to allow for an N*-level signal to
25  be used for simultanecusly transmitting N data bits, eliminating the need for the SERDES
operations at the output of processing cores 3 and 4. FIG. 3 contains a block diagram of
an exemplary N-level, direct optical arrangement. Again presuming a communication
path where N=4 (i.e., a 4-bit parallel word is exiting processing core 3), the 4-bit parallel
word is directly applied as an input to an appropriate type of E/Q conversion device 10 for
30 encoding all four bits into a 16-level optical output signal which is thereafter transmitted
along interconnect link 5. At the receive end, an (O/E conversion is first performed,
followed by a conversion of the 16-level signal into the separate data signals for use by

second processing core 4.



order of 20 GHz (presum ng an input data rate of 5 Go/s for four channels),
requiring significant electrical power. An inprovenent over the prior art
arr angemewo 28toommes8n FGs. 1 and 2 can be realized by noacigisegowbsodpti cal
nodul ati on technique to allow for an N2-level signal to be used for
sinmultaneously transmtting N data bits, elimnating the need for the
SERDES operations at the output of processing cores 3 and 4. FIG 3
contains a block diagramof an exenplary N2-level, direct optical
arrangenent . Agai n‘{)resum ng a communij catlonwgath where N4 (i.e., a 4-bit
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where increasing the number of segments allows f0r an increase in linearity of the output

signal. Additionally, as mentioned above, the data rate of 5 Gb/s is considered to be

20 exemplary only; any other suitable data rate can be used in the system of the present

invention.

By maintaining the data rate of the input data stream, the optical channel may
experience less dispersion-based loss and O/E conversion device 9 will consume less
power in performing the O/E conversion at second chip 2. In this particular application, a

25  4-bit A/D converter and clock-data recovery (CDR) circuit 14 are utilized instead of a de-
serializer to recover the four separate data bits.

While an improvement over the arrangement of FIGs. 1 and 2, the “direct optical”
embodiment of FIGs. 3 and 4 still requires the use of a CDR at the receive side of the
communication path, which still consumes a significant amount of power and may

30  introduce error into the system, all at a cost of increased latency.

In accordance with the present invention, it has been found that the need for a CDR

at the receive side of each optical interconnect path can be eliminated by simultaneously

transmitting an optical clock signal in parallel with the PAM optical data signal, using the
&



exanple, 5 G/s). Oher nmulti-segnment arrangenents of nodul ator 12 may be
used, where increasing the nunber of segnents allows for an increase in

| i neari t ywof2otong4asat put signal. Additionally, as nenti omret/isbavd3siohe dat a
rate of 5 Gb/s is considered to be exenplary only; any other suitable data
rate can be used in the systemof the present invention. By maintaining the
data rate of the input data stream the optical channel may experience |ess
di spersi on-based | oss and O E conversion device 9 will consune | ess power
in perform ticular

appl i cati ol g%im}fc%%& I%’agtt?ﬁ%tﬁﬂé 't r%%ﬁ“ecsli%c*}(}}dgi %?ecr%(/“gw %@%FS circuit 14

are utilizeti nadr&ld abfng @adhdinked siglili@r sabidgd @Qower hak beenfrealizeg epidic at e dat a
bits. Wil e an A ngl%%beamant over the arrangenent of FIGs. 1 and 2, the
"direct opt¥eafdt PAHOT IR SH®E. 3 and 4 still requires the use of a

CDR at the receFug ssicdaimt d’ﬁziaﬁmﬁﬂlﬂ’maﬂh@@ﬁ¢)@ﬂ9ﬂ%1$b11LMEtéﬂ&0@tebdfbrnﬁ;‘e@nﬁurres a
significant ower and may roduce error to the system all at

a p
a cost of .%w@@geﬁit?%@ﬁfew ”‘“ﬁ“éf‘d‘ét‘)fft& & & S§ep S‘Wépﬁgé%ré‘i‘i?“?‘ﬁ%ﬁﬁon it

