Architectural Design of a Three Dimensional FPGA

Waleed M. Meleis, Miriam Leeser, Paul Zavracky, and Mankuan M. Vai

Department of Electrical and Computer Engineering

Northeastern University

Boston, MA 02115

Abstract

The design and evaluation of a 3-dimensional FPGA architecture called Rothko will be described. Rothko takes advantage of a novel 3-dimensional VLSI circuit technology developed at Northeastern University that is based on transferred circuits with interconnections between layers of circuits. The Rothko 3-D FPGA architecture is based on a sea-of-gates FPGA model first proposed in the Triptych architecture (a 2-D architecture) in which individual cells have the dual functions of routing and logic implementation. Our 3-D VLSI technology allows metal interconnections to be made between cells on different layers so that Rothko is truly 3-D. A very fine-grain interconnection scheme is provided with each cell connected to the one above/below it. In this paper we present the architectural design of this 3-D FPGA. The 3-D technology that supports the Rothko architecture is also described. An example of mapping a combinational multiplier to both the Rothko and Triptych architectures is provided to demonstrate the advantages of Rothko.

1. Introduction

Field programmablegatearrays (FPGAs) arehigh density ASICs that can beconfigured by the user. An FPGA typically consists of an interior matrix of logic blocks and a surrounding ring of

I/O interfaceblocks. Interconnect resources occupy thechannels between therows and columns of logic blocks, and between thelogic blocks and theI/O blocks. Thelogic blocks typically contain programmablecombinational logic capableof implementing any Boolean function of its input variables, and storageregisters. Theflexibility of an FPGA is also in theinterconnect resources which contain programmable switches.

TheFPGA configurability comes at thecosts of low utilization of resources, routing congestion, high delay dueto interconnect and insufficient I/O. Thegatecount of commercially availableFPGAs has been steadily increasing; thenumber of usablegates in an FPGA is however still significantly less than that in other ASIC design styles. Oneof themain obstacles to mapping largedesigns onto existing FPGA architectures is routing congestion. Even though in current commercial FPGAs routing resources already takeup a major part of thechip, complex designs often remain difficult to implement due to a lack of routing resources.

Thespeed of an FPGA is a measureof thedelay required to implement a function and to propagatesignals to neighboring functions. TheFPGA speed is often slower than that of thesame circuit implemented on an ASIC dueto theinterconnect delay. Configurableinterconnect consists of activeswitches which add pass transistor channel resistanceand source/drain diffusion capacitance to the delay path. This delay can account for over 70% of the clock cycle period [1].

Another problemwith FPGA designs is thenumber of I/O required. Typically, thenumber of

I/O needed on a given FPGA grows faster than thesquareroot of thenumber of logic elements.

Thenumber of perimeter bonding pads that can fit along thedieperiphery only grows as the squareroot of thearea. This means that for a given pad pitch and logic element pitch, therewill bea diesizebeyond which thedemand for I/O far exceeds thesupply, in which casethedevice becomes pin limited. Experiencewith existing FPGAs shows that this results in low logic element utilization.

Researchers at theUniversity of Virginia havedemonstrated thetheoretical advantages of 3-D

FPGAs in addressing theseissues [2, 3]. Their benchmarks, which assumea standard FPGA architectureand straightforward extension of switch boxes to 3-D technology, demonstratethat a

3-D FPGA can shorten theaveragenet length by 13.8%, reducethenumber of switches by 23%, and reduce the radius of logic elements by 26.4%.

A 3-D FPGA has the following advantages:

· More logic units in the same foot print area;

· Someplanar long interconnections between logic blocks replaced with significantly shorter vertical interconnections;

· Reduced signal propagation delay dueto theshorter averageinterconnect distancein a 3-

D FPGA ( O ( n 1/3 ) for an n -block 3-D FPGA vs. O ( n 1/2 ) in the 2-D case);

· Greater versatility and resourceutilization dueto theincreased number of logic block neighbors;

· Lower power consumption dueto the elimination of I/O pins and planar long interconnections between FPGAs.

