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Abstract—The last 40 years have seen an exponential increasespans a large range of the design process, from the basic
in the number of transistors per processor. Along with this organization of nanoelectronic devices up to the mapping of

increase has been an exponential increase in processor parf ; ; ; i - :
mance. However, now that CMOS scaling has reached the deepSpeCI ¢ fl_mctlonallty within these CI.rCU|tS' The laqu diis
paper will be as follows. In Section Il we will introduce

submicron range, fundamental physical properties are limiing . i )
the further scaling of this technology. Nanoelectronic deices the nanoelectronic devices which have been developed. In

have recently been developed as one possible alternative orSection Il we will look at some classic architectures which
complement to CMOS. While these devices offer the potentidbr  share some of the basic characteristics of nanoelectronics
circuit densities far exceeding that of CMOS, they also preant Section IV will discuss several of the proposed organizesio

a new set of challenges. High levels of defects and faults atp - . . . I .
with a unique bottom-up approach to fabrication are hallmarks of the computational fabric while Section V will discussliss

of these nascent devices and must be taken into account inanOIVed n eﬁectlvely UtlllZlng that fabric. In SectionI\Mve
order to realize their full potential. In this paper we look at brie y describe some future research possibilities in thisa
work in the area of building processors that use nanoelectmic  pefore concluding in Section VII.

crossbar architectures. We examine multiple approaches téwo

basic issues: organizing devices into a basic computing feb II. NANOELECTRONICDEVICES
and ways to map speci c functionality onto this computatioral . .
fabric. Nanoelectronics encompasses an emerging set of technolo-
gies that offer the potential of device densities far gneate
l. INTRODUCTION than that of CMOS. Some examples of these devices include

Over the past four decades, computer architects have bsemgle electron transistors (SETs) [16], quantum-dotutal
able to rely on Moore's Law to aid in their quest for everautomata (QCA) [1], spintronics (SPIN) [30], resonantrteh
increasing performance. The current dominant transisich-t diodes (RTDs) [24], carbon nanotubes (CNT) [2], and silicon
nology, CMOS, has scaled along with Moore's Law allowingianowires (SiNW) [15]. Each of these devices have unique
architects to continue to make advances. Unfortunately, neharacteristics. For example, RTDs offer the potential for
that CMOS has entered the deep submicron range, scalingnislti-valued logic while QCAs rely on the quantum inter-
becoming more dif cult and will eventually cease because @fction between electrons and use extremely low levels of
fundamental physical properties of CMOS technology [25hower. However, despite the uniqueness of each of these
The ITRS has stated that there exists a brick wall to scalinigvices, a set of characteristics span across them that help
which we are likely to run into around the year 2010 [11]de ne nanoelectronics. These characteristics include Ifa se
While this does not mean that CMOS will be unable to scalissembly approach to bottom-up fabrication, extremely hig
beyond the year 2010, it does imply that scaling will beconmevels of defects, and inherent recon gurability. Selsasbly
increasingly dif cult within several years. This has ledt@dal is used because the size of individual devices is at such a
scientists to scramble to nd an alternative technology thid ~ small scale that traditional top-down approaches to falioo
scale to even smaller sizes than CMOS. The result has besea uneconomical if not impossible. Because of the stoithast
the development of a set of devices known as nanoelectronature of self-assembly, defects are expected to be higiieWh
devices. These devices offer the possibility of featuressizthe defect rate of CMOS is arourid °, it is expected that
on the order of a few nanometers. They also possess othanoelectronic devices could see fault rates as highOa$.
unique characteristics which may make them more powerfecon gurability is a result of the speci ¢ properties ofetbe
than CMOS. devices as well as their organization. We will talk more abou

However, these nascent devices do not come without thedicon gurability of crossbar architectures in II-A.
own set of limitations. Basic assumptions about underlying While none of the aforementioned devices have emerged
devices that were used to design current processors will a® the clear successor to CMOS, the most mature among
longer be valid. These fundamental changes will likely ledtiese technologies are CNTs and SiNWSs. A large portion
to new paradigms as computer architects are forced to kethof nanoelectronics research has been focused on these two
many design decisions in order to fully realize the poténtitechnologies because they offer the possibility of cregadiin-
that nanoelectronic devices have to offer. cuits that have characteristics similar to CMOS circuitsisT

In this paper we will survey work that has been done isimilarity offers two interrelated advantages. First,dnese we
designing crossbar-based nanoelectronic systems. This wbave a large body of knowledge on how to build CMOS-
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based circuits, devices that offer similar charactedgstce

better poised to take advantage of existing techniques. Sec
ond, as nanoelectronic devices begin to mature, one obvious
possibility would be to integrate them into nano/CMOS hgbri

circuits. Hybrid systems could leverage the strengths ¢f bop| As have two array planes: an AND array which takes input
CMOS (e.g. reliability and precise fabrication) and naroel and feeds its output into the OR array, which produces the
tronics (e.g. cheap, abundant resources). Integrating EM@verall output of the system. The result is that a PLA can
with nanoelectronic devices that have familiar charasties compute any sum of products (SOP) of the inputs. Because
is a less daUnting task than integrating devices with radl%y |Ogic function can be expressed as an SOP, the PLA may
characteristics such as QCAs. As a large portion of reseajgiplement any boolean function. Because of their regularit
has been focused on nano/CMOS hybrid circuits, this paper As are an attractive choice for a crossbar-based arthitec
will ultimately focus on these types of hybrid designs. &hil A naive approach would be to use nano crossbars to implement
nanoelectronics has considerable potential to act asregtye 3 pLA organization. The downside of the PLA approach is that
dense memory, this paper will focus on its potential as jgrequires both regular and complemented versions of asign
computing fabric. to be present in the input in order to achieve universalitye
A. Crossbar Array wish to create a cascaded PLA organization, then we would
L have to compute both the function and its complement at each
Because of the use of self-assembly for fabrication, nang; o

electronic circuits W.i" likely b? re_legated to having a uw One important piece of knowledge gained from traditional
structure. One possible organization that has gained papyl PLA design is that smaller PLAs tend to have better utiloati

is that of the cros_sbar array, shown here in F'.g' L. beer devices than larger PLAs. This follows from the fact that
crossbar array consists of two sets of orthogonal wireshét twhen computing a function in a PLA, only a certain fraction

crosspoint of any two wires is a bistable, recon gurableltat Ef the crosspoints will be actively used. For example, in. Fig

