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Outline )

= QOptical Interconnects

= Silicon Photonics, short term vs. long term.

= Optical Networks
= Provisioning (slow configurations) (Virtualization)
= Routing (fast reconfiguration)

= Silicon Photonics
= Feasibility, Scalability, Technical Challenges
= Hardware interface (software interface)

= There is a lot of conjecture in this presentation — to facilitate
thought and discussion — not to discuss our work.




Plausible Transceiver Evolution:
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100GbE — 10 ThE (2013-2030)

Data Center Goals
= |ow cost

= Small form factor
=" High density

= Low power

= |Low fiber cost
SM, MM, MC, MPO
= Reach to 1km

100Gbps: SiP
= 4 CWDM @ 25G
= 8 PAM @ 33G

1Tbps:
= 8CWDM, 8 PAM@42G
= DWDM: 40\ @ 25G

10 Thps:

= 80 A/8PAM@42G
(1 fiber per direction)

100Gbps: VCSEL
= 8(12) MPO@ 25G
= 4 CWDM @ 25G

1Tbps:
= 25 Multicore @ 40G
= 8 PAM, 12 MPO @ 56G

10 Thps:

= 16 Multicore, 12 MPO,
(192 cores) 8 PAM @ 35G




Optical Interconnects )
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50 ohm lines with ‘HIGH’ POWER DISSIPATION

Pre-emphasis & BETWEEN ELECTRONICS AND
Equalization

= Evolutionary (Modules)
= GbE and 10GbE Products

= 100 GbE modules soon w/
VCSELs and Si Photonics

= TbE modules on the horizon

PHOTONICS

IO Bandwidth has
Nothing to do with
optical interconnects
(3 Tb/s, 2005)

* Revolutionary (3DI)

— Higher bandwidth density OPTICS FOR DISTANCE
° DWDM is req u i red ! ! No 50 ohm terminations Ultra-small devices (100ks of them)
No pre-emphasis/EQ Low cap modulator
No encoders Low P compared to E driver
= . No High Power Drivers Low cap Photodiode
— D rastlc poten t’al power J Big voltage swing > direct to Logic.

reduction

* No 50 Q lines, pre-
emphasis or equalization

* Receiver has high

transimpedance, few gain DWDM for 100 Gois o bl
stages 1000 10 = 1 Pbys!
« Shared CDR (less delay
variation and jitter) OPTICS FOR LOW POWER, HIGH BANDWIDTH DENSITY,
COST, SIZE, WEIGHT, DISTANCE




Electronic-Photonics Integration @i

= Heterogeneous integration

= |ndependent optimization of
electronics & photonics

______________ Photonic Layer

= Need very high yields and small size




Si Photonics Optical Interconnects @)

= Modulators, integrated Ge detectors > 40 Gbps (research)
= Parallel channel modules in production (AOCs)

= 4 x 25 Gbps WDM modules announced last OFC

= Mach-Zehender modulators, ‘large’ filter technology

= No micro-ring resonator products (no my knowledge)

= Demonstrations > 40 Gbps

= 1 fJ/bit modulators

= Capable of few fl/bit receivers (Ge detectors)

= Resonant wavelength control bench top demonstrations
= Heterogeneous and monolithic integration with CMOS




Beyond Optical Interconnect ) .

= Various technologies exist for optical transceivers
= Silicon Photonics, VCSELs & 1lI-V integrated optoelectronics

= |ntimate integration with high-value electronics

= Lower power and higher bandwidth density, lower cost?

= From a networking perspective, optical interconnects aren’t
that interesting

= More interesting are routing functions
= Passive routing (wavelength intermixing)
= Active provisioning (not reconfigured often)
= ‘Flow’ or packet routing (reconfigured every ps/ns/us)




Data center hardware architecture @&z.

" Interfaceto s
external network

= One or more levels

of routing between \

racks

= Servers have ‘top of
rack’ switch to
route within rack\
and interface to
inter-rack

____________________________




Passive Routing
Hi Radix Switch interfaces

= Simple Passive Mux demux’s

with waveguide routing |
= Allows large output from one \\ ,

switch to go to many places ~

= |mplementation:
= AWGs,

= Thin film filters
= Silicon Photonics
= * more on this later ... |
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Software Defined Data Centers ) e,

= \irtualization

= Shared data centers

= Software defined networking

= Known path routing

= Optical switching and routing




Data center virtualization ) i,

= Offer data center
services — physical

port locations

{ .° . ) i ________________________________________ i

virtualized | ‘R .
= |ssues? ; i

= AGG/R more richly

interconnected than it 2 , = o~ o
needs to be //k;

TOR TOR TOR




Data center virtualization LL

= ‘Cheap’ optical layer allows

packet switching @00
(provisioning)
= |f the optical layer can @00

reconfigure FAST, then we
can route packets OPTICA

= Papen, Porter et. al., UCSD / .

