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BEIRLERSYF

Esm CE Exceptionally-Low-Loss LiNbO, Optical Devices & ICs
Technology Originally Developed for High-Performance Aerospace Systems

8711-148% AvE N.E., Redmond, WA 98052  Tel: 425-869-8673 info@eospace.com

Custom High-Speed Lithium Niobate Electro-optic Switches
. =1550nm; Please call for other i : 2000+, 1700, 1300, 1060, 980, 850, 700nm

Ultra-High-Speed (sub-nanoseconds) 1x2, 2x2 Optical Switches/Modulators
( wideband traveling-wave electrode structure with internal 50-Q2 termination)

1x2, 2x1, 2x2 Ultra-high-speed Switch/Modulator

g Speed _;;.:_1:_::.13...:_;_. - » Single polarization (SP), separate DC bias port
——— « >10GHz (>18GHz option), Tswitch<<100ps,Vr~ 5V
256" x 0.35" x 0.135" (65 x 8.9 x 4.95 mm?) *» [nsertion loss < 4.0dB (< 3.0dB option)
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Compact Time Delay Coil

Winding a large fiber spool is easy; but making compact and low
loss fiber coils demands attention, precision, and skills. With spe-
cially designed & computerized machinery and proprietary manu-
facturing process, we can produce exiremely low insertion loss
fiber coils that fit your budget and tight space. No more large fiber —
spools to occupy your precious space and no more high loss asso-
ciated with the small size! Our optical fiber coil fills a long overdue
vacuum in the photonics market, where large time delay and small size
are essential. Each coll is ruggedly packaged to withstand various
environments in field applications. Bare coils are available for OEM
applications.

Specifications:

inserion Loss ;) SS? dB/km typical, < 0.5 dB/km max. (above intrinsic
Fiber Length 10mup to4 km
Optical Delay g:g?:sgond to microsecond depending on fiber length
Operating Wavelength 1260 ~ 1650 nm standard, others specify
Fiber Type Corning SMF-28 standard, others specify
Operating Temperature -40~85°C
Storage Temperature -40 ~85°C
ik @ 3.5" (1.D.) standard
6.00" x 6.00" x 1.59" with enclosure

(Values are referenced without connectors)

General Photonics Corporationtt A2 0% kU



HEF/NNVvID7AK

Q999)). Il | \
o "“‘
O

@M ‘f

/N
P

NAR—FCKNAKDIBIERZFI AT DG D2: 1 AT DL
2KN 2— (K+1)N

- J



@Al Ny I 7AT

NR—h CTHERKADEBIERZN AT D5 ED2: 1EAN T DI
K*N"2—N



A B —2 YR INYITR—2 D
LM
« TRV
—BEROTCPODZEEIFHIILL TR ALY
o EHNTYRR
S =PAT
« TCPOZ7O—8UIERHTE

v

Kt




TCPEIL—ZDINYT7F

e CAIZKYTCPMIE

e« IN\YDI7LELVE[E

- (IZEFEIE) * (fRiXFE

=

(I ESREERIZE &)

Ex CJAYIF g

E) (T DN TFH

o —IIEMEGIXE KA/ NV ITTHNE?

— BRRIEL
—~ BRI R



Kt 56 0T [

Nt 5%

¥



TCPEFIRIL—FD /N T 7

« BFIRTIE

B KGNV IT7HLE?

_BMETIEZH(IN) DTCPOZEEIAEH N
ADT(LZTCP(IIHT)

o« ZEIE1,sqrt(N)IZ
— IN\YI7IE1 /sqrt(N)[Z?

« E#REEZE T sart(N) DEfEEEICIT NI

— BEEEREINEHREEZ LELZEX, FT L
~ N\YI7IEERFREEZRINT 5+ 8/ 7y TR
» JEIL—EAMNERMIC



INYIIR—2 IL—43

INYIIR—2(EIL—F 10BN ?

— B TRAYF

REID/N\VITF7IIFE

— BREM/N\TYNELIZ1EO. 001%3E]
c 15KREEDEEHRE/ N\VI7T+H

T I7A— LDV —13§Z R TR ?