Experimental implementations that useconventional 3-D technologies such as multichip moduletechnology (vertical MCMs), area I/O, and optical interconnections to address theFPGA routing and I/O issues werereported [4-7]. Thesetechnologies all requirethat interconnections between chips or layers go through I/O pads and solder bumps. In addition to being complex to manufacture, thegeometries of theseI/O pads and solder bumps areon theorder of 100 m mand thus takeup a significant amount of chip area. Also, I/O pads and solder bumps areinherently power hungry due to their large capacitance.

At Northeastern University, the3-D Microelectronics group has developed a uniquetechnology which allows individual CMOS circuits to bestacked to build 3-D VLSI structures [8]. Vertical metal interconnects between layers (i.e., interlayer vias) can beplaced anywhereon thechip. In this paper wepresent thearchitectural design of a novel 3-D FPGA called Rothko. First the related work will bedescribed. The3-D VLSI technology developed at Northeastern University will bebriefly explained. Our efforts in developing the3-D FPGA architecturethat takes advantageof this novel 3-D technology will then bedescribed. A comparison of themapping results of a combinational array multiplier onto both the3-D Rothko architectureand the2-D

Triptych architecture will be provided.

2. Related Work

Our work is closely related to theresearch on multichip modules ( MCMs) for FPGAs. There areother groups investigating threedimensional FPGA architectures; most of thesearchitectures depend on multichip module(MCM) packaging techniques. Researchers at theUniversity of

California at Santa Cruz haveshown theadvantages of placing moreprogrammableresources with smaller interconnect, of using area I/O in placeof perimeter I/O and of stacking MCMs vertically by making useof solder bump connections and area I/O [4, 5]. Even with MCMs stacked vertically, connections must still go through I/O pads and solder bumps. These connections areinherently slower and morepower hungry dueto thesizeand theneed to driveI/O pads and to usesolder for connections. Finally, dueto their largesizeonly a small number of such connections can behandled between chips. TheNortheastern University 3-D VLSI technology allows moreconnections between layers dueto thesmaller sizeof our interconnections. Others havebegun building 3-D FPGAs using MCM-V technology [6]. Whilethis technology does not usesolder bumps, it requires that all connections between layers aredoneat theperiphery of a chip. Our technology allows connections between layers to be made anywhere on the chip.

A threedimensional FPGA using optical interconnections has been demonstrated [7]. Their optical interconnections arevery complex, requiring drivers, LEDs, detectors and receivers. The technology to integrateoptical and CMOS on thesamechip is not sufficiently mature, so they mount bareFPGA dieon chip carriers with theoptical elements. Our interconnections aremuch simpler to manufacture and are completely integrated with the FPGA circuitry.

Researchers at theUniversity of Virginia haveimplemented 3-D placeand routetools and have shown theimprovement by making useof threedimensions [3]. The3-D CAD tools developed by this group partition thedesign into cubes of 3 ´ 3 ´ 2 computational blocks, and usesimulated annealing to minimizetheglobal routing cost. Thecost is estimated using rectilinear Steiner trees.

Thenets in thedesign arerouted oneat a timeusing an iterated KMB algorithmthat attempts to minimizethetotal path length per net. Their algorithms combined with a hypothetical 3-D FPGA architecture, which assumes a standard FPGA architecture equipped with 3-D switch boxes, show significant reduction in net length and routing resources used. This theoretical analysis of 3-D

FPGAs shows the importance of pursuing an architecture like our 3-D FPGA.

3. 3-D VLSI Technology

At Northeastern University, the3-D Microelectronics group has developed a uniquetechnology which allows us to design individual CMOS circuits and stack themto build 3-D layered FPGAs which can havevertical metal interconnections (i.e., interlayer vias) placed anywhereon thechip

[8]. In thecurrent design rules, thesizeof an interlayer via has a diameter of around 6 m mwhich is oneorder of magnitudesmaller than pads and solder bumps. TheNortheastern University 3-D process has several advantages over other 3-D approaches:

· The procedure is simple. The process uses conventional VLSI processes.

· Transfer is done at wafer scale, leading to potentially high production rates.