has been f apnehi tibat sithe inneediel ©ih &e@@ﬁi@ﬁtmhhﬂta&ﬁﬁ@l \Emghdenef each optical
i nterconnect path can be elim nated Sinul taneously transmtting an

optical cl GERMETGARISSTIpep AP |“b¢‘>%”t“ﬁnf‘ﬁé FEAME 8P i A ardugfghars, usi ng

thet ransm tketkohgk: 51 90RLe! to@tx@a@ﬂﬁzﬂa@ljas%@@né agley -5 g HHR qeaverter. By
elimnating the CDR operation al o#g each lin a significant savings in

pover has BERAdMER] i siugicasiuithereaNeh opwah. AR ethe spiggOEnEco NIR® Bystem  FG
5 cont &gns @j;digagram il lustrating an exenplary optical interconnect forned
in accordance with the present invention to include a second si gznal pat h
for transmttingsatrvapticdalit parglekbisveidas aﬁpﬁecb%@raarwt tos piase HEnP2M opt i cal

data si gnal HThl Al 9. 508 RLEARISERRL Loseki Bed iAhRYR.L ) ASROEERI T on with

FIGs 3 and 4, a PAM nodul at or i's used to tra 2-1evel optical
si gnal basé?efiS obvieuspaanalothet suNabie tatel sttampnprutsed)THescatrbiodlosks frpul in apiiicd case i s

where NeAi QOMLOUBLY: o (SIS Tl AL E oA UBe Rt NITVCRS L [Aed. o

shown, the ara an i nput
al i gner1520 S(réms timems&adwpbf} ahied ussi, ast qfﬁ) flis-flopemayreduset &t foea@hﬁsciat a i nput

i's operati qggv?etr 28 Al ‘%i@%@@@s dg':%a signals are thereafter applied as separate inputs to PAM
wodulator 12, with a CW optical input signal [ at a first wavelength AT used as the optical
input to modulator 12. Again, optical modulator 12 comprises a multi-segment modulator
capable of forming a PAM output signal, with the number of segments contributing to the

20 linearity of the output (i.e., increasing the number of segments will result in the ability to
appropriately tailor the output to better follow the phase transfer function of the
modulator). The output from modulator 12 is therefore a pulse amplitude modulated
optical signal (also referred to as a “PAM optical data signal”), representing all N bits of
the input data signal.

25 In accordance with the present invention, the electrical clock signal is applied as an
input to a separate modulator 22. In this specific embodiment of FIG. 3, a second CW
light source, operating at a second wavelength A2, is used as the optical input to modulator
22, thus creating at the output an optical clock signal OC. As shown in FIG. 5, modulator
22 is formed to exhibit essentially the same dimensions as PAM modulator 12, so that the

30 optical signal propagating along modulator 22 will experience essentially the same
propagation delay as the optical signal propagating along modular 12, thus allowing

optical clock signal OC to remain synchronized with PAM modulated optical data signal.



b/s, obviously any other suitable data rate may be used). A separate clock
input is applied to phase aligner 20 and used to naintain synchronous
oper at i orwof2oto4658ur separate data streans in one exenpCams2@wisginhent, a
set of Dflip-flops may be used to form phase aligner 20. The "cl ocked"
data signals are thereafter applied as separate inputs to PAM nodul ator 12,
with a CWoptical input signal lat a first wavelength ||l used as the
optical input to nodulator 12. Again, optical nodulator 12 conprises a

I ti - t modul at f.f PAM t th th
nunber of SegmentS QB Gur K BE R PAeLrT et Bhe Bt Rl p "

i ncreasi ng dpb&md’ﬁéﬁﬂ%?at@fnpﬁt@gj'@trﬁpSlchtrltﬂ tiplestld, whithtch@biabd thé tiyndiOat
appropriately tailor the output to better foll ow the phase transfer

function of VAKRE#BHY] %ﬁddtiz)ommwwtﬁw ¥ PofHdgIcatorec ey $h9 4 néP®f ore a

pul se anpl i tude m@yta&@m%m%hcmga ah(aaé %arraﬁti%ﬂ%ﬁfgmtd%t@@ a " PAM
optical data signal™), representing all' Nbits of the input data signal. In