- #Ht+@?)AIURN)—"7

BMBE/NAMIFLTHE RSN KUY

Mt
(




=IEDIRE

o« AB—RYRINYIIR—2 THIFE

— Ny EBS00BT. FCFCD&ERE
e JFEIE. OvoRIL—LALIZKYIEZ 50t

e (GIXKIT10GbpsT100KRZE
— RIEBHmEIZHEREE (X0
- 55 IEEE TlZ10Gbaud * 6bit.”baud * 200K E
FEE L AT RE




A F3:2 IR D i) 1]

ST —RINZIL—R DKL



E RNy

500B100:K
INT YR EAYSR ERA

ANYT ERA

— NS GIER

Ayﬁt&4

_/\/;'lﬁB 7 WDMIZF H5EADMAYZE

— R

_IQ‘f

KTl K

RH1-15B

BV AN YA

LK

HE CoEET &
IR O—FAENLZL
« EIEEHET

E53

Y *IJJ T%)




FF [
B U

FF ]
s Rqa—k

NYFERMO—FORHEHLDERGHE




i [ ’ R i

L YK RN fAa—K
NS DR REHIAND D E



INAMdd
I I

Y
INAMAd INAMO

A i ’ i i

L YK RN fAa—K
~NYEDREELIYRSIC



4

7]

‘:37)1/—/5‘ ‘:I“J’))lx—’)'l — 3t
XAV T—oDaT7IL—2ETVDIL—A

mill

X



A7 I)IL—RETYD)L—4

e A7 TIXIFIZEN. TV TIIESRNDE

« TYTIIL—ARIEIE
e [FIXEIHIL—FDES
/\/7_JI\€X1|=|/

TIL—32IE&]

U-“J y
><|

GI

(3R IR ICMPIS—5)IZ(%?

— H:‘EAX 75\1& H';ha[i (Gbp8$54

o] % 2 F

o IR (Bio~D
INTIRNEFE) TS

?) R REFREIZ
19 5B 5205
- SIEFEIENRE(+FE) T. LDOF oz [e

ik



1Tbpse A v &% —7 = — X

A

Il [ ] 3

(X

Ve Y
:l>: > O/E < >
YeAA T -, : :
e IR =l JOE
WDM+O/E*100
2w FMUX/DeMUX(BX)

IERRRRRRRERRRNE

I

—

10GbpsERA v F—7 = — A

IV )L—2 (BEREIEES NS ?)




1Tbpse A v &% —7 = — X

A

-

L 1]

|

JAA > F
JESIE R

INAV

A

» O/E

A 4

O/E

A 4

TEERMEDPRD I —F (Bo/\7rybE R

A

Il ]

(FEX

[XA~TAT)

aufi



1Tbpse A v &% —7 = — X

g - I
> » O/E |« >
WAL v F - : : Il =]
1 JIE AR = JO/E R (B
(AR S |
Ny b
L5z [AlE

JEEFFRRAD PRI IL—F Ny ERZ{E AT EE)



RERBIZHRIZES
SEIN YD FEER
. &HENIE(SCHEZ) %

. EEETE

TEHL

« HEEBZEHICLSDESHHL

° (Jllf,’&iééq]ﬁa L/)

o JLINTYRZBE

/NN E = HICEET

Pkl



EXEy
WDM
JEIR

A\ 4

m NNy = VA4

Yoy NEENT y MME

y e
Jis ek I = IRE ] Jis 3 = IH
. e 27 S | -
ALE xS iﬁaéfl]&’l”” AA v F
A} A A
i —T B BN — 77,
Hlm N = wa m N = v e =
Eam N =2 mE 0 om N = w E
‘ N B A m SN B [
! i iRz
g seplhe

v



HEFEZICZES
SEINT YD 57 B

e SEINTYRNBE/NTYrESHEIEETYY
] B

« REFEIZEBRIZCKSSERZHL
. EHSERE CER




(S
IR F
AA T

v

I = BRF Jis A Sk
Z5 ] & (R
A I 77,
= 34 =
AN e NN
[ ‘ mm_
[ ] fif ]
B 5

YRy NEE Ny N RRENEE



AL INAM

0D,

Q)
O

8 IR ] 22 #R. [0 55 DA B A5 )

WD MA 1




I/ﬁ A — i — //ﬁ > éf%ﬂiﬁ :
> . "R
== [ e
R W > ; EEZH%%EJ

. . "1 F[H

1B ] P

Z{i //T\\ >\25?EZJ§
%k) ) "R e ]
—— o 2 HA RS

| 25 R

" K R H]

AL A

TN
=5

o

>

@ : Q5HANTIRFE 7 7 A N IB AR

6T 7 A N EEIRIRL 1009 F 5 J Bep fR] 28 #a [m]