· Thecapability of fabricating circuits with morethan two layers is possiblewith multiple transfer steps.

Thedevelopment of a 3-D integrated circuit is based on two fundamentally important processing capabilities: theability to transfer circuits in thin filmformand theavailability of an interconnection technology. TheNortheastern University 3-D technology uses thewafer transfer technology developed at Kopin Corporation [9] to transfer fully fabricated silicon circuits from onesubstrateto another. For a two-level 3-D circuit, thereceiving substratecontains a portion of thecircuit whilea second portion will betransferred and aligned to it. Circuits with morethan two layers can befabricated by repeating thealignment and transfer to an already patterned wafer. By employing transfer techniques, thecircuit fabrication can beperformed using existing

CMOS processing techniques. Thesecond key to thesuccess of this concept is theability to fabricate electrical interconnections between layers.

3. 1 Transfer Process

For a two level circuit, a bulk silicon wafer is processed with half of thecircuit. A second

Silicon-on-Insulator (SOI) wafer is processed using standard CMOS fabrication techniques creating thesecond half of thecircuit. An SOI wafer consists of a bulk silicon substratewith a thin layer of singlecrystallinesilicon on top and separated fromthesubstrateby a silicon dioxide layer (buried oxide). TheSOI wafer is used becausetheburied oxidelayer acts as a etch-stop during a subsequent back-etch step. TheSOI circuit will betransferred facedown onto thetop of thebulk wafer as shown in Figure1. An adhesiveis used to bond thetransferred circuit to the bulk silicon wafer. Theresult is thetwo layer 3-D circuit shown in Figure2. Electrical connections need to be made between the two active device layers after the transfer.

Figure 1: Transfer process taking the device layer from the SOI wafer and bonding it to the top of a processed bulk silicon wafer.

Figure 2: A simplified cross-sectional view of a 3-D circuit created using Kopin´s circuit transfer technology.

3. 2 Interconnection Process

Theobjectiveof the3-D interconnection process is to make electrical connections between bulk devices on thelower layer of the3-D structureand SOI devices on theupper layer. The interconnection schemeis illustrated in Figure3. An extra metal layer (metal 3) positioned on the very top of the3-D circuit is introduced. Bulk metal 2 (assumed to bethetop most metal layer on thebulk CMOS circuit ) and SOI metal 2 (upper metal layer on theSOI CMOS circuit) are connected to themetal 3 through separatevias. Thevia etching is accomplished using an

Inductively Coupled Plasma (ICP) to anisotropically etch both oxideand adhesivelayers. Via filling is performed using a conventional magnetron sputtering sourcewith a high bias. Dueto the temperaturerestriction of the epoxy adhesive, theinter-layer vias arelined by aluminumbut not plugged by tungsten.

Figure 3: Schematic cross-section of an ideal deposited metal interconnection.

3. 3 Cost Analysis

Thecost of this 3-D technology is determined by theyield as well as thecosts of theadditional process steps (transfer and interconnection) required to createthe3-D structure. Thecosts of the transfer and interconnection steps are equivalent to thecosts of adding an additional metal layer in a CMOS process. These costs are typically less than 10% of the total cost to produce a wafer.

Kopin Corporation has achieved better than 95% yields in their wafer transfer technology.

After thetransfer step thewafers areprocessed for via etching and via filling. Wehavefabricated contact resistancestructures for testing theperformanceof theinterconnections and estimating yield. Tests areconducted on a small number of structures (about 1000 devices havebeen tested to date). Theinterconnection process for vias greater than 6 m mhas been 100% on tested structures. Vias smaller than 6 m marestill under development. Based on the6 m mresults, we expect theyield through theinterconnection process will behigh, probably greater than 95% and the combined processes to yield better than 90%.