accor darfce @ﬁi’?tulﬂflpﬂthér ; adtbte B AV entijabata sipresal étl wrelenghl ! epick astifgiﬁﬁﬁ is
appl i ed as 49 ﬁqugj”% %ﬁe’%ﬁpﬁ%{: atleanggg B‘%a?{: ogk 1E"1iaPO£ t%cdm@gé %"’a AL embodi ment

of FIG 5, a sec source, era V€l ength 12,
is used as hlpﬁemuneqlutuomtbnﬁ@m&uteatrmrewaé?) ?t Mus cerveadd digtranl dabve out put
an optical cI Of)k Si at or rmed to

xh bi ¢ ossSHe sy ToRIegke s e et oo B b e 28,08 Byt he

optical si gnakridar apagainkn@it@l ang woduhaterdedide W2l dppRadpifebnoehessant i al |y
t he sane prog \ga i.on delay as the optical signal propagating al ong nodul ar
12, thu¥ al'f %‘h‘éﬂ%g%‘i cal clock signal OC to remain synchronized with PAM

modul at ed optica; bQ@tt@&tﬁﬁﬁ“&itﬁé@iﬁt@@%ﬁhﬂbﬂctﬁ'oﬁt@pr&%nﬁ@l‘ﬂl&ﬁh&td}ﬁia si gnal
and optical .clock signal OC are th plied as separate i hput s to an
optical mul YPPAEKEE “Qasmiéﬁ‘ﬁnc‘h theg ﬁé@at‘"}ﬂﬁ‘ 0 dgiasignahplopgoricalfyene’ 11 and 12

onto opti calicehanmelc &kftQﬂtr‘tcﬁta@%{Fhﬁﬁleﬂt t-Q:c 586 aatel a1 Ride theldRedIor ecei pt  at
chip 2, the PAM data and cloc ?nals are separated within an optical

demul ti pl exiFions, clggkircovpy” tm% ﬁ@&lptlﬁﬁ?atdéigg‘hél thgfechiyg sfepigbh 11 appl i ed

as an i pputephohed EidhShidd ke GRAVSNLIEIR HRY a8tk A0l LBRRRRIuGRY be hRCK
signal OC at wavelength |2 ap FI ied as an input to a second 0/ E converter

devi ce 9- 2 IRazEwRVECTRECR 8 tanear! thatyalesi gnal output fromdevice 9-1 is

then applied asrgg 4 fR4LadsQn AerfiRe Eﬂgc\/cﬁt%&tﬁ f%@optﬂﬂaﬁ RudrDgn&liggtrical clock
signal output from O’ E converter device 9-2 applied direct IC?/ as the ciock
arrangement of the present invention. In this case, the optical clock is created at the same

wavelength A1 as PAM optical data signal and is then transmitted over a separate opiical

20 fiber between first chip | and second chip 2. Referring to FIG. 6, where the same
reference numerals are maintained for similar components, the clocked data ocutput from
phase aligner 20 is applied as the electrical input to modulator 12 and the original clock
signal is applied as the input to second modulator 22, as with the embodiment of FIG. 5.
In this case, however, the same CW laser source is used to provide the optical input signal

25 1o both modulators 12 and 22. That is, the output from a CW laser source is passed
through an optical splitter 29 and coupled into the optical input of both modulators 12 and
22. Thus, at the output of modulators 12 and 22 will be optical signals operating at the
same wavelength, albeit with different modulation characteristics. In accordance with this
embodiment of the present invention, a multiplexer is not required; instead, optical

30 channel 5 is formed to include a pair of optical fibers 5-1 and 5-2, with PAM optical data
signal coupled into first fiber 5-1 and optical clock signal OC coupled into second fiber 5-

