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”On-­‐chip	
  op4cal	
  interconnect	
  could	
  become	
  
reality	
  in	
  five	
  years”	
  (I.	
  O’Connor,	
  2001)	
  

My	
  life	
  with	
  op4cal	
  interconnect	
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•  Physical	
  design	
  tools	
  
•  Curvilinear	
  structures	
  
•  Structure-­‐func4onality	
  entanglement	
  

•  Source	
  integra4on	
  strategy	
  
• Off-­‐chip	
  source	
  +	
  on-­‐chip	
  modulators	
  
• On-­‐chip	
  sources	
  +	
  direct	
  modula4on	
  

•  Informa4on	
  coding	
  strategy	
  
•  Level-­‐based	
  coding	
  
•  Pulse-­‐based	
  coding	
  

•  Silicon	
  real	
  estate	
  

Challenges	
  at	
  the	
  physical	
  level	
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Source:	
  Mentor	
  Graphics	
  

Source:	
  INL	
  

Source:	
  Technical	
  University	
  of	
  Denmark	
  



•  Scale	
  of	
  integra4on	
  
•  Op4cal	
  I/O	
  
•  3D	
  interposers	
  
•  On-­‐chip	
  interconnect	
  

•  Simula4on	
  and	
  design	
  tools	
  
•  Vector-­‐based	
  op4cal	
  signals	
  
•  Heterogeneous	
  system	
  

•  Network	
  topology	
  
•  One	
  size	
  fits	
  all	
  (ring?	
  mesh?)	
  
•  Adap4ng	
  to	
  requirements	
  
•  Intelligence	
  in	
  the	
  rou4ng	
  

•  Killer	
  applica4on	
  +	
  ecosystem	
  

Challenges	
  at	
  the	
  system	
  level	
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Source:	
  Fraunhofer	
  

Source:	
  University	
  of	
  Colorado	
  at	
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Source:	
  HKUST	
  



•  Heavy	
  focus	
  on	
  wavelength-­‐rou4ng	
  architectures	
  	
  
• Wavelength-­‐resonance	
  and	
  source	
  efficiency	
  depend	
  
on	
  temperature	
  

•  Thermal	
  varia4ons	
  can	
  lead	
  to	
  severe	
  loss	
  of	
  
func4onality	
  

•  Compensa4on	
  techniques	
  
• Overhead:	
  power	
  and	
  silicon	
  real	
  estate	
  

•  Alterna4ve?	
  
•  Spa4al	
  mul4plexing	
  
• Mul4ple	
  parallel	
  waveguides	
  to	
  bundle	
  signals	
  in	
  
point-­‐to-­‐point	
  links	
  with	
  no	
  wavelength	
  rou4ng	
  

•  Clear	
  area	
  penal4es	
  

Challenges	
  due	
  to	
  thermal	
  varia4ons	
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Thermal	
  tuning	
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•  In	
  your	
  view,	
  what	
  is	
  the	
  most	
  significant	
  challenge	
  to	
  
overcome	
  before	
  widespread	
  adop:on	
  of	
  op:cal/photonic	
  
interconnects	
  for	
  compu:ng	
  systems,	
  and	
  why	
  ?	
  

•  Panelists:	
  
•  John	
  Ferguson,	
  Mentor	
  Graphics	
  Corp,	
  US	
  
•  Antonio	
  La	
  Porta,	
  IBM,	
  Zurich	
  Research	
  Laboratory,	
  CH	
  
•  Davide	
  Bertozzi,	
  University	
  of	
  Ferrara,	
  IT	
  
•  Jiang	
  Xu,	
  Hong	
  Kong	
  University	
  of	
  Science	
  and	
  
Technology,	
  CN	
  

•  Olivier	
  Sen4eys,	
  INRIA	
  -­‐	
  University	
  of	
  Rennes	
  1,	
  FR	
  
•  Gabriela	
  Nicolescu,	
  Ecole	
  Polytechnique	
  de	
  Montreal,	
  
CA	
  

Panel	
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•  Mentor	
  Graphics	
  
•  Pyxis	
  Custom:	
  schema4c,	
  layout,	
  

simula4on	
  
•  Calibre:	
  industry	
  standard	
  PV	
  and	
  

DFM	
  

•  Lumerical	
  Solu4ons	
  –	
  OpenDoor	
  
partner	
  
•  INTERCONNECT:	
  4me	
  and	
  

frequency	
  domain	
  photonic	
  
circuit	
  simula4on	
  

•  PhoeniX	
  Sohware–	
  OpenDoor	
  
partner	
  
•  OptoDesigner:	
  layout	
  genera4on	
  

of	
  advanced	
  photonics	
  structures	
  

John	
  Ferguson	
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•  Design	
  tools	
  alone	
  are	
  not	
  enough	
  
•  Qualified	
  PDK’s	
  are	
  required	
  

Dedicated	
  Photonics	
  Custom	
  Design	
  Plajorm	
  



•  Higher	
  level	
  of	
  photonic	
  func4onality	
  integra4on	
  
•  What	
  it	
  really	
  means	
  for	
  computer	
  systems:	
  

•  System-­‐	
  or	
  chip-­‐level?	
  Co-­‐package	
  of	
  
what	
  with	
  what?	
  Hybrid	
  or	
  monolithic	
  
integra4on?	
  

