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Abstract—The last 40 years have seen an exponential increase
in the number of transistors per processor. Along with this
increase has been an exponential increase in processor perfor-
mance. However, now that CMOS scaling has reached the deep
submicron range, fundamental physical properties are limiting
the further scaling of this technology. Nanoelectronic devices
have recently been developed as one possible alternative or
complement to CMOS. While these devices offer the potentialfor
circuit densities far exceeding that of CMOS, they also present
a new set of challenges. High levels of defects and faults along
with a unique bottom-up approach to fabrication are hallmarks
of these nascent devices and must be taken into account in
order to realize their full potential. In this paper we look at
work in the area of building processors that use nanoelectronic
crossbar architectures. We examine multiple approaches totwo
basic issues: organizing devices into a basic computing fabric
and ways to map speci�c functionality onto this computational
fabric.

I. I NTRODUCTION

Over the past four decades, computer architects have been
able to rely on Moore's Law to aid in their quest for ever-
increasing performance. The current dominant transistor tech-
nology, CMOS, has scaled along with Moore's Law allowing
architects to continue to make advances. Unfortunately, now
that CMOS has entered the deep submicron range, scaling is
becoming more dif�cult and will eventually cease because of
fundamental physical properties of CMOS technology [25].
The ITRS has stated that there exists a brick wall to scaling
which we are likely to run into around the year 2010 [11].
While this does not mean that CMOS will be unable to scale
beyond the year 2010, it does imply that scaling will become
increasingly dif�cult within several years. This has led material
scientists to scramble to �nd an alternative technology that will
scale to even smaller sizes than CMOS. The result has been
the development of a set of devices known as nanoelectronic
devices. These devices offer the possibility of feature sizes
on the order of a few nanometers. They also possess other
unique characteristics which may make them more powerful
than CMOS.

However, these nascent devices do not come without their
own set of limitations. Basic assumptions about underlying
devices that were used to design current processors will no
longer be valid. These fundamental changes will likely lead
to new paradigms as computer architects are forced to rethink
many design decisions in order to fully realize the potential
that nanoelectronic devices have to offer.

In this paper we will survey work that has been done in
designing crossbar-based nanoelectronic systems. This work

spans a large range of the design process, from the basic
organization of nanoelectronic devices up to the mapping of
speci�c functionality within these circuits. The layout ofthis
paper will be as follows. In Section II we will introduce
the nanoelectronic devices which have been developed. In
Section III we will look at some classic architectures which
share some of the basic characteristics of nanoelectronics.
Section IV will discuss several of the proposed organizations
of the computational fabric while Section V will discuss issues
involved in effectively utilizing that fabric. In Section VI we
brie�y describe some future research possibilities in thisarea
before concluding in Section VII.

II. NANOELECTRONIC DEVICES

Nanoelectronics encompasses an emerging set of technolo-
gies that offer the potential of device densities far greater
than that of CMOS. Some examples of these devices include
single electron transistors (SETs) [16], quantum-dot cellular
automata (QCA) [1], spintronics (SPIN) [30], resonant-tunnel
diodes (RTDs) [24], carbon nanotubes (CNT) [2], and silicon
nanowires (SiNW) [15]. Each of these devices have unique
characteristics. For example, RTDs offer the potential for
multi-valued logic while QCAs rely on the quantum inter-
action between electrons and use extremely low levels of
power. However, despite the uniqueness of each of these
devices, a set of characteristics span across them that help
de�ne nanoelectronics. These characteristics include a self-
assembly approach to bottom-up fabrication, extremely high
levels of defects, and inherent recon�gurability. Self-assembly
is used because the size of individual devices is at such a
small scale that traditional top-down approaches to fabrication
are uneconomical if not impossible. Because of the stochastic
nature of self-assembly, defects are expected to be high. While
the defect rate of CMOS is around10� 9, it is expected that
nanoelectronic devices could see fault rates as high as10� 1.
Recon�gurability is a result of the speci�c properties of these
devices as well as their organization. We will talk more about
recon�gurability of crossbar architectures in II-A.