TOR TOR TOR
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virtualization with less B AN e 720 E——— ,




Sandia

Metro-regional transport T b

= Network is physically in rings

= ROADMs allow reconfigurable
bandwidth between routers

= Wavelengths allow all-to-all

node connectivity é
= OTN cross-connects allow sub-

wavelength granularity

= The optical network isn’t
switching and routing

— it’s provisioning bandwidth

= Can we apply something like
this to data centers Router Router

= Why?
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Active switching technology choices
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= MEMs, Liquid Crystal (WSS)
= 1:N (good!) or 2 x 2 (bad)
= Slow (1 us—1 ms)
= Often free-space (grating for WSS) {expensive}
= Fairly scalable to large sizes?

1x4 Wavelength-Selective Switch (WSS)

. Fox oot womussome gl
= Products Si-Bus—»
= |ntegrated Optics (Silicon Photonics, IlI-V) fT}'"gstE“ |
= 2x2 (bad) '
= Slow (1 us) or very fast (<100ps) . >
= Scalable (with more maturation) ‘% g
= Flex bandwidth Si-Microdisk ”‘.-"iwg
" Research . :Vétts et. al., Group IV Photonics 2008




2 x 2 silicon photonics switches ) B,

Si-Bus=»
Tungsten ey {
Adia —»

t-;jx‘:b

% . /..f
T?a =
I‘—-—J‘———-ﬂGr
Du"’?df

Si-Microdisk

- - ] ——— S :
!’\___}l MR - free carrier effect

4—SI0)COH-IS —»
«—SJARIH-IS —»

MZ - thermo-optic MR - thermo-optic




2 x 2 silicon photonics switches

Fast (< 100ps) *m
Broadband T, H
1pJ/switching event

1 mm size

No static power

MZ — free carrier effect
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Fast (< 100ps)
Wavelength selective

1f]/switching event
No static power
<10 um size

Ring — free carrier effect

Slow (10 us)
Broadband

15 mW/GHz (2-pi)
Static power in one state
< 10 um size + coupler

MZ - thermo-optic

Slow (10 us)

Wavelength selective

4 uW/GHz (200uW)
Static power in one state

<10 um size

Ring — thermo-optic




Resonant silicon micro-photonics
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Simple Medulater Switch Driver: ¢ o ¢ .v.w
Differential Signaling

= No pre-emphasis | Transmitter
= No AC coupling

= No high voltages
= CMOS logic levels

Fwd
+.250 +.250

-.250 / -.250

.500

results in consistent

input to the device * 10 Gb/s
« Common Mode:

« .25V, .8V, 1.2V
W.A. Zortman, A. L. Lentine, D. C. Trotter, and M. R. Watts, ‘Low-voltage « 3 fJ/bit

differentially-signaled modulators,” Opt. Express 19, 26017-26026 (2011)

common mode Rev
arbitrarily chosen




Si Photonics 2 x 2 WSS ) S,

Simplified Cross state transfer function
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LONG TERM (IDEAL) SPECS:

= Ultimate Switch time < 25 ps
= Loss (cross state) 1—2 dB

= Loss (bar state) < 0.2 dB

= Crosstalk (15-20 dB)

= Resonant wavelength
stabilization

= RingSize~4-6um

= Coupling gaps ~ 200 - 500 nm

= Ringtoring spacing~4 -6 um*
Size<12um X A X 10 um.




WSS Networks ... rh) i

oJoJe. oJoJo) 000
000 000 000

N\ \ [
oJoJe. oJoJo) J 000
000 OO0 —XC 000

B ~ ‘N
000 y oJoJo) 000
OO0 rT¢C 000 \ ¢ 000
oJoJe. J oJoJo) J 000
OO0 rC OO0 —XC 000

= Variety of networks from 2 x 2s (Extended Generalized Shufflel!])
= Squaring of crosstalk (EGS, Dilated Benes)
= Tradeoff between initial fan-out and number of stages (EGS)