When the latch is in the “off” state, the wires are insulate . .
e only 13 out of the 24 possible crosspoints are used. As the
from one another and have no contact. In the “on” state, the . .
wires are connected to form either a diode or a transistgf, > > 2> of the PLA get larger, a smaller fraction of these
. . . Yevices are utilized when computing a function. Therefore,
depending on the type of nanowires used. Toggling betwegn

the on and off states can occur at any time by providing a lar fly approach that offers a PLA-like organization, arra siz

voltage difference between the two wires. This easy toggén W play a key role in the utilization of devices.

what gives these devices their recon gurability. It is immamt  B. Field Programmable Gate Arrays
to note that these nanowires have a limited maximum length

which bounds the maximum size of the crossbar array.

Fig. 2. Basic PLA structure.

Field-programmable gate arrays (FPGAs) are a style of
architecture that offers recon gurability as well as a riagity.
I1l. PREVIOUSARCHITECTURAL APPROACHES At the heart of FPGAs are the programmable logic blocks

While nanoelectronic devices have characteristics that dfPLBS). These PLBs are generally lookup tables (LUTS) so
ferentiate them from CMOS devices, several previous arciftat givenn inputs, they can implement any functionf 1
tectures built using CMOS also have these characteristituts and 1 output. The PLBs implement the computation
In this section we will discuss two of the most prominerfo FPGAs while interconnect is provided by a special re-
architectural ideas that are directly applicable to crassbProgrammable interconnect. The recon gurable intercatne

based nanoelectronic architectures. relies on heavy usage of multiplexors and it requires a much
. larger area to implement than the PLBs. FPGAs can be used as
A. Programmable Logic Arrays general purpose architectures or used to implement agiplica

Programmable logic arrays (PLA) are a classic style apecic hardware such as digital signal processors.
computer organization. Fig. 2 shows the basic layout of a.PLA The recon gurability and regularity of FPGAs are obvious



A. NanoFabrics

In [12], Goldstein and Budiu introduced NanoFabrics. The
organization of the NanoFabric, shown in Fig. 3, was similar
to that of an FPGA. A large number of recon gurable blocks
(nanoBlocks) provided computation and could be connected
together via recon gurable interconnect (switch blockdh-
like most FPGAs whose LUTs can implement any function
of n inputs, the capabilities of the nanoBlocks were severely
limited. At the heart of each nanoBlock was a molecular logic
array (MLA) which consisted of a crossbar array with diodes
at the crosspoints. The size of the MLA was intentionally
limited to a small size so as to increase the device utitizati
This meant that the nanoBlock could only implement simple
gates such as AND, OR, and XOR. It was estimated that
NanoFabrics would have abotf? of these nanoBlocks per
cm?.

; L The nanoBlocks and switch blocks were arranged into an
However, nanoelect_ronlcs offer the further constraint ighh array (aclustes) in a checkerboard pattern. The alternating pat-
defect Ievt_als. Luckily, the recon gurabl_e nature of FPGﬁern of nanoBlocks and switch blocks meant that switch ldock
based designs (as well as nanoelectronic crossbars) mrsonly provided interconnect between adjacent nanoBlocks. T

pos_mb:hg tOf mtegragrlﬁ d_efect t?lgra;nctetlr:to de5|g@8|1:e|13 G witch blocks were simple crossbar arrays that could be
project that examined the ISsue ot detect tolerance on gured to provide at most two non-overlapping routes

was the Teramac Custom Computer [6]. The Teramac was etween nanoBlocks. The placement and limited size of these

0 .
FPGA based system where 75 A)_ of the FPGAS in the SYStitch blocks meant that the connectivity between nand&loc

had one or more defects. De§p|te the defects, th_e_ '_I'era_ % localized and limited. Communication between non-
was able t%_?ft tas afgél;:jﬂ;nctt]onal computetr bB\/NUt'"Z_:IrE Itadjacent nanoBlocks required either routing through other
][ect(k)]n gul;a 't'%] oTav0| N ecdl\{te cdorpp(:nteln s VW€ W'@ea t.nanoBIocks—an unattractive option since it would preclude
urther about the feramac and Its detect-tolerance in ®cly, ,se nanoBlocks from performing computation—or the use of

V-AL the inter-cluster lines, an option only available to naroaRk
at the edge of the cluster. The organization of the NanoEabri
meant that at least 50% of the devices available were used
solely for interconnect.