INTY R &Ny M E]

« N\ybEIE., I

— INTYREI TRV FTEESHELNTLY
o IN YRR (us~msBifi) &
— EDFAIZIRILX—MEFES
« RO/INTYCDKIETH—IM, |,

— AZ—/\y TR

s MusDEBMN—FEIZHEHLDIC

« FZ—[X . REEDIL—ATHE

15



 TAYA NS K e

AL AREEH

DIELDFEE KL
— KYAIl - OpticallZix <

— A—Y R YMIFIRTHNANYINKETE)
TFAARATALH—a T RLRIEER
~AF+T7RLRADERIERA?2)IN(R?

(NTYRR) . TTL, ToS. (7

—oN)L)

KRV T—ORNTISTT A MEIZ OB

LN(MTUZ#E—)



MUX.”DeMUX

1:2

1:2 /

| 12

1:2

1:2

1:2 —

\ 1:2

JHMUX (—) &tDeMUX («—)



JHtHEZ N B LT

MUX.”DeMUX

1°2 e » 1:1

= / — o 11

1:2 |« » 1:1
\ 1:1

1:2 | » 11

1:2 e 1

\ 12— 1:1

< » 1:1

JHMUX (—) &tDeMUX («—)



MUX

M\UX‘sz

BIELRIZKDIE/\NY D7

.

MUX

O — AR
AN

MUX

Coupler/MUX

\

N

- — L FEE



* 15

INTYRBREDESRRLTCP

EIEHR 15K (FHE,. *xK813m) DIFH

— B7i165% (497Gbps) TO. 0017%

— 70%TO0. 833%., 75%T4. 9% (RED)
« TCPODIER'

— 0.97*MSS/RTT/sqrt(/ Ny NE B FEER)

~ JL—3210E . MSS1440B, RTTO. 1sT

e 34Mbps

|I-

A
" Be

« TCP1A5AT340Gbps (B#ETIX+5)



INTYRDIBEFETCP

¢« TCPTRILY—4H 2 RABE S NDACKMNIE

<&

— Fast RetransmissionhE{E
— INTYRRB EFRFEEND
o« T—RANTYLDIEFINESDE
~ /W INTIMNEIEBEHREINS (BENDE)
-« KIFETETHLE, [BEFIFESLL
— 813MMELEIRTA4ufP (L—F2. 9Gbps)




B EEOREERE

c BRTRER
— S24FTOIILIL—k+16KD /225
— SRAM2FwJ TRIFAEE
—IN1TS54290v93. 3ns
— IPVOEXL/INA T4 R EUIE OB (L6 G 7]

o SR 45451120
_BIEEREARDINATSA e A A EE
— 550MHzFPGAT4nsLL T CEIME




IPv47 KL A

8bit

2bit

22Dbit

IPvA7 KL RIZLSD
BERERODEERER

)

RAMO
(4MW*18bit)

18bit

LSS

RAM1
(4MW*18bit)

d

OpPIK  14bit

_—

8:1 MUX (4bit)

Wy

1x

T~




LR SER ] O TRDEBIERR DA T T A T 1y 7 IR ARIERR T O

A

PN TN
- — L EE

B
M4 =N
=

A

FEIC NS O — >

—~—

RATSA Ty (PP BB AEAR O K72 8  3 L) RATIAL T a s
it
< FIFO|e T < ¢ FIFOe Ve | < %
|FIFO - |FIFO - 5
Ll Ll Ll L 5”
Ty b <« 37 ||«
|3 AT AE N N Tt mr e >
L:> HIE A V L:> e >>
Ty b e <« 37 ||«
|3 AT RE SN N Tt T :’ >
P T T — s — >
«— <7 e «— < K e
R e ~N—N —N\ P e >
i i 4 i >
N&yb] N#ybj
BT — B —
) 48 il )

INAT T A ARSI N 7 7 il E] ES

BEENT NS ~ BT — S



s JHERATIL
—~ TANF—2NE N, BETEGLGD
— BT psEE T+ MHRE
s JHERRBITIL
— INTYRBERI TR YFTELLLES
s EnstI NHE, HEYREE

« SLALIDFZFRAW-EBEMGE T R—U AV ME
ERTlE. 2. 5STHzOBEBAT
— 5000KMMDIGETHEEEIE<1ns




W e By NI
i .