= |nterconnects require planar crossings or two level optics

= Nitride, Polysilicon: crosstalk can be very good, careful of loss



Scalability: 256 x 256 x 32\ (8192 ports) (&=

= Parameters: (F=16, s=11); 256 | m o oggn
= 2x2size: 12 x 10m, (um); switch length = s*10m, 1 stages R
= |nterconnect length (N/2+N/4+N/8+...)*(w+g)+s*(4r+2T); lm = BN

= w+g=4um, r=2um, T=20um GENE |UUGENN OB
- - ST - _ : o pEmmlc- PEdC. |
Design characteristics: 4 chips, F=4 per chip — o

= Height =12*256*4 =12.3 mm CENE || NS USEEE
= Length < (10*32*13)+(512*4+192)+(13*(8+20*2)) = 7.1 mm =v16 COpleS —

= Resonators =11 *32 * 128 * 2 +384 = 90,496 tunable rings (361,984 flip chip bonds)
= 15 stages (including fan-out): 15-30 dB of switch loss

= ~ 1024 waveguide crossings worst path (and 26 transitions between layers)

= 13 switch in-band cross talk components, and 26 adjacent channel cross talk

= Must consider networks with square of crosstalk

= Active wavelength stabilization: 100uW/per ring * 90k rings = 9.0W!




Challenges — =L

o
= Transfer function through pass band EEEE — FEEE
= Coupling dependencies (Gap lithography, Si thickness)

= Back reflections from surface roughness, waveguide-ring interface, and
crossings (Do we need isolators at intermediate points?)

= Resonant wavelength stabilization on a grand scale
= Better efficiency needed compared to today’s research results
= Less initial fabrication wavelength variation
= Very high yield flip chip bonding to control circuit.

= Waveguide crossing losses, crosstalk,

= Two layer Silicon is probably the answer (60 dB crosstalk is likely achievable)

= Waveguide, switch, and fiber coupling losses (push hard!)

= Long waveguide runs, variable waveguide widths on chip

Polarization diversity
= Researchers always forget about packaging (example has 512 fibers!)




Resonant Wavelength Control ) R
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= Control Loop

= Measurement In Out

= Temperature

M+ V- Switch

= Power (shown) Heater

* Phase (BHD, PDH)

Monitor
= Bit errors ZIS

= Integration (Pl Loop) Measurement ||
= Stimulus /\/

err Stimulus
" |Integral Heater (shown)
= Forward bias (heater/carriers)

Integrator

= Reverse bias (carriers) Reference
= Many techniques demonstrated

= Balanced Homodyne detection, Bit error rate, Temperature sensor (Sandia)
= Dither (Columbia)

= Power (Columbia, MIT)
= Pound Drever Hall* (Texas AM)




Resonant locking of a DWDM filter (Sandia) rh) e

) W\N\N\J\N‘ W\F/Lock Enablled

[l
10 20 30 40 50

gnal (V)
(e]

= Creates anti-symmetric signal — lock
at zero (no reference)

o

[Error Si
©

0
= Build an optical interferometer with ]
aringinone arm ey
1k | - .
= Can we eliminate phase adjust? o fo 20 30 40 50

= Simple electrical circuit (minimum
power)

ThroughPower (4WW)  Heater Command (V)

10 20 30 40 50
Time (s)

o

Output Monitor (b)
— DAC BHD Transfer Function

(a)

Optical Input - Detector __0af
> 2 Filter Resonance

F o )
: Heater Command —
1]
f" =
Tunable | | | NS O .%o

Laser E :

1 - ¥ e "

0 2;) 40 60 80 1;10
Wavelength Detuning (GHz)




Conclusions )

= Photonics in data center for
" |nterconnect (Hi Radix options)
= Virtual configurations (provisioned connections)
= Data routing (microsecond to picosecond reconfigurations)

= Silicon Photonics offers the potential for scalable data center
networking solutions with 1000s of ports.

= Simple CMOS interfaces to Si photonic devices

= |eads to low cost software/photonic interfaces

= Many key technical challenges remain

= No show-stoppers identified yet




Locking using a dither signal (Columbia) ) i,
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= Creates a signal that is anti- e i
symmetric (lock at zero) Input  __ ___ . . Output

= More complex electrically Heater ¥
= Simple optically —— st ————1"""
| /

= Some small degradation in the
optical performance with dither

= Power, size, ?