E v hiah device densiti | ith i Because each nanoBlock relied on diodes for operation,
xtremely high device densities along with recon guratyili signal inversion and gain were not available. In order to

prowae abundgnt resources from which to.craft a basic COIE‘r’ovide these critical functions, negative differentiasistors
puta_t|onal fabric. Unfortungtely, the regularlty of the)_ssbar NDRs) were added to the output of each nanowire. Along
provides a strong cqnstralnt on our design. ITUCk”Y’ PI,‘ ith providing gain and inversion, these NDRs also allowed
and FPGAs have achleveq SOme success dgspne being I'mf‘gardlatching of data. An unfortunate side effect of the usage
to rggular §tructures. Wh||_e these pas_t de5|gns_offer a J98FNDR latches was that they greatly decreased the operation
starting point for our basic Computz_monal fapric, they di Qeed of the circuit. Clearly, the shortcomings of diodegena
not face the. additional constraints imposed by the use fiem unattractive for use in a computational fabric. One can
nanoelectronics. hardly fault their use in NanoFabrics though, as at that time
In this section, we will summarize several of the curreRkere had been no demonstration of transistors operatithgin
proposals for building a crossbar-based nanoelectrottie fg,gnoelectronic setting.
ric. While these proposals draw heavily from those ideasa|| of the logic operation of NanoFabrics lies in the
introduced by PLAs and FPGAs, we will focus on thosganoelectronic devices. A CMOS interface is provided withi
design aspects that are a result of the unique nanoelectrgfinoBlocks to allow for clocking and to power the NDRs.
environment. In particular, we will look at two differensises. ynfortunately the exact nature of the CMOS/nano interface i
First, we will focus on the interconnect. This includes thgnde ned in [12]. The con guration of the NanoFabric is also
interconnect between nanoscale components as well as {8 discussed.
interface between the nanoscale and the microscale. Second )
we will look at the roles that CMOS and nanoelectronics pldy- FET-based Array Architecture
in each design. As all of these designs are a nano/CMOSA PLA-like approach to building a computational fabric
hybrid, it is important to understand in what capacity theas proposed by DeHon in [9]. This FET-based architecture
CMOS and nano act. Finally, we will look at the devicaook advantage of recent advances in allowing two-terminal
utilization offered by these designs. transistors to be created at the intersection of nanowires.

Fig. 3. NanoFabric Organization. [12]

parallels to the characteristics of nanoelectronic crassb

IV. NANOELECTRONIC COMPUTATIONAL FABRICS



Fig. 4. FET-based Array with NOR-OR planes. [9]

Transistors allowed for arrays of NOR gates. NOR gates are
a universal gate, meaning that any boolean function can be Fig. 5. Interconnect between CMOS and nano in CMOL. [23]
computed using only NOR gates. Unlike the traditional PLA
layout of an AND array followed by an OR array, DeHon's
approach used either a NOR array followed by an OR arrHje decoder would need to be fabricated using a precise top-
or two consecutive NOR arrays. The output wires of thdown methodology. This is unattractive because it requires
NOR array would be placed orthogonal to the input wirefie printing of nanoscale features which may be impossible
of the proceeding NOR (OR) array. Fig. 4 shows the genefl Prohibitively expensive. However, an alternative metliod
organization of the FET-based array with NOR-OR planes. créating the decoder using stochastic assembly was propose
While the NOR and OR arrays are implemented witfat avoids the use of nanolithography [10].
nanowires, DeHon's approach used microscale wires to agd-The nature of the microscale to nanoscale interface leads to
dress these wires as well as to read the result of th&ff interesting tradeoff when it comes to designing a FEBthas
computation. This meant that an interface was needed betw@gay architecture. In order to take advantage of the device
the microscale and nanoscale wires. Using the microsc&nsity offered by nanoelectronics, we would like to male th
wires to directly drive the nanowires is an unattractivaiioh  'atio of nanoscale to microscale wires large. In order toeveh
because that would limit the density of the nanowires to dfiat this, large NOR/OR arrays are desired. However, as the size
the microscale wires. Thus the density advantage from usifigth® NOR/OR arrays increases, the utilization of the devic
nanowires would be lost. The solution proposed in [9] is t# the array decreases. This paradox makes achieving good
create a specialized decoder between the microscale wices §verall device density in the FET-based array approach very
the nanoscale wires. In this decoder, a setrpinicroscale dif cult if not impossible. Moritz et al introduced a simita
wires are placed parallel to a setmfnanoscale wires. A set Organization but which allowed for greater utilization [28
of m nanoscale wires would run perpendicular to these 148 Particular, Moritz's design was well suited for sequanhti
sets of wires with each nanoscale wire from the perpendicufdcuits but used a dynamic circuit style which was more
set connected to exactly one of the microscale wires. A dif cult to design for.
special mask is placed over the area where the two sets of
perpendicular wires intersect such that only certain ggetion C. CMOL FPGA
points would actually be connected. As we have seen, achieving good device density in array-
The layout of the nanowire interconnections in this decodbased approaches is a dif cult task. This stems from the
determines how many microscale wires are required to agldresoblem of providing microscale wires for addressing and
a single nanoscale wire. At a minimur®(logn) microscale long range interconnect. In their work on CMOL, Strukov and
wires are needed so that each nanowire is individually adikharev take a fundamentally different approach to irgerf
dressable. However, using such a dense coding scheme waogd between the nanoscale and microscale [23]. The CMOL
mean that a defect in a single microscale wire would rendapproach follows the concept of nano-on-CMOS (NOC) that
half of the nanowires inaccessible. A more robust schemevigs rst proposed by Ziegler and Stan [31]. The idea of NOC
to use 2-hot encoding where two micro wires are needéthat rather than integrating micro and nano on the same
to address a single nanowire. In this scherBe, a defectl@vel, the nanoelectronic part of the circuit is on a layer on
any microscale wire would lead to a loss O n) of the top of the microscale. In both the NOC and CMOL approach,
nanowires. While the 2-hot scheme is more attractive, alsmgile microscale is implemented using CMOS.
number of defects can still render a large portion of theuiirc  The key advancement of CMOL is in the way in which the
inaccessible. The downside of the DeHon approach is theno and CMOS layer are interconnected. Fig. 5 shows the



In CMOL FPGA, the nano layer acts as a large OR array
that can use diodes for operation rather than transistors. A
NOR gate can be created by implementing an OR gate in the
crossbar and having the input go into the CMOS layer for
inversion. We can create a sea of these NOR gates and map
functionality into them since the NOR gates are universal.

