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  Chips today are integrating more and more cores -What about the cache? • If cache per core stays constant -Then miss rate per core stays constant -Total misses goes up with core count -…using up all of the chip I/O bandwidth • So must increase cache per core with multi-core chips -Cache must integrate disproportionally faster than cores! -Else they load the cart down more than the donkey can take Fundamentally about economics, not performance -Want as many devices as possible on a chip (amortize costs) -Want small chips, too (avoid yield hit of large chips) • 2x # transistors every 12…24…18 months -Can't speed this up to compensate lesser scaling elsewhere Approved for Public Release, Distribution UnlimitedThe end of Moore's Law "Any industry reliant on exponential growth will eventually be disappointed"• Moore's Law will end relatively soon. Why? Money.-Clearly limited global financial investment in semiconductors• No longer an infinitely elastic market • Next-gen fabs cost $5B to build (> 1% of the market) -No exponential is forever(Moore, ISSCC 2003) • But wait. Didn't this drive scaled performance? -Parallelism: duplicate functional blocks, cores, memories -Integration: make deeper global communication structures • A roadblock on the path to really big chips? Big chips *are* good More hardware == more performance • Pack together lots of functional units -1000s of cores and memories on a chip -Can we combine heterogenous technologies? (Flash, DRAM) • Cut global communication latency -"Bandwidth is about money; latency is about God." • Cut total system power dissipation -Need less power for I/O circuits • Too bad we can't make them! -Yield losses are prohibitive Approved for Public Release, Distribution Unlimited How do we get bigger chips? • Simply aggregating chips together is not a good plan -Chip-to-chip I/O is expensive: 0.15mm pitch for area solder • And you need 2+ balls per I/O -So we amortize the cost of this I/O • Serialize/deserialize the channel • Run 7x-10x higher than chip clock • Pay a large power cost to do this • Around 5 pJ/b for serial I/O • So sure, we'd rather have really big chips -(…or at least the moral equivalent of really big chips) • Chips communicate when placed face-to-face -Capacitors formed by the proximity of two chips -No solder required • This I/O provides -High BW density (40x > solder) -Low power I/O (1pJ/b) -High-yield systems (replaceable chips) -High fidelity (little crosstalk) -Inter-chip I/O similar to on-chip wires! The "macrochip": a technical vision An attention-focuser to promote device, circuit, and architectural studies • Silicon lattice carrying CPUs/DRAMs -With a fully-connected pt-to-pt network of optical waveguides -Bridges with optical PxC performs opto-electric conversion separate CMOS logic chip and optical devices • Put optical devices on a separate "bridge" chip -Avoid complicating the CPU -Allows SOI for optics, bulk CMOS for CPU • Bridge is passive; all active circuits live on CPU -Can be connected using PxC or dense microsolder -Waveguides on bridge can talk to other waveguides or fibers

  

  

  

  

  

  

  

  

  

  

  

  

Data from M. Horowitz

www.flipchips.com

How do we get bigger chips? 

Proximity Communication

What makes this hard

• Good chip-to-chip alignment is critical -At assembly and under dynamic loads (i.e. thermal expansion)

Proximity Communication

Packaging technologies can get us close ….

• Can align chips to within 1um accuracy -Silicon etching gives inverted pyramid "pits" in substrate -Use a sapphire sphere as a "key" to lock two chips -An inexpensive, high-volume-manufacturing-compatible flow

Proximity Communication

… circuits can get us closer

• Steer the data appropriately to overcome misalignment -Calculate misalignment by using side capacitors -Lots of muxes, but we have efficient circuit techniques to help

Proximity Communication

Testing chips

• Intentionally distort alignment during operation -One chip is fixed, other is on a 3D positioner -Move 0.1µm in X, Y, Z; move 2µrad in θx, θx, and θz

Proximity Communication

Putting it all together

• Supporting packaging technologies

-"Claw" non-soldered power delivery -Fluid cooling solutions

• Test chips and measured results ( 2005) -Today's targets: >1Tb/s/mm 2 , <1pJ/b, <<10 -15 BER, <10 cycles

Proximity Communication

Other demonstrations

• A switch, on a 1x4 vector package, 10W/chip, 40W total -Each island chip is 12x14mm, package is 70x20mm -FR4 substrate, very inexpensive precision injection-molded plastic clips -I/O wirebonded directly to board (736 signals)

So, what are the hardware limits?

How big of a virtual chip can we actually build?

• Packaging/assembly would allow this:

• But recall: All data communication is over RC wires -Wires are slow (velocity of c/20); voltage "diffuses" down wire -For large arrays, cross-system latency would be untenable

Can optics help?

After all, they do run at the speed of light… Questions?