4. FPGA Architectural Design

TheFPGA cells in Rothko remain as a planar unit and theinterlayer connections arereserved for between cells. In other words, Rothko can beviewed as a stacked layer of FPGA circuits with vertical interconnections provided between layers. Theplanar circuit in Rothko is based on a seaof-gates FPGA structurefirst proposed in the2-D Triptych architecture[10, 11]. This sea-of-gates FPGA architectureallows theintegration of logic and routing resources, which has provided theTriptych architecturea logic density improvement of up to a factor of 3.5 over commercial

FPGAs with comparableperformance. This improvement is obtained by allowing a per-mapping tradeoff between logic and routing resources, and with a routing schemedesigned to match the structureof typical circuits. In this section wedescribethe2-D sea-of-gates FPGA architecture, then describe our extensions to three dimensions.

4. 1 Sea-of-Gates FPGA Architecture

FPGAs currently availablearebased on a strict separation between logic and routing resources. This strict separation is confining and theresources areoften under-utilized. Theseaof-gates approach, first proposed by theTriptych architecture, allows thesplit between logic and routing area to bemadeon a per-mapping basis. This schemeaddressed two fundamental efficiency problems: increasing routing area and decreasing cell utilization.

In theTriptych architecture, thelogic blocks of standard FPGA architectures arereplaced with

Routing & Logic Blocks ( RLBs) that performboth logic and routing tasks. In addition to the capability of routing signals through RLBs, two types of routing resources areprovided between

RLBs. Short, fast direct connections areprovided between neighbor RLBs. Segmented routing channels areprovided between columns to connect RLBs in thesecolumns and facilitatelarger fanouts.

4. 2 A 3-D FPGA Architecture

Wehaveadapted theTriptych RLB as a basis for designing thesea-of-gates FPGA layers to be stacked together in theRothko 3-D FPGA architecture. In theprocess wedeveloped a new routing structure. Theoriginal Triptych routing structure, which has two overlaid arrays of RLBs routed in oppositedirections, works well but wehavefound that a 3-D technology allows a moreflexible routing structure. Figure4 shows a layer of this new routing structurein which all the RLBs in thesamelayer arerouted in thesamedirection. Two adjacent FPGA layers assumeopposite routing directions.

PIN

RLB

RLB

RLB

RLB

PIN

PIN

PIN

RLB RLB

RLB

RLB

RLB

PIN PIN PIN PIN PIN PIN PIN

Figure 4: The routing structure of a Rothko FPGA layer.

(

� : Connections to the layer above;

z : Connections to the layer below).

Another important featureof theRothko architectureis thevertical metal connections between adjacent layers. Simulation results haveshown that thesevertical metal connections havesimilar delay properties to the intra-layer direct connections. Weconcluded froman exerciseof mapping benchmark applications onto Rothko that themost logical and cost effectiveway of providing vertical connections between layers is as follows. As shown in Figure4, the^input side~ of an

RLB receives 4 outputs from3 neighbor cells (1 fromits NW neighbor, 2 fromits W neighbor, and 1 fromits SW neighbor) in thesamelayer. The^input side~ of an RLB additionally receives theoutputs of theneighbor cells directly aboveand below it in adjacent layers. Similarly, the

^output side~ of an RLB goes to theneighbor cells directly aboveand below it in adjacent layers in addition to the3 neighbor cells (1 to its NE neighbor, 2 to its E neighbor, and 1 to its SE neighbor) in the same layer.

In addition, a segmented routing channel is provided between columns to connect RLBs beyond thereach of thedirect connections described above. Figure5 shows theconnectivity of the segmented channel which was adapted fromtheTriptych architecture. The Rothko segmented routing channel includes 7 tracks, with 5 handling inter-cell RLB routing and 2 carrying pin inputs. Therearetwo tracks provided between 8 RLBs (4 sources and 4 sinks), two tracks provided between 16 RLBs (8 sources and 8 sinks), and onetrack provided between 32 RLBs (16 sources and 16 sinks). Segmented routing channels havetheadvantageof not requiring active switching circuits in therouting channel. However, sincea small driver is driving thesignal a potentially large distance, the delay due to routing in the channels can be significant.

Figure 5: A portion of the segmented channel.