Ay k| Pk
| > TRF[H]
a) 4 # DN bR
e e BN LTI
4

//\”7“/1\/55//\”7“/%/
— > IRF[E]

D ERDOX A I 7T DT ILE T > MER
Ny MEREERERIZ A I 7 OTH




e ZEEDOIRETIZ/ N IRDRALIZE

o K

~ fAEXRERIEICHECRRADMIE

(R MR IE

H

RIL—ETRIEALERIEITES

A

)

o INTYRIL—ATIIRRFRIE/ NI &I
2D
—EBREDOEAL/INT IR EIZES
— FHIEIX/N YRS LI E

=
i

EAILERIZHLTEHMNIZEE



AGCEAMaTA Y

INTYNEALOD

KRV 7ot

/\

il

|| || _/_

XNNRd

Coupler/MUX

AGC

| || _\_

XNONRA
Coupler/MUX
XNNRA
Coupler/MUX

)

hd

~
A—REE () A REE (FF)

%
5 =
[eb}
= e
o
(@)
g
Y
AT IREAL




G TSHREE

e 542 L—FM1Tbps., EH/\ 4 vkEB00

i,JB_I_JL1

B (4ns) . &M\ yhElfR2ns T

£666Gbps

ﬁ1-r4c65%‘c

‘_iljg-é;)]L1

T 433Gbps



{RRIRTFIER (PDL) DExE

s BEDODNHAAVFHRFII. REIRREIZEK-S
THEREANHMIIZELS

—MARIFIRRE(L . T F7AM/\TDIEET KR E
12523 LIZEAE

. PDLIZ&Y . K EEDEEBREINSND
e PDLAKELN(>0. 1dB?) &

~ B—{RETIREEREFEI7A/N\TEHLHEL
« BMEWANDI7A/NIE., FEALLY




HEETN

o SIR—FTEB/\YIFEBIEFR15AKELT
IHEE2:1(1:1) RAYyFHEUE
- B AR—FHY15%x154+15=240
o« AAYFERAYFRSA/\DEHEENIT
— 0. 26WEE. £(AT480W
— FRIRER . EEARGIE. SEEEFIC, +81+W
o 47R—bF7E5, 120W+a




BiES I —T12T(2&5
RIAEYRIL—4F
e BiiHII—Ta2T
— 1TbpsDEZE)L—EE10008HLR 3
— FNLZEZERICLTHAERS




HEFSHEDDOLYH -

KXKDBRAANYFZZEIZDHES

NEXRDHEBEHKEICIXlog NERIHE
DI EENIogNDIN—F) T

— NAIN—F2—T(TIEZNZEI (Nlog2N)
logN DB IE [T EE (T 7Ely

128EHIL—FEZAXADNDEZTZAA YT
DIGCEABRNE



(o]

R—RIL—ED5D ., 167

N

—kIL—2DYERK



ZHTHEZERED=OIC
INVITTFITIHLEMN?

« BIEHF/NYITT7IE
— BFfEIF A T 22 0] &%

« TIOLILAVI—T 4T ELVSEGE
— ZBfEIF A T 22 0] &%
—FEAENEDGINEIZ, NI E L

« RAEYFHFERTIE
— ZHDFEITHIFANDFE
— IR A THOEZREEEH B ARIZHEE







FILO v I—T4Y






KNV IT7LiEWNGE
(7h—k2:4)

 FIHAE

o« J7A/\$1(N)20~30K%E

_—

rE

e 2:1HRAVYFEFN
—~ N=20T47201#
—~ N=30T106801#

RKTCTVIalb—y3y

ERAES)

B



ifl
1]

P-17R— b

— —
NA NA NA
(P-1)*N:N®

\ 4

T ANAAL o F

NAR

1 ZZER] R A A VP CEZEEREAZ 1T 9
Yy NAA v TFOHTIAR— b



—&— 0.01%

—o—0.1%
—— 1%

£

1 2 3 4 5 6 7_8 9 19'20304050100
WIT T 747 \8

X2 WATT 7 A2 TOE 2R



S\ Ir L BB

 FIHAE

I

o« J7AI\NEA~5KFE

(7R—r2h:4)

— =

rE

RKTCTVIalb—y3y
FR VA AV
EWANGE 3::1:0

e 2:1HRAVYFEFN
—~ N=4T368{&. N=5T5801&
« BEZI16AKDAR—FRMYFTRAYFEREFEH
S8 (fEDARAYFE THEREAE)
o ENREEW, BT T7A/\NTLRTIEE LN
_ BEEEAEML T T, BRI DMRE
8 h—hrNIZEEE1760{AL8881H




P-17R—k

A

NA
—

NA
—

l LI

1%,

|

il
el

A 4

(P-1)*N:2ND
T ANAA > F

A 4

A 4 y

PEIERR*N

2.