2. The pair of signals then propagate along the path to second chip 2, where PAM optical
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input to AAD 28. It is an inportant feature of the arrangenent of the
present invention that the sinmultaneous transm ssion of the cl ock signal
wi t h t he wetalwi4gesal al ong optical channel 5 allows for PChaSeé10oB310D
directly synchroni ze the received data and avoids the need to perform
"clock recovery” fromthe PAM optical data signal at the receive side of
the channel. Elimnating the need for a CDR thus reduces the overall power
consuned by the arrangenent and reduces the |latency of the system FIG 6

illustrates,an ernat.j ve enhodi nent, of 1 i ntercon tjon
arrangenentd%ﬁﬁ%%la%?%%@%?'%ﬁgﬁﬂﬁggﬁd37%’TﬁﬁéogﬁgéﬁJfﬁ§”BBi%%éF%clock is
created at imiepsaatelonavieta gt diodg fitass-PAMIeptEs aalnpdad secsadyDA coanaltings t hen
transmtted, over ate optical fiber. between fi hi and second
Chip 5. Ret g 1 SRRt Rt an R Euial Mirene o bR aEE 2AF 6

mai nt ai ned iﬁmkﬁkﬁhdﬁE{QOﬂponents t he cl ocked data output from phase

al i gner 20 is a t he 1 cirical input. to nodulator 12 a t he
original cl ock ﬁﬁdﬁéﬁﬂpgmﬁﬁHF g é§m¥%§t@ﬁ%ﬁ%b?ﬁegﬁgWﬁH“W5ﬁﬁﬁﬁﬁggr as
with the enhogidptal Oselz @rotior wakel E@ﬁar@&ﬁe&waw@@%ﬂ%uﬂdehﬁx%@ﬂ@m@%| aser
source is used to provide the g pti cal g@% gnal go bot h nDdqutors 12
and 22. Thatndjtae nee éOEdéW%GtSeCPP ﬁ?ﬁ&aéwar & c‘”‘s“'é)au”?r’ g&P 1%%&%%‘5&%% &ifgh an
optical splitdgéme® and coupled into the optical input of both nodul ators
12 and 22. Thus,_ at the output of nodul ators 12 and 22 mnll be opti cal
signal s operat i gTRer, t FeposHple iomipatdhe bl izatigmdithe Gipated Qpties éioeiﬁﬁ””??é&m ation

charactggi Sﬁv‘o@:@e cl loEk AGCONIARaR M @rz%u:%ﬂ@i@&l'ef&ﬁﬁht(gfm b Q@n ﬁﬁ@éﬁ R
invention, a nultiplexer is not required; instead, optical channel 5 is

formed to i ﬁ@mwse“'élnpaﬁ?stm Bt 7 dustripsriesxanplan eatig] plockgistHbwsm opt i cal
data signal ,couph&d 3@) H}rapm];ﬁ' 565&:1 12&@%&1“&]‘1133&@@@ WRL Gl ou@u?ﬁ'gm%hgr{!;%ﬁer@

coupled into second f he pair of signals then propagate al ong
t he path to&e@@ﬁi@d@hiilp Ozﬁua\i/\ﬁe%emmm dptexeapidaptica ingtiticxgt ghe obfitrer 5-1 is

then applieg,a ﬁth%% Bm% Eéapp %K%@&ﬁﬂ%&d%&h@ﬁq o s gﬁ?% opti cal

cl ock signa along f d as an Input to decon
convert ithg demxmeﬁg The subsequent proceSS|ng is essentially the sane as

that described 1385951 BLAN M bRk BunSo oL S, AgbedLgRNt of FIG

6, there is tra etmeen erim nati a second optica
| aser at anﬂmhemfmaW%bﬂnghhmam@rah@mwaﬁakemgﬁhmnﬁzhdénuxﬁ@@aﬁmmmmms,

source upon recognition of a failure of the original source (a “failure” may also be defined
as the output power from a first source falling below a predetermined threshold value). In

20 this balanced configuration, both an electrical clock signal and its inverse (shown as CLK
and CLK in FIG. 7) are applied as inputs to an MZI 34 and used to modulate the CW
optical signal, generating the optical clock OC output signal and its inverse, shown as OC.