Thedesign of a Rothko RLB is shown in Figure6. Theonly changeof this structurefromthat in a Triptych RLB is that theinput multiplexers werechanged from2 inputs to 4 inputs. This is a very light investment, in terms of area and delay, for theRLB. Initially weare evaluating and fabricating FPGAs with two layers, but our architectureand fabrication process support more than two layers. A perspectiveview illustrating this 3-D FPGA architectureis given in Figure7 for a three layer FPGA.

F(A, B, C) D

From

Segmented

Routing

Channel

To

Segmented

Routing

Channel

NW W

SW

E

SE

NE

E

W

Above

Below

Below

Above

Above

Below

Above

Below

Figure 6: The Rothko RLB design.

Registers areprovided to storethecontrol bits that configurethe RLBs to implement the intended functions and interconnections. Thesecontrol registers can beconverted into a series of shift registers to allow a control bit streamto beshifted in for theprogramming. Weselected this programming mode to facilitate the initial development of prototype 3-D FPGAs.

Figure 7: The connectivity between RLB´s in the Rothko architecture.

5. Mapping Example

This section describes an exampleof mapping a 4-bit ´ 4-bit combinational array multiplier, which is an important building block for many signal processing applications. Themapping was performed on both a two-layer Rothko architectureand theTriptych architecturefor thepurpose of comparison. Figure8 shows theresult of mapping this multiplier onto theRothko architecture and Figure9 shows theresult of mapping onto theTriptych architecture. Table1 summarizes the comparison results between thesetwo mappings. Thecriteria weused to judgethequality of a mapping include:

· thefootprint, which is defined as thearea (in RLBs) of thesmallest rectanglethat encloses the multiplier;

· thenumber of unused RLBs insidethefootprint, which indicates the effectiveness of resource utilization;

· thenumber of orphan RLBs, which areunused RLBs located away fromthefootprint periphery so that they are unlikely to be used for other parts of the circuit; and

· thenumber of channel tracks used in thecritical path, which contributeto delay more heavily than other kinds of routing resources and thus should beavoided, if possible, in a mapping.

Table1 shows that theRothko mapping is a very compact design and has advantages over the

2-D architecture in every criterion.

Table 1: A comparison of mapping a multiplier onto a two layer

Rothko architecture and the 2-D Triptych architecture.