%3

A 4

1AL v FHFF*N

ZER] R A A

——
NA

& REfE R A A T ZE[a1kE 2

112067y b AL »FOHIE— |




0.8

0.6

e

0.4

0.2

0

—8—0.01%

—o—0.1%

e
A
¥

1 2 3 4 5 6 7_8 9 1‘(‘)'111213141516
WfT 7747\,

X4 AT 7 AN LIRS TOMHE 22 [A]5k




AN\AVRNERTOF|H

« BAFIANIAVHNEBDOHEEFSHEIE

— 10PFLOPSH 5 #Pbpsig,

EMNEFELLY

— 87 R—kHJIL—5(500Gbps * 8 =4Tbps) 7%
510005 (500kW)FBE (% 2?) TED

« TEEBEZ DT, BEHT-UDEELEE

1Ll

HIF L. N\ TrybRElRLEDHLNS

_ HlZz 1£10Gbaud * 6bit.” b
=12TbpstAl. BE#EEE

aud * 200 &
= NHES




HHYIZ

« TOEYMRUFIT)&FIL—2IE

- REOH M TEIRAEE
o WiFEIZEKYRFE Y NREFERE AT EE
« FEMNFTZALY

- FJ I, R/ avOTF—EtE 42—




Optical Switching of
Many Wavelength Packets

A Conservative Approach
for an Energy Efficient Exascale Interconnection
Network

Masataka Ohta
Department of Computer Science, School of Computing
Tokyo Institute of Technology
mohta@necom8&30.hpcl.titech.ac.jp



Background

Exascale Era 1s coming
“a long-term goal 1s to reach the ImW/Gb/s
(1.e., 1pJ/bit) range™ [1]

“~5mW/Gb/s for the power of an optical
TX/RX pair” [1], which means EO/OE
consumes Spl/bit

Optical switching omitting EO/OE seems to
be the MUST



OPS 1s Conservative but OSC 1s
NOT!

« Data Centers and Super Computers, today, use Packets
for Communication

— We don’t want to change our packet based programs or
programming styles

* OCS can not Support Certain Communication Pattern
such as All to All

— At 1Ebps bisection bandwidth with 100k nodes and
100k*100k OCS

» Average bandwidth of a circuit is 10Tbps
— scarcely no room for wavelength routing (just switch spacially)
* too fast for most, if not all, applications

— Elephant (1GB) data moved in 0.8ms (or, with elasticity, faster)
— The problem of current elephants are that they are so tiny



So, Let’s Have OPS

e How?

* Isn’t OPS proven to consume a lot of power and be
hopeless?

— [6] R. S. Tucker, “The Role of Optics and Electronics in

High-Capacity Routers™, J. of Lightwave Technology,
V. 24, N. 12, Dec. 2006.

* Not necessarily, as I have been working on OPS
since 2005 1n a way not considered 1n [6] and,
basically, it is confirmed to works, [2] with
pipelined buffer control, [3] with 1.2Tbps DP-
DQPSK encoded packets and [4] with 31 FDLs.




Photonics Experts Might Have

Thought

OPS must be hard

OPS should need most complex photonic
circuits

Designing less complex, but still complex,
components for OPS should be the first step to
achieve OPS

Complexity means Much Power Consumption

— Instead, just make it simple and evaluate power
consumption



Packet Experts (Most of US, here
at HPSR) Know

» Packet Switches are Boringly Simple
— Input a packet
— Analyze header of the packet
— Forward the packet to an output port

— If the packet collides with other packets at the
output port, buffer, OW, output the packet



Can Packet Experts Still Say:

» Optical Packet Switches are Boringly
Simple?
— Input a packet
— Analyze header of the packet
— Forward the packet to an output port

— If the packet collides with other packets at the
output port, buffer, OW, output the packet



Packet Experts Knows

* Optical Packet Switches are Boringly Simple
— Input a packet
— Analyze header of the packet

e may use usual electric circuits
* bit-wise operation, but the number of bits 1s small
— Forward the packet to an output port
« must be done optically, but is a packet-wise operation
— If the packet collides with other packets at the output
port, buffer , OW, output the packet

* buffers are to avoid collisions in time domain
— FDLs are enough

* the last thing to do is to evaluate FDLs as the Buffer



Evaluating Fiber Delay Lines (1)
Aren’t They Lengthy?