As shown in FIG. 7, arrangement 30 further comprises an optical splitting

arrangement 36 formed of a plurality of branching waveguides, with optical splitter 36

25  coupled to the outputs of MZI 34. Each of the waveguiding sections thus carries optical
clock signal OC propagating at wavelength A2. One output waveguide 38 is shown as
thereafter being used as the OC input to optical multiplexer 24 (see FIG. 5). The
remaining OC, signals are available to be distributed to various other optical systems
located on the same chip, where these signals remain frequency-locked. Advantageously,

30 the ability to distributed a frequency-locked optical clock eliminates the need for CDRs at
various locations within the optical system. While not explicitly shown, it is to be

understood that the PAM optical data signal could be passed through a similar optical



and the need for using a second optical fiber and necessary couplings at
either end of the arrangenent. Further, it is possible to expand the
utilizat iwo 20fo/uimsscr eat ed optical clock signal to provipde/usb@olssngnal
that is distributed to various optical eienent(s) or a conbination of
elements within a system FIG 7 illustrates one exenplary optical clock

di stribution arrangenent 30 that may be utilized as nodul ator 22, where one
output fromarrangenent 30 is applied as the optical clock input to, for
exanpl e, optlcal mul tiplexer 24 or optical fiber 5-2, with the renaining
optical cl GEREs yraeen %n &q diptibwed fi&*\bfhﬁéhlpdwr@ar oi{rat rdeE TRyt <.
Referring t@iiflbsdde. it 1S shown that arrangenent 30 may also utilize a
second source of . _a CWoptical input signal, denoted second source 32, to be
used as a back- Uihils isreesenigpye et g AP dsrerbed Witk sieTecs [ofevERe ori gi nal
source (a Rﬁb(lilhllreﬁtc HERGF, RO sigﬁediﬁftﬂer!ﬁdmﬁ%crobﬁz%ﬂ%% Jﬁ@é{@ ik P}nga first
source falling bel ow a predeternlned t hresholfd val ue) | anced
conflguﬁatﬁ@ﬁe“ﬁbﬁﬁdwwﬁﬂ&ﬁwmﬂ@épméﬂ@éW¥§ﬁéﬁ§héﬁﬁﬁimV§”®ﬂvéﬁéﬁmQ@homm as
CLK and CLid pdrliGh is fbs ﬁragedqgmnbﬁgs}ﬁ%n i Bl aSaviRe s d WKL (1B Al used to

modul ate the CWoptical signal, generating the optical clock OC output
signal and spacificahve beleniystionticaes 100 chémsApwTel AFIOG. 7, arr angenment 30
further conprises an optica! splitting arrangenent 36 formed of a plurality
of branchi ng wavegui des, with optical splitter 36 coupled to the outputs of
MZI 34. Each of the wavegui ding sections thus carries optical clock signal
OC propagating at wavel ength 12 . One out put wavegui de 38 is shown as
thereafter being used as the OC input to optical multiplexer 24 (see FIG
5). The remaining OC, signals are available to be distributed to various

ot her optical systens |ocated on the sane chip, where these signals remain
frequency-1| ocked. Advantageously, the ability to distributed a

frequency-| ocked optical clock elimnates the need for CDRs at various

| ocations within the optical system Wile not explicitly shown, it is to
be understood that the PAM optical data signal could be passed through a
simlar opticalsplitting arrangenent and distributed across ihe chip to
various optical nodes that would utilize this data. Wile the present

i nvention has been described with reference to several
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enbodi ments thereof, those skilled in the art will recognize various
changes thai nmay be nade w thout departing fromthe spirit and scope of the
cl ai med iwoentoamséccordi ngly, the invention is not |i mPCeEASe@OMBRD3 | S
shown in the drawi ngs and described in the specification, but only as
indicated in the clains appended heretoWwiat is clained is: 1. An opti cal

i nterconnection arrangenent for transmtting high speed data signals, the
arrangenent conprising: a transmtting conponent associated with a first
processing zg,ﬂpd_e for %or]verti ng an eiectricai high speed data signal into an
optical dat’Z"¥YH&r"¢94% optica! transmi ssion channel coupled to the output
of the transnittii Rgog@APARERhHccaBarBanE 86 Wr BgnSANPERRAspaATSeGishad W th a
second processi ng node and. coupled to the output of the optical