Footprint Unused

RLBs

Orphan

RLBs

Channel

Tracks

Rothko (3-D) 56 16 0 6

Triptych (2-D) 96 28 14 8 a0 b3 a1 b2

c3 c3 c3

a1 b3 a2 b2 c4 c4

a2 b3 b2

a3 c9 c9

a3 b3 c10

c4 c10

a0 b2 a1 b1 c2 c2 a2 b1 c5 c5 a3 b1 c8 c8 c11 c11

c2 c5 c8 c11

c10

a0 b1 a1 b0 c1 c1 a2 b0 c6 c6 a3 b0 c7 c7

c1 c6 c7 a0b0 c11

c3

a0 b3 b2

c3 a1 a1 c4

b3 c4 a2

b2 b3

a2 c9 b2

c9 a3 b3

a3

c3

a0 a0 a1

a1 c4 a2

a2 c9 c9 a3 a3 c10 c10

a0 b2 b1

a1 b1

a2 b1 c10 c10 c11

c10

a3

c2

a0 a0 a1 a1 c5 a2 a2 c8 a3 a3 c11

c11

b1

a0 b0 b0 a2 b0 c11 b0

a0

c7

c6

c1

a0 a0 a1 a1 a1 a2 a2 a3 a3 a3

b0 b1 b0 b1 b2 b2 b3

(upper layer) a0 b3

a0b3 a0b3

a0b3 a1 b2

a1b2 a1b2

a1b2 c3 c3 c3 c3

a1 b3

c3

a1b3 a1b3

a0b3 a1b2

s2 a2 b2

a2b2 a2b2

c3

a1b3

a2b2

a1b3 a2b2 c4 c4 c4 c4

a2 b3

a2b3 a2b3 b2

a3 a3b2 a3b2

a2b3 a2b3

a3b2 a3b2

c4 c4 c9 c9 c9 c9 c9 c9

a3 b3

a3b3 a3b3

a3b3 c10 p7

p6

c4 s3 c9 s6 a3b3 c10

a0 b2

a0b2 a0b2 a1 b1

a1b1 a1b1 c2 s2

s2 s2

c2 a2 b1

a2b1 a2b1 c5 s3 c5

s3 s3 a3 b1

a3b1 a3b1 c8 s6

s6 s6

c8 c11 c11 c11

a0b2 a1b1 c2 a0b2 a1b1

s1 s2 c2 a2b1 s2 a2b1

c2

c5 s4 c5

s3 s3

a3b1 c5 a3b1

c8 s5 s6 c8 s6

c11 c11

p5

c10

a0 b1

a0b1 a0b1 a1 b0

a1b0 a1b0 c1 s1

s1 s1

c1 a2 b0

a2b0 a2b0 c6 s4

s4 s4

c6 a3 b0

a3b0 a3b0 c7 s5

s5 s5

c7

a0b1 a0b1

a1b0 a1b0

c1 p1 s1 c1 a2b0 s1 a2b0

c1 p2

c6 s4 c6 a3b0 c7 c6 a3b0

s4 p3 s5 c7 c7

s5

p4 p0 a0b0 c11

(lower layer)

Figure 8: The mapping result of a multiplier onto a 2 layer Rothko architecture.

a0 b3 c3

a0 c3 a0b3 c3 a0b3 a1b2 a1 b2

a1b2 b2 a1 b2 a1 b2 a1 a1 b3 c4

c4 a1b3 c4 a1b3 c3 a2b2 a2b2 b2 b2

a2 a2 a2 b2 a2 a2 b3 c9

c9 a2b3 a2b3 c9 c4 a3b2 a3b2 a3 b2 a3 b2 a3 b2 a3 a3 b3 a3b3 a3b3 c9 p7 c10

a0 a0 a0 a0

a0 a0 a0 a0

a0

b0 p0 b2 b2 b2 a0b3 a1b2

s2 a1 a1

a1 a1 a1 a1

a1 a1b3 a2b2

s3 c3 c3 c3 c3 a2 a2

a2 a2 a2 a2

a2 a2b3 a3b2

c4 c4

s6 c4 c4 a3 a3

a3 a3 a3 a3

a3 a3b3 c9 c10 c10 c9

p6 c9 c9 c10

c2 c2 a0b2 c2 a0b2 a1b1 b1

b1

a1b1 b1 b1 s2 s2 c5

c5 s2 c5 c2

a2b1 a2b1 b1 s3 c8

c8 s3 c8 s3 c5 a3b1 a3b1 b1 s6 s6 s6 c8 c11

c10 c11 c8

c8 c11

c11 c8

c8

s6s6 p5

c5

c5

c5

c5

s3 a3b1

s5

c2

c2 a2b1

c2

s2 s4

a0b2 s1 a1b1

b1 b1 c2 c11 c7

s5

s5

s5

b0

a3b0

a3b0

c7 c6

s4

c7 s4

c7 s4

b0

a2b0

a2b0

c1

s1 c6

c6 s1

s1 c6

b0 b0

b0

a1b0

a1b0

c1

c1 a0b1 a0b1

c1 b1 c7

c7

c7

c7

s5 p4

c6

c6

c6 a3b0

c6

s4 p3

c1

c1

p2 c1 a2b0

c1

s1

a0b1 a1b0

p1

b3 b2 b1 b1 b0 b0

Figure 9: The mapping result of a multiplier onto a Triptych architecture.

6. CAD Tool Development

In addition to thearchitecturedevelopment of Rothko described in Section 5, a 3-D FPGA design environment is in progress. High-quality tools areneeded to find feasibledesigns while minimizing delays along critical paths. Theobjectiveof thesetools is to maximizetheutilization of FPGA computational blocks to reducethenumber of FPGAs needed, and minimizetheuseof routing resources to ensurethat thefinal design can besuccessfully routed with minimumdelay.