D. FPNI

The Field-Programmable Nanowire Interconnect (FPNI)
was introduced by Snider and Williams [22] as a generabirati
of CMOL. In CMOL, all of the CMOS cells are identical. The
homogeneous nature of the CMOL cells leads to dif culty
in routing the circuit. This trouble arises because upomyent
to a cell, signals are inverted even if this was not desired.
The generalization introduced by FPNI was to allow arbytrar
CMOS circuits to be placed inside of a cell. Therefore, if a
signal only needed to be buffered, the cell could contaily anl

nature of the nano/CMOS interconnect. In CMOL, there apyffer._ Furthermore, by allowing arbitrary logic VV_ith t_h@ﬂl

two different types of vertical pins (red and blue in Fig. Bat cells, it was no longer necessary to dp computation in the nan

connect between the nano and CMOS layers. As the crossg@ssbar: the NOR function could simply be implemented in

array has two perpendicular sets of wires, one type of pih wifMOS. As a result, the nano layer in FPNI was freed to act
always connect to a set of wires in one orientation while Ry @s interconnect for the underlying CMOS layer.

other type of pin will connect to the perpendicular set ofesir __1he FPNI approach IS more akin to.tradltlongl cell-based
The goal is to have each nanowire connect to exactly one pfii, GA where the cells implement arbitrary logic. The key

If this goal is achieved, then we can address any nanodevitiierence is that the interconnect between cells is done by
(ie. the intersection of two nanowires) by selecting two ¢ Nano crossbar array that is inherently recon gurable. A
the pins. In order to achieve the desired property of havifgf9€e portion of the area of CMOS based FPGAs is dedi-
a one-to-one pin-to-nanowire layout, we rotate the naresvircated to implementing recon gurable routing. The intrnsi

Fig. 6. CMOS cell in CMOL FPGA. [23]

by such that it satis es the following constraints: recon gurability of the nanowire interconnect allows fouch
denser logic within the FPNI as compared to traditional CMOS
cos = I'F hano 1) FPGA.
F cmos However, FPNI fails to achieve the same logic density when
compared to CMOL. This is a direct result of placing all the
sin = w (2) computation in the CMOS layer. While the CMOL cell was
F cvos xed and small, even limiting the FPNI cell to be at most the

Here, Fnano and Fcuos refer to the half-pitch of the size of a NOR gate leads to an increase in size. Furthermore,
nanowire and CMOS, respectively.is a dimensionless factor since cells are not homogeneous, the decision must be made
that depends on the size of a CMOS cell ands positive as to which functionality goes within each of the cells. Tiis
integer number (which may be arbitrary). If the length ofteadurn, makes routing of signals more dif cult as now algonith
nanowire is set th. =2 2F2,0s =Fnano and is set to45  must be aware of the functionality of each cell.
then it is possible to reacl =2r(r 1) 1 CMOS cells )
in the immediate neighborhood of any CMOS cell. E. DNA-based Self-Assembly Designs

The CMOS cells in a CMOL FPGA are a concept from cell- Lebeck et al have demonstrated a different approach to
based FPGAs. These cells are tiled across a chip creatingesigning nanoelectronic systems [21], [20]. Their apphoa
highly regular structure. The CMOS cells in a CMOL FPGAused the precise assembly rules of DNA to arbitrarily place
shown in Fig. 6, are simple CMOS circuits that include twand route nanowires within a regular DNA scaffolding (known
pins to connect to the nano layer (one of each type as distusae a node). While the maximum size of this scaffolding is
above), as well as four transistors. Two of the transistothé constrained, it was large enough to hold upwards of 20,000
cell act as pass transistors that enable/disable accdss twd nanoscale transistors. With this amount of transistorss it
pins. The other two transistors form a CMOS inverter. One pbssible to make each of these nodes a simple processing
the nano interconnect pins is used as input from the nano lagéeement (i.e. 1-bit ALU with registers and control logic). A
and feeds into the input of the CMOS inverter. The other piarge number of nodes (on the order I - 10*?) could be
is connected to the output of the inverter. In this setumalig fabricated and connected together. Unfortunately, intenect
from the nano layer enter the CMOS layer through a specilzetween nodes was imprecise so the end result was a random
cell where the signal is then inverted (as well as refreshemtwork of nodes. In order to determine which nodes were
before going back to the nano layer. connected, Lebeck et al used the reverse path forwarding