•  How	
  and	
  where	
  to	
  bring	
  the	
  op4cs?	
  
•  For	
  each	
  scenario,	
  what	
  do	
  we	
  really	
  
gain?	
  

Antonio	
  La	
  Porta	
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IBM's	
  "Sequoia"	
  BlueGene/Q	
  @	
  LLNL	
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  Companies	
  will	
  do	
  their	
  best	
  to	
  resist	
  the	
  change...	
  
Hey, it’s an expensive technology! We are very good at further  

optimizing electronics! 
 

•  Need to move more data through  
     pin-limited chip interfaces 
•  Need to move more and more data 

through IP core interfaces on the chip 

•  Wider flit-width ENoCs will soon              
incur routing congestion, in addition to 
significant area/seq. Power overhead 

•  At 4/5 hops (2mm each) in the ENoC, 
ONoCs already achieves the energy 
breakeven point at 0.6pJ/bit in 40nm 

However	
  there	
  are	
  early	
  signs	
  
that	
  they	
  will	
  be	
  stuck	
  in	
  the	
  

middle	
  of	
  a	
  labyrinth...	
  

...with	
  no	
  easy	
  way	
  out	
  (i.e.,	
  out-­‐
of-­‐reach	
  for	
  electronics)	
  

Once there, we should be ready to deliver companies what they actually need: 
ü Design methodologies and synthesis toolflows with cross-layer optimizations: it’s time! 
ü EDA can lead to concrete evaluations of new technologies 
ü Gating methods for optical components to alleviate the static power concern 
ü Rethink the system architecture: e.g., no NUMA effects, how to partition and reconfigure,.. 
 However the good news is that today industry is on the watch for this new technology 

Historically, whenever optical links succeed in delivering superior point-to-point connections,  
penetration into the switching fabric is the next step 
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A	
  Different	
  “Building	
  Material” 

•  Pros	
  
•  High	
  bandwidth	
  
•  Low	
  propaga4on	
  delay	
  
•  Low	
  propaga4on	
  loss	
  
•  Low	
  sensi4vity	
  to	
  

environmental	
  EMI	
  

•  Cons	
  
•  Crosstalk	
  noise	
  
•  Thermal	
  sensi4vity	
  
•  Process	
  varia4on	
  
•  Electrical/op4cal	
  conversion	
  

overheads	
  
•  Op4cal	
  signals	
  are	
  difficult	
  to	
  “buffer”	
  

Jiang	
  Xu	
  /	
  Hong	
  Kong	
  University	
  of	
  Science	
  and	
  Technology	
  

Stone	
  
Solkan	
  Bridge	
  
Slovenia	
  1906	
  	
  

Steel	
  
Cold	
  Spring	
  Bridge	
  

USA	
  1963	
  

Steel	
  
Tsing	
  Ma	
  Bridge	
  
Hong	
  Kong	
  1997	
  

Differences	
  bring	
  both	
  challenges	
  and	
  opportuni4es	
  



•  Are	
  we	
  really	
  bandwidth-­‐limited	
  for	
  on-­‐chip	
  
communica4ons?	
  
•  Not	
  really	
  true	
  in	
  current	
  computer	
  architectures	
  
•  But	
  big	
  data	
  will	
  maybe	
  change	
  the	
  game	
  

•  What	
  are	
  the	
  big	
  challenges?	
  
•  Amdhal’s	
  law	
  

• Even	
  with	
  95%	
  of	
  parallel	
  code,	
  speedup	
  S	
  <	
  20	
  
•  Power!	
  

• Energy	
  efficiency	
  is	
  not	
  scaling	
  along	
  
with	
  integra4on	
  capacity	
  

• Data	
  movement	
  costs	
  more	
  than	
  compu4ng	
  
•  So	
  maybe	
  energy	
  efficiency	
  is	
  the	
  real	
  challenge	
  

Olivier	
  Sen4eys	
  

23-­‐mars-­‐15	
   Olivier	
  Sen<eys	
  /	
  INRIA	
  –	
  University	
  of	
  Rennes	
  I	
   11	
  

Computer	
  architect’s	
  point	
  of	
  view	
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The	
  Energy	
  Cost	
  of	
  Data	
  Movement	
  	
  

•  Fetching	
  operands	
  costs	
  more	
  than	
  compu4ng	
  

28nm	
  
CMOS	
  

500	
  pJ	
   Efficient	
  
off-­‐chip	
  
link	
  

16	
  nJ	
  
DRAM	
  
Rd/Wr	
  

64-­‐bit	
  DP	
  
20pJ	
   26	
  pJ	
   256	
  pJ	
  

1	
  nJ	
  

256-­‐bit	
  
buses	
  

50	
  pJ	
  
256-­‐bit	
  access	
  

8	
  kB	
  SRAM	
  

[Dally,	
  IPDPS’11]	
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The	
  Energy	
  Cost	
  of	
  Data	
  Movement	
  	