transmtti ﬁgﬁ UHARHRI FYPPTEEei vi ng the optical data signal and reconverting

the received optiveamidiabaosbeRal asila@dtlg OfirkiGriaksigl Ret Fdreadvehinghnspeed
data si %Pal , Wherein the transmtting conponent conprises: a phase
al i gnmem ' EHEALIELSEHhAR Bena il 31 e 08 SI8RIIN of paral l el data signal s

and an el ectri cah oflcQCkanSingioh cARndLERLA! BSheRREMME rahsRlittial ity of
paral |l el, phasealigned data signals; a first optical nodul ator responsive

to the pluraMPesFrbRiN paral | el phaseal i gned data signals and a conti nuous

wave (CW opti cakecsivifiabmbOndnt 2358 Wi S &AM douds MRdul Al Rl RAM
optical data signa! representative of the plurality of N parallel
phaseal i gnete et o5ihg Al ramaitinsdenird foopckiv b trottkades sisegiponsi-ve to the

el ectrigal &haeknoShanalivang s O aRkAiGab th%iogigf'%'ai éi&tr@Ja?gIg};?s&Qd gpiical clock

out put signal; and the receiving conponent npri ses: i'rst
opt i cal / el etanel whereitQ' E) conver si on devi ce responsive to the recei ved PAM

optical data signal .to.er %%“EO‘%EE&JP@%&Qm c version thereof; a second QE

conver si on devi ce response cel ved optica! clock
a phase alignment element responsive to a plurality of N of parallel data

signals and an electrical clock signal to create as an output a plurality of parallel, phase-
15 aligned data signals;

a first optical modulator responsive to the plurality of N paralle! phase-
aligned data signals and a continuous wave ({CW) optical signal to create a pulse amplitude
modulated (PAM) optical data signal representative of the plurality of N parallel phase-
aligned data signals; and

20 a second optical modulator responsive to the electrical clock signal and a
CW optical signal to create an optical clock output signal; and
the receiving component comprises:

a first optical/electrical (O/E) conversion device responsive to the received
PAM optical data signal to create an electronic version thereof;

25 a second O/E conversion device response to the received optical clock
signal to create an electronic version thereof: and

an A/D converter respeonsive to the outputs of the first and second O/E

conversion devices to recover the original plurality of N parallel data signals therefrom.

30 2. An optical arrangement as defined in claim 1 wherein the fransmitting
component first and second optical modulators comprise first and second Mach-Zehnder

interferometers, respectively.



signal to create an electronic version thereof; and an A/D converter
responsive to the outputs of the first and second O E conversion devices to
recover twe 20roguesal plurality of N parallel data signalPSTiuseriefossins 2. A
optical arrangenent as defined in claim1l wherein the transmtting
conponent first and second optica! nodul ators conprise first and second
Mach- Zehnder interferoneters, respectively.3. An optical arrangenent as
defined in claim2 wherein the first Mach-Zehnder interferonmeter conprises
a multi-segnment ,interferoneter. 4. optical .arran n s, defined in

i aim 3 whor ef n 3BT LE REETE e dar 1 bap £ st BF o) M LS B N

out put si gniaerfébo@Blcchptsad 4 hyitiakghbmpanald@hetebat a signals 5. An opti cal
arrangenent as defined in claiml wherein the transmtting conponent
further conprises: a first optical signal source operating at a first

wavel ength || cauphegtidaDartdigerhdiptl de@hed R IaEh B SEheRR the &hst WREwIZat@E; a second
optical signal source operatiquat a secand mqvelen‘thkll coupled to the

i nput of° t HBCHBEBAE Ghtiral  Mod Ut AR FsnaA HaMarP aptY CAN RHAUE] PFEX@R!st or
coupling the optical output signals fromthe first and second optical

nodul ators onto _a single optical ou%put‘signal pat h; and the receiving
conponent furthérA@dﬁ%?$§§§¥$@ﬁﬁééﬁ?Eﬁﬂ”ﬂé%ﬁHHW%ﬁﬁﬁer for separating the