Delay for Duration of a Packet needs Length of:
— (bits of a packet)™*(speed of light)/(bps of fibers)
In 2005, assuming Ethernet and 1Tbps
— (12kbits)*(2*10%m/s)/(1Tbps)=2.4m
— Short Enough! Slow Light? Why bother?

Today, assuming 9kB packets and 16Tbps
(40GBaud DP-QPSK with 100 Wavelengths)

— (72kbits)*(2*10°m/s)/(16Tbps)=0.9m
How can we have 1 or 16 Tbps packets?
— Obviously, with many wavelengths! (and polarization)



j3uoleAem

Many Wavelength Packets

. header
— | : = wavelengths
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-------------------- : switching by optical switching devices



Evaluating Fiber Delay Lines (2)
How Many Delay Lines Needed?

» Packet drop probability should be small
— but, how small should it be? 0? NOT AT ALL!
— small enough not to degrade TCP performance

— old theory requires amount of buffer capacity of
 (bps of a link)*(round trip time of the TCP)

— round trip time within LANS is still small

« the theory applicable when the number of TCP 1s small

— new theory requires buffer for tens of packets or less

« the theory applicable when the number of TCP 1s large (traffic
is Poisson) and small amount of bandwidth is sacrificed

« FDLs, lengths of which increases with geometric
progression of common ratio 2, seems to be best



An Example of TCP Performance

« Expected TCP bandwidth 1s
MSS/RTT/sqrt(p) [11]

* Assuming MSS (Maximum Segment
S1z¢)=8960B, RTT (in this case including
buffering delay)=10us (delay by 1km of
FDLs 1n each direction) and p (packet drop
probability) = 0.15%, 1t 1s 185Gbps.
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Fig. 5. FDLs with Lengths in Geometric Progression
with Common Ratio of 2



Buffer Control (1)

a) 1nitial packet distribution




Buffer Control (2)

b) new packet put to the third shortest FDL



Buffer Control (3)

c) another new packet (shorter) put to the
second shortest FDL
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A Micro Architecture of A Proposed Optical
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Power Consumed by Optical
Packet Switches

* Optical Packet Switches are not Power Consuming
— Input a packet
— Analyze header of the packet

 bit-wise operation, but the number of bits is small
— negligible power consumed
— Forward the packet to an output port

» must be done optically, but is a packet-wise operation

— negligible power consumed by capacitive optical switching devices
without termination registers

* most power is consumed by optical losses here

— If the packet collides with other packets at the output port,
buffer

 and here
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Estimating Power Consumption
of An Optical Packet Switch

Depends on Signal Energy
— (Signal Energy)=SNR*(Noise Energy)
— (Noise Energy)=(Photon Energy)*(# of Noise Photons)

— (# of Noise Photons)=(10NFBYI0_1)*(# of EDFA
Stages)

— (# of EDFA Stages)=3*(# of Optical Switch Stages)
With SNR=10dB, NF=3.98(!4.77)dB and 64K*64K
Butterfly (8 stages of 4 port switches)

— (Signal Energy)=4.62*10"1"]/bit

Power Consumed by 1 14dB, 20 13dB and 10 14dB
EDFAs (30% Efficiency) is 9.9*10-14]/bit



Estimating Power Consumption

of Interconnection Network

Minimum Packet Length: 0.125ns

Minimum Packet Interval: 0.5ns
Packetization Overhead: 0.06ns

Load: 60%

Traffic: TCP with two 9kB Data and one ACK

Energy Consumed by 8 stage butterfly
— 1.49pJ/bit (@ eftective bisection bandwidth of 0.53Ebps

Energy Consumed by 15 stage Benes
— 5.3pJ/bit @ eftective bisection bandwidth of 0.53Ebps



Payload Format
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Estimated Volume Occupied by a
Proposed Optical Packet Switch

* A4 port elementary switch consists from:
— 4 1:20 and 80 1:2 splitters Assume photonic
— 40 4:1 and 4 10:1 couplers } integration with
— 200 1:1 switch devices control circuits

— 124 EDFAs (12.4km EDF assuming each Iéa}&eeb(g%l[) 1: 20

« Assume each EDFA needs additional 10cm? (mare ntegrat10n‘7

— 40 FDLs (total length of 3.7km) splitters

* 1.2km of fiber can be coiled 1n a compact bobbin
(40mm diameter and 20mm height, 25.1cm?’) [12]

« With 100% overhead, total volume is 3250cm?