(RPF) algorithm [8], which allowed nodes to determine whicRecovery is primarily a function of two things: the diagresi
of their neighbors they were connected to. method and the level of granularity at which one tests for
Lebeck proposed two different architectures based on thisfects. We will discuss several diagnosis techniqueszeid t
random node architecture. One of these approaches, NANApact on recovery in the following subsections.
[20], used a heterogeneous set of nodes while the other, SOSAhe level of granularity impacts recovery because it is
[21], maintained a homogeneous set. NANA performed poorigversely proportional to the recovery rate. When using a
because it relied on a sequential processor model that did me-grained testing method, testing proceeds at the level o
effectively utilize all of the resources available. SOSAswa individual devices or possibly small arrays of these dexieg¢
SIMD processor built to utilize many nodes in parallel. Vihil this level of testing, we are able to identify individual is
SOSA was shown to perform well on highly parallel programgor small arrays of them) that are defective. Therefore, ree a
it was poor as a general purpose processor. less likely to discard good devices because they have been
The unique characteristic of NANA and SOSA is thagrouped together with bad devices during test. This is just t
they did not take advantage of the recon gurability of nanospposite when we use a coarse-grained level of testing. Here
electronic devices. While this limits the exibility of the we are testing larger groups of devices so that a single éevic
architecture, it also avoids the time and complexity inedlv within this group could lead to all the devices in that group
in recon guration. Without the requirement of con guratip being labeled as defective, even if they are not.
the need to individually address each device was eliminated While doing a ne-grained level of defect testing is desleb
Therefore, the interface between the micro- and nanosagle tbr a high recovery, it also leads to an increase in test time a
not have the burden of ensuring that each individual narmwirell as an increase in the size of the defect map. A defect map
could be accessed by the microscale. The nodes were desigredl listing of which devices are defective. In nanoeledtsn
to be fail-stop so that defect testing was eliminated. Thehere there are expected to be billions of devices per chip
RPF algorithm only created connections between neighoriand a defect rate of up to 10%, the defect map would need
nodes that were functional so defective nodes were imilicitto keep track of 100's of millions of defects or more. With
ignored. this number of defects, storage size becomes a problem as it
becomes unreasonable to expect the defect map to be stored on
V. UTILIZING THE FABRIC the chip itself. While there has been work on compressing the
In this section we will discuss several issues involvedefect map using Bloom lters [27], the size of maps remains
in effectively utilizing the underlying computational fab. ~ prohibitively large even after compression. Storing théede
Because of the characteristics of nanoelectronic deviees, map off-chip presents its own challenges as each chip has a
fectively dealing with defects and faults is of central impo unique defect map and storing these defect maps for a large
tance in designing crossbar-based architectures. Fortdrer number of chips becomes dif cult.
because of the huge number of devices offered by nanoelech the proceeding subsections, we will discuss some of the
tronics, the complexity of mapping functionality onto teeswork that has been performed in the area of defect diagnosis
circuits can be quite large. Coping with this complexity lwilfor nanoelectronic circuits. The common theme among these

dictate the ef ciency with which systems operate. approaches is that they all test at a ne-grain level and they
all target the NanoFabrics. A coarse-grained approach was
A. Defect Tolerance introduced by Jacome et al [14] but their approach primarily

One of the salient characteristics of nanoelectronic @svicfocuses on the mapping of circuits so we will defer discussio
is their high levels of defects. Because CMOS circuits haw# their technique until Section V-C.
defect rates ofl0 ° to 10 7 (on the order of one per billion) 1) Testing the TeramacAs mentioned in llI, the Teramac
the traditional approach has been to identify chips wittedesf was a defect tolerant FPGA built by Hewlett-Packard in
and to simply discard them. However with defect rates itne 1990s. Because of the similarity of this project with
nanoelectronics expected to be as high as 10%, throwing awenoelectronic architectures, we may look at their appgroac
chips that contain a defect would lead to unacceptably law defect testing and diagnosis and analyze its applicatdi
yield. Fortunately, as the Teramac demonstrated, recaa-gunanoelectronic-based circuits.
bility can provide defect tolerance. With respect to defect At the heart of the Teramac test method is the use of linear
tolerance, the key aspect of nanoelectronics becomes thHe&dback shift registers (LFSRs). LFSRs are groups of ip
intrinsic recon gurability. As in the Teramac, we can useops that have been chained together with certain feedback
recon gurability to utilize defect-free circuits while aiding as to provide a pseudorandom sequence of binary numbers.
those devices that are defective. The crucial part of def@®tcause they are only pseudorandom and not truly random,
tolerance therefore becomes the process of diagnosing (ifeve know the starting point of the sequence, we can easily
locating) defects. determine the rest of the sequence. They are utilized imtpst

The ultimate goal of defect diagnosis is to have a highy starting them at a known point and running them for a set
recovery rate. Recovery is de ned as the percentage of goomdmber of iterations. If all the components were defecgfre
devices which are marked as being usable. The implicatitren at the end of the last iteration the value in the LFSR
of a high recovery is that few good devices are discardezhould match what we expect. If there is a disagreement with



attach a probability of defect to each component. For those
components with a high probability of defect, we assume that
they are defective. Those components which are marked as
having a low probability of defect are then moved onto the
defect location stage of testing.

In order to nd the probability of defect for a component,
Goldstein introduces the concept of a none-some-manyitircu
After con guring a group of components into an LFSR, the
result of that test is analyzed. If the test revealed no sytben
the group is listed as having nadng defects. If, however,
the test fails for that group, the components are split up int
subgroups that form smaller LFSRs. These smaller LFSRs are
then tested and their results analyzed. If it so happens that
less than half of these smaller LFSRs returned an error, then
the test group that contained all of the components is liated
havingsomedefects. If the number of subgroups that produce
the expected value, then one or more components within t%régnegus rﬁsu_lts is greater than half, then the originagr
LFSR is defective. We can isolate the defective componelﬁt Isted as avingnanyerrors. .

. S After performing enough con gurations such that each
by taking each component and making it part of another test

) component was involved in at least test groups, we can
group that does not include any of the other components in P group

- . ) ..~ perform Bayesian analysis to determine the probability tha
the original test group. The simplest way to achieve thipis (E:Jomponentc is defective. If we letD denote the event that

rst group an array of components into rows and test th_e n(%‘was defective andR denote the result of the tests thatc
This approach is shown in Fig. 7. If any of the tests faile

\?/as involved in, then we simply need to calcul®&éDjR).

then the tests would be grouped into °°'”mf‘s- In the case o For those components that have a low probability of defect,
single defect, only one column test would fail. The compdnen

; ) . We continue to con gure test groups involving these compo-
at the intersection of the row and column tests that failed 1S hts until we identif?/ all thosegcompponents W?lich are dtytuz
the defective component. In the Teramac, the componertts tEglfective Because we expect these circuits to be defeet-fr
were tested were the CLBs. ) I