PAM dat a si gnal yRrpRagA NG ndbndieNehenNgibrilds: fromthe optical clock signal
propagating at wavelength Il , and coupling each signal into a separate

optical signal path &firspeptisptdignal soarce apgyetinarit 2 st wetdlangdh A lrcosplad imthevher ei n
the tr m:tt (=] er conprises: an optical source operating
at a mggilé%%%ﬁgﬁﬁggygﬁﬁggﬁgﬁg géal splitter for directing a first portion
of the output fromthecoptdcad! saursoerct opdrhimgapd secald wanplshgtofh2 thweldd r st

opti cal anqutorTagﬁea s%fgnd}po%}%gn.of the output fromthe optical
source to tRECIHH 85T FRE ORFHE eSS opti cal modul ator: and the
optical transm ssi onachanmehulGseRs ks esuplinptelopifal ORbitGainalkierBs fidt f i rst
fiber

and second optical modulators onto a single optical output signal path; and

15 the receiving component further comprises:
an optical demultiplexer for separating the PAM data signal propagating at
wavelength Al from the optical clock signal propagating at wavelength A2, and coupling

each signal into a separate optical signal path.

20 6. An optical arrangement as defined in claim | wherein
the transmitting component further comprises:
an optical source operating at a wavelength A1; and
an optical splitter for directing a first portion of the output from the optical
source to the optical input of the first optical modulator and a second portion of the output
25 from the optical source to the optical input of the second optical modulator; and
the optical transmission channel comprises a pair of optical fibers, a first fiber
supporting the propagation of the PAM optical data signal and a second fiber supporting

the propagation of the optical clock signal.

30 7. An optical arrangement as defined in claim 1 wherein the second optical
moduiator further comprises an optical clock distribution arrangement for dispersing a

plurality of frequency-locked optical clock signals across the first processing node.
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supporting the propagation of the PAMoptical data signal and a second

fi ber supporting the propagation of the optical clock signal. 7. An opti cal
ar rangenew0 208)/deds8ned in claim| wherein the second optctals2emassias or
further conprises an optical clock distribution arrangenent for dispersing
a plurality of frequency-locked optical clock signals across the first
processi ng node. 8. A optica! arrangenent as defined in claim7 wherein the
optical clock distribution arrangenent conprises an optical splitter
coupled to the output of the second optical nodul ator, wherein the optical
splitter conprises a plurality of branching wavegui des for dispersing the
plurality of fréqﬂsnmyﬁJQGMan@mté@ﬁMubh@mkn§h@maﬁmﬁaowﬁaBM®ME first
processi ng | d? - g%lca .arran enen% z&i ?B C erein

t he second %‘t ‘*é‘éi“ r?%“d?ﬁ‘l“ FSPTPURE RRPPESHE ‘%‘%fé%”p St AW 0Bt FET” i nput

si gnal sounﬁﬁcﬁaﬁMUhkknﬂaMmmnmagmﬁ hﬂa&wmmpﬁammqﬁnuppnfmammg@|t|on of a
failure of the o cal arr as defined in
Gl i m 3 SahePBERH TP g TG AP AEBT PUERERL OEh TORY Bghr 1 of W
optical i nphdfist gbaksisoudsees for providing the optical signal thereto,
wherein a second CWoptical input signal source of said pair is utilized as
a back-up source upon recognition of a failure of a first CWoptical input

signal source 0B, abgtidARirfan@émEWVORELEEN iR UtwiSHNBE s&Opd 6R&al
modulator further comprises a second CW optical input signal source for utilization as a

10 back-up source upon recognition of a {ailure of the original CW source.

18. An optical arrangement as defined in claim 1 wherein the first optical
modulator further comprises a pair of CW optical input signal sources for providing the
optical signal thereto, wherein a second CW optical input signal source of said pair is

15 utilized as a back-up source upon recognition of a failure of a first CW optical input signal

source of said pair of CW optical input signal sources.
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