While none of the aforementioned devices have emerged
as the clear successor to CMOS, the most mature among
these technologies are CNTs and SiNWs. A large portion
of nanoelectronics research has been focused on these two
technologies because they offer the possibility of creating cir-
cuits that have characteristics similar to CMOS circuits. This
similarity offers two interrelated advantages. First, because we
have a large body of knowledge on how to build CMOS-



Fig. 1. Nano crossbar architecture.

based circuits, devices that offer similar characteristics are
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 hybrid
circuits. Hybrid systems could leverage the strengths of both
CMOS (e.g. reliability and precise fabrication) and nanoelec-
tronics (e.g. cheap, abundant resources). Integrating CMOS
with nanoelectronic devices that have familiar characteristics
is a less daunting task than integrating devices with radical
characteristics such as QCAs. As a large portion of research
has been focused on nano/CMOS hybrid circuits, this paper
will ultimately focus on these types of hybrid designs. While
nanoelectronics has considerable potential to act as extremely
dense memory, this paper will focus on its potential as a
computing fabric.

A. Crossbar Array

Because of the use of self-assembly for fabrication, nano-
electronic circuits will likely be relegated to having a regular
structure. One possible organization that has gained popularity
is that of the crossbar array, shown here in Fig. 1. The
crossbar array consists of two sets of orthogonal wires. At the
crosspoint of any two wires is a bistable, recon�gurable latch.
When the latch is in the “off” state, the wires are insulated
from one another and have no contact. In the “on” state, the
wires are connected to form either a diode or a transistor,
depending on the type of nanowires used. Toggling between
the on and off states can occur at any time by providing a large
voltage difference between the two wires. This easy toggling is
what gives these devices their recon�gurability. It is important
to note that these nanowires have a limited maximum length
which bounds the maximum size of the crossbar array.

III. PREVIOUS ARCHITECTURAL APPROACHES

While nanoelectronic devices have characteristics that dif-
ferentiate them from CMOS devices, several previous archi-
tectures built using CMOS also have these characteristics.
In this section we will discuss two of the most prominent
architectural ideas that are directly applicable to crossbar-
based nanoelectronic architectures.

A. Programmable Logic Arrays

Programmable logic arrays (PLA) are a classic style of
computer organization. Fig. 2 shows the basic layout of a PLA.

Fig. 2. Basic PLA structure.

PLAs have two array planes: an AND array which takes input
and feeds its output into the OR array, which produces the
overall output of the system. The result is that a PLA can
compute any sum of products (SOP) of the inputs. Because
any logic function can be expressed as an SOP, the PLA may
implement any boolean function. Because of their regularity,
PLAs are an attractive choice for a crossbar-based architecture.
A naive approach would be to use nano crossbars to implement
a PLA organization. The downside of the PLA approach is that
it requires both regular and complemented versions of a signal
to be present in the input in order to achieve universality. If we
wish to create a cascaded PLA organization, then we would
have to compute both the function and its complement at each
PLA.

One important piece of knowledge gained from traditional
PLA design is that smaller PLAs tend to have better utilization
of devices than larger PLAs. This follows from the fact that
when computing a function in a PLA, only a certain fraction
of the crosspoints will be actively used. For example, in Fig.
2 only 13 out of the 24 possible crosspoints are used. As the
array sizes of the PLA get larger, a smaller fraction of these
devices are utilized when computing a function. Therefore,in
any approach that offers a PLA-like organization, array size
will play a key role in the utilization of devices.

B. Field Programmable Gate Arrays

Field-programmable gate arrays (FPGAs) are a style of
architecture that offers recon�gurability as well as a regularity.
At the heart of FPGAs are the programmable logic blocks
(PLBs). These PLBs are generally lookup tables (LUTs) so
that givenn inputs, they can implement any function ofn � 1
inputs and 1 output. The PLBs implement the computation
for FPGAs while interconnect is provided by a special re-
programmable interconnect. The recon�gurable interconnect
relies on heavy usage of multiplexors and it requires a much
larger area to implement than the PLBs. FPGAs can be used as
general purpose architectures or used to implement application
speci�c hardware such as digital signal processors.