This design environment is used initially for thepurposeof evaluating theperformanceof Rothko, and later, for thepurposeof mapping applications onto it. Therearefour main functions: a simulation environment, mapping of theinput logic onto theFPGA´s computational and I/O blocks, placement of theseblocks within theFPGA, and theselection of a feasibleset of routes to connect the blocks.

6. 1 Simulation

VHDL models of the Rothko architecturehavebeen developed to allow thesimulation of mapping circuits onto the3-D FPGA. This environment allows us to easily implement and evaluatealgorithms that havebeen tailored specifically for our 3-D FPGA. Thesimulator consists of a gate-level VHDL implementation of an RLB array that can beconfigured and tested. The function of thedesign tools is to read in a circuit´s netlist and output theconfiguration data needed to programthe RLBs, including performing themapping, placement and routing steps. The

VHDL simulator is used to verify the correctness of the configuration data.

6. 2 Mapping

In theconfiguration process a netlist is subdivided into a set of subcircuits, each of which is mapped onto a specific RLB. Wehavedeveloped a tool that accepts a specification of such a subcircuit and outputs thenecessary configuration bits. Thetool begins by performing a set of tests to verify that a legal mapping to a singleRLB exists. In particular, thefunction mapped to an RLB can haveno morethan threeinputs and threeoutputs, and it can computeno morethan onedistinct function of theinputs. No morethan oneinput can beassociated with each of the threeinput muxes. Furthermore, theoutput of thefunctional block can either belatched or unlatched, and oneof theinputs can bea latched copy of thefunctional output. As a result of theserestrictions, typically oneof theoutputs will comefromthefunctional block and the remaining two will beconnected to unmodified inputs, allowing theRLB to performboth computational and routing functions. Thesimulation environment has been used to carry out the mapping of various circuits onto an array of RLBs.

6. 3 Placement

Theplacement algorithmfor theRothko architectureuses simulated annealing to place RLBs implementing logic functions in a way to minimizethe expected routing cost and maximizethe design´s routability. As described above, thecost of routing a net is affected by thepresenceof both direct connections (inter-layer and intra-layer direct connections havesimilar delay properties) and segmented routing channels in thearchitecture. An RLB can connect directly to its

NE, SW, and W neighbors, as well as the RLBs aboveand below it on adjacent layers. A lower bound of a routing cost can thus becomputed by examining thelocations of thesourceand sink

RLBs and assuming that only direct connections arebeing used. This cost is used as part of the simulated annealing cost function. Theactual cost of routing a net may behigher dueto the unavailability of routing resources. Thepresenceof segmented routing channels is factored into the expected routing cost by reducing vertical distances by a constant multiplicativefactor throughout. This factor is designed to balancetheuseof direct connections and segmented routing resources.

Theplacement algorithmimproves a design´s routability in two ways: by monitoring local routability, and through density smoothing. Local routability refers to theability to makea small number of required connections near an RLB. During theplacement stage, caremust betaken not to oversubscribetherouting capabilities of RLBs. The evaluation of local routability can help to detect problems of routing oversubscription and adjust theplacement accordingly. Density smoothing is used to discourageplacements that completely saturatea group of RLBs with computational logic, making it difficult to routesignals in that area. Thecost metric encourages placements with enough unused RLB routing capability to allow for later routing. Themetric also discourages overly diffuse placements that spread a small design over the entire chip.

6. 4 Routing

Therouting algorithmunder development for theRothko architectureconsists of a signal router that routes onenet at a time, and a global router that makes useof a congestion and delay model to guidethesignal router. In thebasic algorithm, each net is routed by thesignal router using a breadth-first search, under theassumption that all routing resources are equally available. The algorithmiteratively rips up and reroutes individual nets whilegradually increasing thecost of using congested routing resources. This increased cost encourages therouter to find alternate paths where possible. This process continues until a feasible set of routes has been found.

Thesignal router also attempts to minimizethedelay for each source-sink pair in thecircuit by giving higher routing priority to longer connections. For each sourceto sink connection in the circuit, a slack ratio is computed which is equal to theratio of thecost of thelongest path including thesourceand sink to thecost of thelongest path in thecircuit. This quantity gives the relativepriority of each connection attempting to usea routing resource. Connections with a large slack ratio contributemoreto theoverall delay of thecircuit and can replaceconnections whose delay is less critical.