] ) ) an approach similar to the Teramac test scheme may be used

The downside to the Teramac testing scheme is that;ltihis defect location stage.

relies on the assumption that there will be only & single there are two primary shortcomings of this approach. First,
defective component. If there ame defective (2:ompon_ents because the rst stage is based on probability, we expect
then using only two test setups might lead@¢n®) possible gqme good devices to be misclassi ed as defective. Thezefor
defect locations which still need to be disambiguated e recovery rate of this approach is not ideal. The other
nd the real defective components. More test con gurations,orcoming, and more serious, is the fact that this approac
beyond the simple row-column setup would be needed fQfjies on the circuit allowing arbitrary components to be

this disambiguation. However, depending on the number @fnnected at any time. Because of the constrained nature of
components it may be that probability dictates that thede Winerconnect in the NanoFabrics, this is a highly unreilist
be at least one defective component in each test group (eagsumption.

if there are 10 components per test group and a 10% defecg) CAEN-BIST: Built-in Self-Test (BIST) is a popular

rate then even if the components were individual devices, We.hqd for testing circuits. Rather than relying on an algtsi

would always expect at least one of the components 10 Bfir, 1o generate and apply tests for defects, speciawes
defective). It therefore becomes dif cult to de nitivelyay g placed in the circuit so that it may generate tests and

which C(_)mponent is defective. One could avoid this pitfall bap ly them from within. Brown and Blanton applied some
decreasing the number of components per test group but tgfhese principles to testing in NanoFabrics when theyointr
would signi cantly increase the test time as more test g®UR) ,ced CAEN-BIST [5]. Unlike the previous testing approache
have to be con gured and tested. where the result of tests needed to be analyzed off the chip,
2) Testing the NanoFabricA LFSR-based approach sim-CAEN-BIST uses nanoBlocks to test other nanoBlocks and
ilar to that used for testing the Teramac was developed fyen analyze the result of the test. However, unlike tradél
Goldstein to test defects in NanoFabrics [17]. Rather th@)ST where test patterns were generated on chip, CAEN-BIST
continue to try different test con gurations until defe@i relies on test patterns being generated off chip and thetedou
components are de nitively marked, Goldstein used a proky the nanoBlocks that are involved in testing.
abilistic approach to nd those components which are mostin a test con guration, two nanoBlocks are placed into a
likely to be defect free. test group. One of the nanoBlocks acts as the tester and will
Goldstein's method had two stages: probability assignmesgnd tests to the other nanoBlock, the block under test (BUT)
and defect location. In the probability assignment stage, Whe response of the test is routed back to the nanoBlock

Fig. 7. Simple test con guration for LFSRs. [7]



Fig. 9. Three test con gurations required in [29]

Finally, the tester is required to compare the response of
the test with the expected result. This requires implementi
a comparator which, because of the aforementioned limited

) , nanoBlock capability, is not possible.
that applied the test pattern and the response is compared

with the expected result. Fig. 8 shows the general test setug?) BIST with Adaptive RecoveryAnother BIST ap-

for CAEN-BIST. CAEN-BIST assumed that nanoBlocks onlpf0ach to testing NanoFabrics was proposed by Wang and
have outputs to the south and east sides so that it only {akrabarty [29]. le_e CAEN'B_IST' Wang's _a.pproach dogs
three immediate neighbors (east, southeast, and soutb. gaot generate t_ests mternally,. instead requiring an oetsid
nanoBlock had three bits of memory that will store the ressulfouree to prov_lde tests. In this approach, three nanoBlocks
of the testing of each of its immediate neighbors. Startirff® CON gured into a test group. One of the nanoBlocks acts

with the most northwesterly nanoBlock, CAEN-BIST proceedd> @ test pattern generator (TPG) for a BUT while a third acts

along the diagonal throughout the NanoFabric. For examp@ an output response analyzer (ORA). This approach does

in Fig. 8, nanoBlock 1 tests 2, 4, and 6 which then tefot assume that there is memory within the nanoBlocks that
nanoBlocks 3, 5, 7, 9, and 11. An external tester is requ'u;edi? dedicated to sto_ring results of tests. Insteaq, it red_jes
test the rst nanoBlock in order to ensure that it is defeegf ("€ Shaky assumption that the ORA results will be directly
and could therefore start the testing process. viewable by some outside entity.

A nanoBlock is listed as being defective if a majority of Another shortcoming of CAEN-BIST that [29] addresses
those nanoBlocks that tested it report that it has failed % that of test analysis. While CAEN-BIST required that
testing. While the switch blocks in the NanoFabric are né comparator be implemented to analyze results, this new
directly tested, we may infer which ones are defective bas@BProach requires that an ORA be con gured into an AND or
on the results of nanoBlock testing. If a nanoBlock reporfR gate. However, because of peculiarities of the layout of a
that one of its neighbors is defective while the other twBanoBlock, an ORA which is con gured as an AND gate may
nanoBlocks which have tested the suspicious nanoBlocktep®nly accept input from the west side of the nanoBlock. Also,
that it is defect free, we can assume that the switch block thhthe ORA is con gured as an OR gate, it can only accept
was used to route between the two nanoBlocks is defectivé’?pUtS from the north side of the nano_BIock. This limitation

The test patterns used during the test procedure locafBgréases the number of test con gurations that must be.used
stuck-open and stuck-closed faults at the intersection bfree different con gurations are needed (Fig. 9) whichlwil
nanowires. A simple "walking 1s” pattern is applied suchtth£ach result in a partial defect map. These partial defectsmap
only one input line is 1 and only one output line is 1. Hace, Must be combined to form a full defect map.
test patterns are required for every test of a nanoBlockeeSin If either the TPG or ORA in a test group are defective,
a nanoBlock is tested by three of its neighbors, this resnltsthen the results of that test will be useless. If we are unable
3k? tests per nanoBlock. This allows for 100% coverage & test for certain faults because of defective TPGs or ORAs
stuck-open/closed defects. then we must assume that the BUT is defective or risk having