The recon�gurability and regularity of FPGAs are obvious



Fig. 3. NanoFabric Organization. [12]

parallels to the characteristics of nanoelectronic crossbars.
However, nanoelectronics offer the further constraint of high
defect levels. Luckily, the recon�gurable nature of FPGA
based designs (as well as nanoelectronic crossbars) offersthe
possibility of integrating defect tolerance into designs.One
project that examined the issue of defect tolerance on FPGAs
was the Teramac Custom Computer [6]. The Teramac was an
FPGA based system where 75% of the FPGAs in the system
had one or more defects. Despite the defects, the Teramac
was able to act as a fully functional computer by utilizing its
recon�gurability to avoid defective components. We will talk
further about the Teramac and its defect-tolerance in Section
V-A1.

IV. NANOELECTRONIC COMPUTATIONAL FABRICS

Extremely high device densities along with recon�gurability
provide abundant resources from which to craft a basic com-
putational fabric. Unfortunately, the regularity of the crossbar
provides a strong constraint on our design. Luckily, PLAs
and FPGAs have achieved some success despite being limited
to regular structures. While these past designs offer a good
starting point for our basic computational fabric, they did
not face the additional constraints imposed by the use of
nanoelectronics.

In this section, we will summarize several of the current
proposals for building a crossbar-based nanoelectronic fab-
ric. While these proposals draw heavily from those ideas
introduced by PLAs and FPGAs, we will focus on those
design aspects that are a result of the unique nanoelectronic
environment. In particular, we will look at two different issues.
First, we will focus on the interconnect. This includes the
interconnect between nanoscale components as well as the
interface between the nanoscale and the microscale. Second,
we will look at the roles that CMOS and nanoelectronics play
in each design. As all of these designs are a nano/CMOS
hybrid, it is important to understand in what capacity the
CMOS and nano act. Finally, we will look at the device
utilization offered by these designs.

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 blocks).Un-
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 utilization.
This meant that the nanoBlock could only implement simple
gates such as AND, OR, and XOR. It was estimated that
NanoFabrics would have about108 of these nanoBlocks per
cm2.

The nanoBlocks and switch blocks were arranged into an
array (acluster) in a checkerboard pattern. The alternating pat-
tern of nanoBlocks and switch blocks meant that switch blocks
only provided interconnect between adjacent nanoBlocks. The
switch blocks were simple crossbar arrays that could be
con�gured to provide at most two non-overlapping routes
between nanoBlocks. The placement and limited size of these
switch blocks meant that the connectivity between nanoBlocks
was localized and limited. Communication between non-
adjacent nanoBlocks required either routing through other
nanoBlocks—an unattractive option since it would preclude
those nanoBlocks from performing computation—or the use of
the inter-cluster lines, an option only available to nanoBlocks
at the edge of the cluster. The organization of the NanoFabric
meant that at least 50% of the devices available were used
solely for interconnect.

Because each nanoBlock relied on diodes for operation,
signal inversion and gain were not available. In order to
provide these critical functions, negative differential resistors
(NDRs) were added to the output of each nanowire. Along
with providing gain and inversion, these NDRs also allowed
for latching of data. An unfortunate side effect of the usage
of NDR latches was that they greatly decreased the operation
speed of the circuit. Clearly, the shortcomings of diodes make
them unattractive for use in a computational fabric. One can
hardly fault their use in NanoFabrics though, as at that time
there had been no demonstration of transistors operating inthe
nanoelectronic setting.

All of the logic operation of NanoFabrics lies in the
nanoelectronic devices. A CMOS interface is provided within
nanoBlocks to allow for clocking and to power the NDRs.
Unfortunately the exact nature of the CMOS/nano interface is
unde�ned in [12]. The con�guration of the NanoFabric is also
not discussed.