Low-Pass

Feedback
Fiter | o J? @

Control

SQ




Components ) =,

=  Transmitter (electrical) :
» Serialization (Tx) Focus on chip to

chip interconnect

=  Modulator Driver/Modulator
*  Modulator wavelength stability

= Receiver (electrical)
=  Demultiplexer wavelength stability
Receiver
=  Phase alignment
= De-serialization (Rx)
= Laser (electrical/optical)

= Laser Optical Power = Rx sensitivity + Loss
budget (in dB)

. d1 d2 d3 d4

. RX

= Laser power = Laser optical power/efficiency




Filter technology

= AWG (Silica)
= TFF
= Sip
= AWG
= Eschelle gratings

= Cascaded MZ interference filters
= Micro-rings

Sandia
National
Laboratories

Sandia Proprietary Information



What is Silicon Photonics? ) iz
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= Active and Passive Photonics on/in Silicon
Oxide Encapsulation

= Passive:

= Waveguides, spectral filters, splitters,
polarizers, polarization rotators, gratings,
isolators™

= Active

= Modulators(EO), switches, detectors (OE,
Ge), lasers*

Si-Bus—»

= Thermal Shift of index | ‘ Tungsten . o /4
= Electro-refraction
= Electro-absorption (SiGe)

= Most applications require intimate
integration with CMOS Electronics Si-Microdisk
= Heterogeneous integration 4um
= Flip-chip bonding, Wafer bonding, etc.
= Monolithic integration




Silicon Photonics devices implement

SSSSSSSSSSSS

complex chip-scale tworks

Sandia
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= Most key devices are TRL3

Integration of many different devices

—— - UNCtioNs map into silicon photonics devices

Al
:o“;: WVia 6> NviaWVia
C si
AGC
>
- ‘\

= Challenges: Integrated optical amplifier at TRL1 &




Low V-pi Optical Modulator ) 2,
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R LA

Input Port 2 — ﬂ[& r@] = Output Port 2

" E 1 g 1
— OV (10%cm’) | 2 : 5
- 5V (10"/cm’) | & ¥ g
'l ~ ”
1 :
= 3 3
a 3

10"/em n-doped -10%cm’ % Output Port 1 £ |Output Port 2
0 Time (ps) 500 o Time (ps) 500

Maximum Overlap — Vertical Junction o :E?r;m |
o Effective Index: Af ox 52 [AN|e|>dA % eI
o Phase Shift: | A¢ o« ANAYL £ |
@ Record V,.L: 1V -cm E """""""""""""""""""""""
@ Power: ~10pJ/bit, same as VCSELs J

0

T2 3 4 5 6
M. R. Watts, W. Zortman, D. C. Trotter, R. W. Young, and A. L. Reverse Bias Yoltage (Voits)

Lentine, ‘Low voltage compact depletion mode silicon Mach- ﬁ

Zehnder modulator, IEEE JSTQE, 159-164 (2010)




Broadband 2 X 2 Thermo-optic =
switches

[
L

—
=

LA

Applied Power (mW)
= Optical Power (au)

=]

C. T. DeRose, M. R. Watts, R. W. Young, D. C. Trotter, G. N. Nielson, W. A. Zortman, and R. D.
Kekatpure, “Low power and broadband 2 x 2 silicon thermo-optic switch,” OFC 2011.




2.4 ns Optical Routing (Electrical Control)

= Forward bias for
large shift

= Only one A can be
switched to the
cross state

= Switches
cascaded for
DWDM switching

= Basic element of
wavelength
selective switch
(WSS)

Power (dB)
I

10°

Bit Error Rate
=
EY

—_
o
®

10.\5
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Full C-band tunable filter/switch @&,

Silicide / Silicon

Insulating Leads

= Full C-band tuning Integrated
< Si-Heaters—» Tu ngste-n’ Si-Heater
Si-Tethers
i 6\?icaf
= Very low thermal
i < Si-Heaters—» Vacuum Clad Support
tuning power I-Heators e

"= 4.4 uW/GHz -5 R —

" 30uw/C — b e

= Microsecond
switching times

Transmission (dB)
& o

M. R. Watts, W. A. Zortman, D. C. Trotter, G. N. Nielson,
D. L. Luck, and R. W. Young, ‘Adiabatic Resonant 35 1540 1545 1550 1555 1560 1565 1570 1575
Microrings (ARMs) directly integrated with thermal evaonom: (e

R



LONG TERM SPECS: In 2

Si Photonics 2 x 2 WSS ) S,

In 1

GRAPHICAL VIEW
NEED L PLOT

Ultimate Switch time < 25 ps
Loss (cross state) 1 —2 dB
Loss (bar state) < 0.2 dB
Crosstalk (15 - 20 dB)

Resonant wavelength
stabilization

Out 1

= RingSize~4-6um

= Coupling gaps ~ 200 - 500 nm

= Ringtoring spacing~4 -6 um*
= Size<12um X A X 10 um.