There are several downsides to the CAEN-BIST approachdefective block being labeled as good. Of course, the BUT
First, it requires that each nanoBlock has three bits of megQuld be defect free so blindly discarding a nanoBlock beeau
ory dedicated solely to holding results of tests. Also, th@f & defective TPG or ORA could lead to a lower recovery.
approach requires nanoBlocks to disable access to neigR-address this problem, a procedure called adaptive regove
boring nanoBlocks which have been found to be defectiv. introduced. The idea behind adaptive recovery is to nd
Implementing this functionality would be difcult at bestWhich nanoBlocks were untestable because of other deéectiv
and impossible at worst. CAEN-BIST also requires dynampanoBlocks. A suitable nanoBlock which is defect-free is
collaboration between nanoBlocks to determine if a nanoBlofound near the defective block and that new nanoBlock plays
actually is defective. Since nanoBlocks are assumed to hale role that the defective nanoBlock would have.
very limited computational capabilities (implementinglyon Wang's approach also tests for many more kinds of defects
simple gates) this collaboration would likely need to be @lorthan does CAEN-BIST. Among those defects that are tested
by an outside source, thus defeating the purpose of sélf-tder are stuck-at, stuck-open, bridging, and connectiotit§au

Fig. 8. CAEN-BIST Test Setup. [5]



B. Fault Tolerance

As electronic components continue to scale down in size,
this means that the state of a device is being stored in
fewer and fewer electrons. Upset of these electrons either
by noise or single-event upsets becomes more troublesome in
smaller device sizes as there are fewer electrons to teldrat
disturbance of a few of them. Nanoelectronics will therefor
likely be subject to relatively high transient fault rates.

Traditionally, fault-tolerance has been achieved through
one of two types of redundancy: time and hardware. Time
redundancy uses the same hardware to recompute functions
multiple times and then checks to see if all results are ideht
Hardware redundancy lies on the opposite end of the spectrum
relying on the replication of hardware structures to coraput
the same function several times in parallel. Unfortunately
many of the classic approaches to fault tolerance will not be
viable in nanoelectronic based circuits for a variety ofees.

N-modular redundancy (NMR) is one classic hardware
redundancy scheme. In NMR, a computation unit is replicated
N times with the same input going to &ll units. The results

of these units are then sent to an arbiter which selects tfagce this value back to the fault-free state, where it @ @he
most common result. NMR is unlikely to be a good solutiogase where fok, = 1 andx; = 0 works similarly. While this
to fault tolerance in nanoelectronics for several reasdhs. example seems trivially small, Bahar extended the approach
rst reason is that it requires that the arbiter be reliabte. ;g work with any possible logic circuit.
order to gugrantee this rgliability, the yoter would mokely In order for this approach to work, proper feedback must
need to be implemented in a more reliable technology, suchi@sintroduced so that the circuit only latches into validesta
CMOS. Furthermore, depending on the fault and defect raigs|3] Bahar et al introduced the concept of using Markov
as \_/ve_II as the size of the computational unit, nding a reéab 3ndom elds (MRFs) to model logic circuits. MRFs offered
majority may be dif cult. o the conceptual framework upon which Bahar built her feed-
Another approach fo fault tolerance is given in von Neysaci circuits. The idea proposed was to convert logic discui
mann’s NAND multiplexing theory [26]. In NAND multiplex- 15 MRFs in the following way. First, all logic signals were
ing, & large number of NAND gates are used to implemegferted to nodes in the MRF. Next, edges were created
a single NAND gate with a known error bound The penyveen those nodes such that the nodes representing the
downside of this approach is that it relies on an extremebda inputs and outputs of a logic gate formed a clique. Fig. 11
number of NAND gates to achieve tolerance to a fault rate gf,q\s the result of converting a logic circuit to an MRF.
around 1%. Recent work on NAND multiplexing by Han and opce in MRF form, the logic signals are random variables
Jonker [13] succeeded in lowering the amqunt of redundang,; may take on values betwedN and V4. Therefore, the
needed. Unfortunately the amount needed in Han and Jonkefsy| of the circuit is no longer to ensure that signals haee th
approach is too high to be implementable in nanoelectronigsyrect value ob or 1. The goal is to maximize the probability
while still providing a density advantage over CMOS. that the overall circuit is in a state which is valid. A valid
In the following subsection we will look at one receniqse is one in which the input and output of the circuit are
work by Bahar et al [3], [19] in introducing fault-tolerance;qngjstent with the desired functionality of the circuiorF
to nanoelectronic circuits. example, the goal of the inverter is to maximize the proligbil

1) Nanoscale Logic Based on Markov Random Fieltfs: : : : :
. A . that the input and output are in opposite states. Accordin
[18], Bahar et al introduced a novel probabilistic techmidor P P PP 9

providing fault-tolerance. The idea behind their approaels

to use feedback in circuits to enforce fault-free behaviir
cuits would latch into fault-free states and if a fault ocedr,

the feedback would force the state back into the fault-ftees
Fig. 10 shows this idea when applied to a basic logic inverter
For example, if the inputxp) is 0 while the outputXy) is

1, then the inverter is operating correctly. In this case th
upper NAND-NOT path in Fig. 10 is active and is forcing the
other lines to0 while the lower NAND-NOT path is inactive,
feeding back a 1, thus latching into the fault-free statea If
fault occurs such thaty becomes a 1, then the feedback will Fig. 11. Conversion of logic circuit to MRF. [18]