  

•  Future	
  processor	
  up	
  to	
  3	
  Tera-­‐op/sec	
  
•  At	
  minimum	
  requires	
  64b	
  x	
  9	
  Tera-­‐operands	
  
to	
  be	
  moved	
  each	
  second	
  	
  

•  If	
  on	
  average	
  1mm	
  (10%	
  of	
  die	
  size)	
  then	
  
•  0.1pJ/bit	
  x	
  576	
  Tbits/s	
  	
  
•  consumes	
  58	
  Wass!	
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tion has been slowed by continued 
improvement in microprocessor sin-
gle-thread performance. Developers of 
software applications had little incen-
tive to customize for accelerators that 
might be available on only a fraction of 
the machines in the field and for which 

the performance advantage might 
soon be overtaken by advances in the 
traditional microprocessor. With slow-
ing improvement in single-thread per-
formance, this landscape has changed 
significantly, and for many applica-
tions, accelerators may be the only 

path toward increased performance 
or energy efficiency (see Table 4). But 
such software customization is diffi-
cult, especially for large programs (see 
the sidebar “Decline of 90/10 Optimi-
zation, Rise of 10x10 Optimization”). 

Orchestrating data movement: 
Memory hierarchies and intercon-
nects. In future microprocessors, the 
energy expended for data movement 
will have a critical effect on achiev-
able performance. Every nano-joule 
of energy used to move data up and 
down the memory hierarchy, as well 
as to synchronize across and data be-
tween processors, takes away from the 
limited budget, reducing the energy 
available for the actual computation. 
In this context, efficient memory hi-
erarchies are critical, as the energy to 
retrieve data from a local register or 
cache is far less than the energy to go 
to DRAM or to secondary storage. In 
addition, data must be moved between 
processing units efficiently, and task 
placement and scheduling must be 
optimized against an interconnection 
network with high locality. Here, we 
examine energy and power associated 
with data movement on the processor 
die. 

Today’s processor performance is 
on the order of 100Giga-op/sec, and 
a 30x increase over the next 10 years 
would increase this performance to 
3Tera-op/sec. At minimum, this boost 
requires 9Tera-operands or 64b x 
9Tera-operands (or 576Tera-bits) to be 
moved each second from registers or 
memory to arithmetic logic, consum-
ing energy. 

Figure 11(a) outlines typical wire 
delay and energy consumed in moving 
one bit of data on the die. If the oper-
ands move on average 1mm (10% of 
die size), then at the rate of 0.1pJ/bit, 
the 576Tera-bits/sec of movement con-
sumes almost 58 watts with hardly any 
energy budget left for computation. If 
most operands are kept local to the ex-
ecution units (such as in register files) 
and the data movement is far less than 
1mm, on, say, the order of only 0.1mm, 
then the power consumption is only 
around 6 watts, allowing ample energy 
budget for the computation. 

Cores in a many-core system are 
typically connected through a net-
work-on-a-chip to move data around 
the cores.40 Here, we examine the ef-

Figure 12. Hybrid switching for network-on-a-chip. 
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Table 5. Data movement challenges, trends, directions. 

Challenge Near-Term Long-Term

Parallelism Increased parallelism Heterogeneous parallelism and 
customization, hardware/runtime 
placement, migration, adaptation  
for locality and load balance

Data Movement/
Locality

More complex, more exposed hierarchies; 
new abstractions for control over 
movement and “snooping”

New memory abstractions and 
mechanisms for efficient vertical 
data locality management with low 
programming effort and energy 

Resilience More aggressive energy reduction; 
compensated by recovery for resilience

Radical new memory technologies  
(new physics) and resilience techniques

Energy 
Proportional 
Communication

Fine-grain power management in packet 
fabrics

Exploitation of wide data, slow clock, 
and circuit-based techniques 

Reduced Energy Low-energy address translation Efficient multi-level naming and 
memory-hierarchy management

Figure 11. On-die interconnect delay and energy (45nm). 
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•  Benefits	
  
• High	
  bandwidth	
  	
  
•  Low	
  latency	
  
•  Performance	
  per	
  was	
  
• ….	
  
	
  	
  	
  

•  Technical	
  Issues	
  
•  Temperature	
  effects	
  	
  
•  Fabrica4on	
  variability	
  
effects	
  

•  Package	
  cost	
  
• ….	
  	
  	
  
	
  

	
  
Outstanding	
  solu<ons	
  &	
  tools	
  	
  

	
  
	
  
	
  
	
  	
  

Cross-­‐cuung	
  challenge:	
  	
  
mul4-­‐scale,	
  mul4-­‐technology	
  and	
  mul4-­‐domain	
  models	
  	
  

	
  

Challenge	
  for	
  Op4cal	
  Interconnect	
  Adop4on	
  	
  