B. FET-based Array Architecture

A PLA-like approach to building a computational fabric
was proposed by DeHon in [9]. This FET-based architecture
took advantage of recent advances in allowing two-terminal
transistors to be created at the intersection of nanowires.



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
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 array
or two consecutive NOR arrays. The output wires of the
NOR array would be placed orthogonal to the input wires
of the proceeding NOR (OR) array. Fig. 4 shows the general
organization of the FET-based array with NOR-OR planes.

While the NOR and OR arrays are implemented with
nanowires, DeHon's approach used microscale wires to ad-
dress these wires as well as to read the result of their
computation. This meant that an interface was needed between
the microscale and nanoscale wires. Using the microscale
wires to directly drive the nanowires is an unattractive solution
because that would limit the density of the nanowires to thatof
the microscale wires. Thus the density advantage from using
nanowires would be lost. The solution proposed in [9] is to
create a specialized decoder between the microscale wires and
the nanoscale wires. In this decoder, a set ofm microscale
wires are placed parallel to a set ofn nanoscale wires. A set
of m nanoscale wires would run perpendicular to these two
sets of wires with each nanoscale wire from the perpendicular
set connected to exactly one of them microscale wires. A
special mask is placed over the area where the two sets of
perpendicular wires intersect such that only certain intersection
points would actually be connected.

The layout of the nanowire interconnections in this decoder
determines how many microscale wires are required to address
a single nanoscale wire. At a minimum,O(logn) microscale
wires are needed so that each nanowire is individually ad-
dressable. However, using such a dense coding scheme would
mean that a defect in a single microscale wire would render
half of the nanowires inaccessible. A more robust scheme is
to use 2-hot encoding where two micro wires are needed
to address a single nanowire. In this scheme, a defect in
any microscale wire would lead to a loss ofO(

p
n) of the

nanowires. While the 2-hot scheme is more attractive, a small
number of defects can still render a large portion of the circuit
inaccessible. The downside of the DeHon approach is that

Fig. 5. Interconnect between CMOS and nano in CMOL. [23]

the decoder would need to be fabricated using a precise top-
down methodology. This is unattractive because it requires
the printing of nanoscale features which may be impossible
or prohibitively expensive. However, an alternative method of
creating the decoder using stochastic assembly was proposed
that avoids the use of nanolithography [10].

The nature of the microscale to nanoscale interface leads to
an interesting tradeoff when it comes to designing a FET-based
array architecture. In order to take advantage of the device
density offered by nanoelectronics, we would like to make the
ratio of nanoscale to microscale wires large. In order to achieve
this, large NOR/OR arrays are desired. However, as the size
of the NOR/OR arrays increases, the utilization of the devices
in the array decreases. This paradox makes achieving good
overall device density in the FET-based array approach very
dif�cult if not impossible. Moritz et al introduced a similar
organization but which allowed for greater utilization [28].
In particular, Moritz's design was well suited for sequential
circuits but used a dynamic circuit style which was more
dif�cult to design for.

C. CMOL FPGA

As we have seen, achieving good device density in array-
based approaches is a dif�cult task. This stems from the
problem of providing microscale wires for addressing and
long range interconnect. In their work on CMOL, Strukov and
Likharev take a fundamentally different approach to interfac-
ing between the nanoscale and microscale [23]. The CMOL
approach follows the concept of nano-on-CMOS (NOC) that
was �rst proposed by Ziegler and Stan [31]. The idea of NOC
is that rather than integrating micro and nano on the same
level, the nanoelectronic part of the circuit is on a layer on
top of the microscale. In both the NOC and CMOL approach,
the microscale is implemented using CMOS.