EGS Design parameters

6, sp=16,N= 64, F>= 20, X=10240, X2= 4096, rings=655360
7, sp=15,N= 64, F>= 14, X= 6720, X2= 4096, rings=430080
8, sp=16,N= 64, F>= 11, X=5632, X2= 4096, rings=360448
9, sp=15,N= 64, F>= 8, X= 3840, X2= 4096, rings=245760

= s=10, sp=16,N= 64, F>= 7, X=3584, X2= 4096, rings=229376
= s=11, sp=17,N= 64, F>= 6, X=3264, X2= 4096, rings=208896
= s=12, sp=18,N= 64, F>= 6, X= 3456, X2= 4096, rings=221184
= s=13, sp=19,N= 64, F>= 6, X= 3648, X2= 4096, rings=233472

S
S
S
S

7, sp=17,N= 128, F>= 28, X=30464, X2=16384, rings=1949696
8, sp=18,N= 128, F>= 22, X=25344, X2=16384, rings=1622016
9, sp=17,N= 128, F>= 15, X=16320, X2=16384, rings=1044480
= s=10, sp=18,N= 128, F>= 12, X=13824, X2=16384, rings=884736
= s=11, sp=19,N= 128, F>= 9, X=10944, X2=16384, rings=700416
= s=12, sp=18,N= 128, F>= 8, X=9216, X2=16384, rings=589824
= s=13, sp=19,N= 128, F>= 7, X=8512, X2=16384, rings=544768
= s=14, sp=20,N= 128, F>= 7, X= 8960, X2=16384, rings=573440
= s=15, sp=21,N= 128, F>= 7, X=9408, X2=16384, rings=602112

S
" S
S

. s=8, sp=20,N= 256, F>= 44, X=112640, X2=65536, rings=7208960
. s=9, sp=19,N= 256, F>= 30, X=72960, X2=65536, rings=4669440
= s=10, sp=20,N= 256, F>= 23, X=58880, X2=65536, rings=3768320
= s=11, sp=19,N= 256, F>= 16, X=38912, X2=65536, rings=2490368
= s=12, sp=20,N= 256, F>= 13, X=33280, X2=65536, rings=2129920
= s=13, sp=21,N= 256, F>= 10, X=26880, X2=65536, rings=1720320
= s=14, sp=22,N= 256, F>= 9, X=25344, X2=65536, rings=1622016
= s=15, sp=21,N= 256, F>= 8, X=21504, X2=65536, rings=1376256
= s=16, sp=22,N= 256, F>= 8, X=22528, X2=65536, rings=1441792
= s=17, sp=23,N= 256, F>= 8, X=23552, X2=65536, rings=1507328

Sandia
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EGS Design parameters ) .

= %EGS strictly non-blocking 2 x 2 nodes

= %Richards and Hwang, Networks 1999, page 290
= fprintf('\n');

= fprintf('\n');

. ml=32;

. for N=[64,128,256];

= slow=log2(N);

= shih=2*log2(N)+1;

= for s=slow:shih

. if(round(s/2)==s/2) %even

= if( (3<=s) && (s<=(log2(N)+2)))

. F=3*N/2/(s/2)-N/27(s-2);

= elseif( ((log2(N)+3) <=s) && (s<=(2*log2(N)+1)) )
= F=3*N/2/(s/2)-log2(N)+s-3;

= end;

= else

= if( (3<=s) && (s<=(log2(N)+2)))

. F=2A1.5%N/27(s/2)-N/2/(s-2);

= elseif( ((log2(N)+3) <=s) && (s<=(2*log2(N)+1)))
. F=271.5*N/2"(s/2)-log2(N)+s-3;

= end;

= end;

= sp=s+2*ceil(log2(F));

= sw=sp*N/2*F;

. ring=sw*ml*2;

. sizey=.012; %wss

. sizex=ml*.01; %wss

. wg=.002; %wavegudie spacing in connection area
. T=.02; %transitions

= rad=.02; %radius of interconnections

= fprintf('s=%2d, sp=%2d,N=%4d, F>= %2d, X=%5d, X2=%5d, rings=%6d\n',s,sp,N,ceil(F),sw,N*N, ring);
= end;

= fprintf('\n');

= end;