Thenotion of local routability pays special attention to theconnectivity of each RLB with its neighbor RLBs aboveand below it. Theseinterlayer routing resources aremonitored to ensure that they arenot oversubscribed. Density smoothing is used to ensurethat not all interlayer connections in a region are saturated, making later connections between layers difficult.

7. Future Directions

Wehavedescribed thearchitectural design of a 3-D FPGA called Rothko, an exampleof using

Rothko, and theongoing development of its design tools. Weplan to fabricatetwo layer 3-D

FPGAs in 1997. Oncewehaveworking chips, wewill integratetheminto a prototyping board with a PC interface, and download designs to demonstratethechips. Weareinvestigating different mapping applications such as imageprocessing algorithms to demonstrateour first 3-D

FPGAs.

In thefuture, weplan to fabricatefour-layer FPGAs. Theresults of our design tools and simulations will beused to improveon theproposed Rothko architecture. Other architectural improvements arebeing investigated, including theincorporation of randomaccess of configuration bits in order to support on-the-fly reconfigurability. Wewill also explorealternative ways to usethenew vertical dimension provided by the3-D VLSI technology. For example, one potential application is to includea layer of storagecells for data to beprocessed by theFPGA layers and provide direct connections between the data storage layer and the computational layers.

8. Acknowledgment

We would like to thank Scott Hauck for his help with the Triptych architecture.

9. References

[1] S. M. Trimberger, Field-Programmable Gate Array Technology , S. M. Trimberger, ed., Kluwer Academic

Publishers, Boston, MA, 1994.

[2] M. Alexander, J. Cohoon, J. Colflesh, J. Karro, and G. Robins, ^Three-dimensional field-programmable gate arrays,~ Proc. IEEE International ASIC Conf. , Austin TX, September 1995, pp. 253-256.

[3] M. Alexander, J. Cohoon, J. Colflesh, J. Karro, E. Peters, and G. Robins, ^Placement and routing for threedimensional FPGAs,~ Fourth Canadian Workshop on Field-Programmable Devices , Toronto, Canada, May

1996, pp. 11-18.

[4] J. Darnauer, P. Garay, T. Isshiki, J. Ramirez, and W. Dai, ^AField Programmable Multi-chip Module

(FPMCM),~ in IEEE Workshop on FPGA’s for Custom Computing Machines , pages 1-10, 1994.

[5] V. Maheshwari, J. Darnauer, and W. Dai, ^Design of FPGA´s with Area I/O for Field Programmable MCM,~ in Proc. ACM/SIGDA Intl. Symposium on Field-Programmable Gate Arrays , 1995.

[6] The Trimorph project, Electronic Systems Group, Universityof Sheffield.

http:// www.shef.ac.uk/ uni/academic/D-H/ eee/ esg/research/ mcm.html

[7] J. DePreitere, H. Neefs, H. Van Marck, J. Van Campenhout, Baets, Thienpont and Veretennicoff, ^An

Optoelectronic 3-D Field Programmable Gate Array,~ in Proc. 4th Int’l Workshop on Field Programmable

Logic and Applications .

[8] P. Zavracky, M. Zavracky, D-P Vu and B. Dingle , ^Three Dimensional Processor using Transferred Thin Film

Circuits ,~ US Patent Application # 08-531-177, allowed January 8, 1997.

[9] Kopin Corporation, 695 Miles Standish Blvd, Tanuton, MA 02780.

[10] G. Borriello, C. Ebeling, S. Hauck, and S. Burns, ^The Triptych FPGAarchitecture,~ IEEE Trans. on VLSI

Systems , vol. 3, no. 4, pp. 491-501, 1995.

[11] C. Ebeling, L. McMurchie, S. Hauck, and S. Burns, ^Placement and routing tools for the Triptych FPGA,~

IEEE Trans. on VLSI Sys ., vol. 3, no. 4, pp. 473-482, 1995.