Fig. 10. Fault-tolerant MRF Inverter Gate. [18]



to the MRF theory, we may express the joint probability afomplicating factors that must be addressed for theselzaoss
the MRF as a product of the joint probabilities of each dfased nanoarchitectures. Considering only the fact that we
its cliques. Using the Hammersley-Clifford theorem [4]e thhave billions of devices to utilize in a circuit presents an
equation for joint probability of the overall circuit can beextremely large number of possible mappings. Constrained
written as: interconnect and limited fanout of these crossbar-basedits
v only adds to the complexity of the task. Avoiding defects
l e% 3) further complicates the endeavor.
Z e Goldstein and Budiu suggested the use of a Split-Phase
_ ) ) ) Abstract Machine (SAM) when mapping functionality into
whereS is the set of nodes in the MRE, is the set of cliques, NanoFabrics [12]. In the SAM each process is divided into
Sc is the set of nodes in cliqueandU(s;) is the clique energy i reads that end in a so called split-phase operation (ie. o
function. Uo is an abstract term and is used to normalize ¢ has unpredictable latency such as a memory access). Onc
P(S) to be betwee® and1l. o the threads have been de ned, each one is individually méppe
Based on the above equation, if we minimizés.) for each iyio the NanoFabric.
clique, then .the_overal! joint probgbility W".I be maximde 55,56 et al introduce a probabilistic hierarchy-based
When th(_a circuit consists of a S|.ngle_ logic gate, only Or'ﬁaradigm for designing NanoFabric systems [14]. Their ap-
clique exists so we must only minimize ong(s;). Bahar proach relies on three levels of hierarchy that map basics ow

proposed a way to de néJ(sc) such that its value is at aall the way up to whole transformation kernels. They alsg rel

minimum Whenever_ the circuit is in a valid con guratlon._TheOn a coarse-grained approach to testing that also redunes so
way Bahar determinetl(s;) was to de ne a new function

of the complexity involved in mapping circuits. At each leve

f that expressed the validity of an inputioutput combinatio o hierarchy, redundant resources are provided so that a

Tat_>|ell shows how i_s determined for the basic inverter. Forspeci ¢ circuit may be implemented within the de ned area.
valid input/output pairs (e.gxp = 0 andx; =

| f1 For invalid pairsf tak 1)If tggeﬁ-r?n The amount of redundant resources allotted offers a tradeof

a value ot} For invaild pairs ta es_on a vaie - "N petween performance and yield. Based on the expected proba-

value off for the inverter is thereforioxs + XoX1. Because e of defect differing amounts of redundancy arevided

fis 1for a valid state and otherW|se,_ B_ahar sdil(sc) to ..in order to ensure that not only is a function mappable but
f to_ achieve the desired goal of maximizing the probab|I|té{|S0 that it achieves good performance. By decreasing the

of valid states. amount of functionality used within a region in each level

of the hierarchy, performance decreases. This is a result of

p(S) =

Xc? Xol g having an increased cost when the same functionality isaspre

0| 1}1 over multiple regions. However, increasing the amount of

i (1) é functionality in each region also decreases the likelihobd
TABLE | being able to successfully map functionality into that oegi

VALIDITY FUNGTION FOR INVERTER. as there are fewer redundant resources available.

VI. FUTURE RESEARCHDIRECTIONS

Comparing the value of from the table to Fig. 10, we
see that the input to the two NAN_D gates are the two partspeing a nascent eld, there are many open problems yet
of f. Bahar showed that determining feedback for the faulfy solve in the area of crossbar-based nanoelectronic-archi
tolerant circuit was only a matter of nding the correfctfor  tectures. While a fair amount of research has emphasized the
that circuit. underlying computational fabric, designing systems based

The downside of Bahar's approach is that it also addstgese fabrics is still rife with possibilities. In partieu] defect
considerable amount of hardware overhead to achieve fa@lgting and diagnosis on CMOL and FPNI systems has yet to
tolerance. Also, the approach detailed in [18] used CMQge proached. CMOL and FPNI offer better observability so
rather than nanoelectronics. Finally, while this approleeltls rather than relying on shaky assumptions of observabitity i
to correction of many of the possible faults, for other fault NanoFabrics, more detailed analysis of testing may be done.
fails to latch into a stable state. As these two fabrics are the most advanced, testing of these
fabrics is an important problem.

Another possible area for future research is in proba-

To this point, relatively little work has been done in théilistic designs along the lines of the MRF fault tolerance
area of mapping functionality onto the crossbar-based narscheme introduced by Bahar [3] as well as the probabilistic
electronic systems. Because many of the proposed compasign paradigm in [14]. As the possible design space for
tational fabrics bear a strong resemblance to FPGAs, thanoelectronic systems is huge, probabilistic and hibgarc
task of mapping functionality onto these circuits is similabased paradigms offer a possible alternative to managimg th
to that of mapping onto any FPGA. However, there are sonsemplexity of the mapping process.

C. Mapping Functionality



VIl. CONCLUSION

(18]

In this paper we looked at the issues involved with build-
ing a functioning system in a crossbar-based nanoelectroni
system. While nanoelectronics offers fantastic possidliin
terms of raw device densities when compared with CMO
overcoming the constraints of nanoelectronics is a sigritc
task. We looked at several issues involved in building t So]
system including the organization of the basic computation
fabric as well as some higher level issues including defect
diagnosis, fault tolerant design, and mapping functiapatito

these new fabrics. While nanoelectronic based systems are

g
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still in their infant stage, by looking at these systems now

we can increase the chance that the exponential increase&é'p

computing power continue on past the end of CMOS scaling.
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