— smaller than a cube with 15cm edges
— a lack storing 16 nodes stores 32 switches (butterfly)



Conclusions

* Many wavelength packets enables 16Tbps packets
— with 100 wavelengths and 40GBaud DP-QPSK
— 9kB@16Tbps 1s 4.5ns long (delay by 0.9m FDL)
— At 60% load, an optical buffer with 10 FDLs have:
* packet drop probability of 0.0089%
* An Exascale interconnection network for 64K nodes
with 4 16Tbps port optical packet switches

— estimated to consume 1.49pJ/bit (butterfly topology)
and 5.3pJ/bit (Benes topology)
 with effective bisection bandwidth of 0.53Ebps

— the volume of such a switch is estimated to be 3250cm?



Related Paper in the Workshop
(this Afternoon)

« M. Ohta, “Optimal Radix for High Speed
Optical Packet Switching”

— optical packet switches in an interconnection
network should have low radix such as 2, 3 or 4
to minimize power consumption of the network



Optimal Radix for High
Speed Optical Packet
Switching

Masataka Ohta
Department of Computer Science, School of Computing
Tokyo Institute of Technology
mohta@necom8&30.hpcl.titech.ac.jp



Conclusions of [1] (Presented in

this Morning) assume Low Radix

* Many wavelength packets enables 16Tbps packets
— with 100 wavelengths and 40GBaud DP-QPSK
— 9kB@16Tbps 1s 4.5ns long (delay by 0.9m FDL)
— At 60% load, an optical buffer with 10 FDLs have:
* packet drop probability of 0.0089%
* An Exascale interconnection network for 64K nodes
with 4 16Tbps port optical packet switches

— estimated to consume 1.49pJ/bit (butterfly topology)
and 5.3pJ/bit (Benes topology)
 with effective bisection bandwidth of 0.53Ebps

— the volume of such a switch is estimated to be 3250cm?



Isn’t High Radix Better?

Yes, if we want to minimize delay with a single chip
switch with limited 10 bandwidth of the chip

— optimal radices are 40 and 127 assuming technology
available in years 2003 and 2010, correspondingly

Yes, if we want to minimize power consumed by EO/OE

However, 1f 1t 1s “Optimal Radix for High Speed Optical
Packet Switching”, not necessarily, because

— “High Speed” makes delay negligible

— “Optical Packet Switching” means there is no EO/OE

So, what 1s the optimal radix to minimize power
consumption of a butterfly network?



Power Consumed by Optical
Packet Switches

* Optical Packet Switches are not power consuming
— Input a packet
— Analyze header of the packet

 bit-wise operation, but the number of bits is small
— negligible power consumed
— Forward the packet to an output port

» must be done optically, but is a packet-wise operation

— negligible power consumed by capacitive optical switching devices
without termination registers

* most power is consumed by optical losses here

— If the packet collides with other packets at the output port,
buffer

 and here
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Power Consumption of An
Optical Packet Switch

* Depends on Signal Attenuation

— with broadcast & select with P ports and D FDLs
* splitting signal to P*D FDLs: P*D attenuation
« merging signal from P ports and D FDLs: P*D attenuation

— energy lost is: (P*D)?-1 (approximately (P*D)?)
* Proportional to Signal Energy
— (Signal Energy)=SNR*(Noise Energy)
— (Noise Energy)=(Photon Energy)*(# of Noise Photons)
— (# of Noise Photons) o< (# of Optical Switch Stages)

— thus, proportional to # of Optical Switch Stages
 with butterfly topology for N nodes, it 1s log,N

* Proportional to # of Switch Ports: N*log,N



The Optimal Radix

* As D and N are Constants, the Optimal
Radix P Minimizes

— (P*D)**log,N*N*log ,N o< (P/InP)>

_ or, just P/InP and d/dP(P/InP)=(InP-1)/(InP)>
e Thus, the optimal radix 1s e=2.71828..., or,

in integer, 3

— 12% more power 1s consumed with radix 2 or
4, not bad