The key advancement of CMOL is in the way in which the
nano and CMOS layer are interconnected. Fig. 5 shows the



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

nature of the nano/CMOS interconnect. In CMOL, there are
two different types of vertical pins (red and blue in Fig. 5) that
connect between the nano and CMOS layers. As the crossbar
array has two perpendicular sets of wires, one type of pin will
always connect to a set of wires in one orientation while the
other type of pin will connect to the perpendicular set of wires.
The goal is to have each nanowire connect to exactly one pin.
If this goal is achieved, then we can address any nanodevice
(i.e. the intersection of two nanowires) by selecting two of
the pins. In order to achieve the desired property of having
a one-to-one pin-to-nanowire layout, we rotate the nanowires
by � such that it satis�es the following constraints:

cos� =
rF nano

�F CMOS
(1)

sin � =
(r � 1)Fnano

�F CMOS
(2)

Here, Fnano and FCMOS refer to the half-pitch of the
nanowire and CMOS, respectively.� is a dimensionless factor
that depends on the size of a CMOS cell andr is positive
integer number (which may be arbitrary). If the length of each
nanowire is set toL = 2 � 2F 2

CMOS =Fnano and� is set to45�

then it is possible to reachM = 2 r (r � 1) � 1 CMOS cells
in the immediate neighborhood of any CMOS cell.

The CMOS cells in a CMOL FPGA are a concept from cell-
based FPGAs. These cells are tiled across a chip creating a
highly regular structure. The CMOS cells in a CMOL FPGA,
shown in Fig. 6, are simple CMOS circuits that include two
pins to connect to the nano layer (one of each type as discussed
above), as well as four transistors. Two of the transistors in the
cell act as pass transistors that enable/disable access to the two
pins. The other two transistors form a CMOS inverter. One of
the nano interconnect pins is used as input from the nano layer
and feeds into the input of the CMOS inverter. The other pin
is connected to the output of the inverter. In this setup, signals
from the nano layer enter the CMOS layer through a speci�c
cell where the signal is then inverted (as well as refreshed)
before going back to the nano layer.

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 generalization
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 upon entry
to a cell, signals are inverted even if this was not desired.
The generalization introduced by FPNI was to allow arbitrary
CMOS circuits to be placed inside of a cell. Therefore, if a
signal only needed to be buffered, the cell could contain only a
buffer. Furthermore, by allowing arbitrary logic with the FPNI
cells, it was no longer necessary to do computation in the nano
crossbar: the NOR function could simply be implemented in
CMOS. As a result, the nano layer in FPNI was freed to act
only as interconnect for the underlying CMOS layer.

The FPNI approach is more akin to traditional cell-based
FPGA where the cells implement arbitrary logic. The key
difference is that the interconnect between cells is done by
a nano crossbar array that is inherently recon�gurable. A
large portion of the area of CMOS based FPGAs is dedi-
cated to implementing recon�gurable routing. The intrinsic
recon�gurability of the nanowire interconnect allows for much
denser logic within the FPNI as compared to traditional CMOS
FPGA.

However, FPNI fails to achieve the same logic density when
compared to CMOL. This is a direct result of placing all the
computation in the CMOS layer. While the CMOL cell was
�xed and small, even limiting the FPNI cell to be at most the
size of a NOR gate leads to an increase in size. Furthermore,
since cells are not homogeneous, the decision must be made
as to which functionality goes within each of the cells. This, in
turn, makes routing of signals more dif�cult as now algorithms
must be aware of the functionality of each cell.

E. DNA-based Self-Assembly Designs

Lebeck et al have demonstrated a different approach to
designing nanoelectronic systems [21], [20]. Their approach
used the precise assembly rules of DNA to arbitrarily place
and route nanowires within a regular DNA scaffolding (known
as a node). While the maximum size of this scaffolding is
constrained, it was large enough to hold upwards of 20,000
nanoscale transistors. With this amount of transistors, itis
possible to make each of these nodes a simple processing
element (i.e. 1-bit ALU with registers and control logic). A
large number of nodes (on the order of109 - 1012) could be
fabricated and connected together. Unfortunately, interconnect
between nodes was imprecise so the end result was a random
network of nodes. In order to determine which nodes were
connected, Lebeck et al used the reverse path forwarding



(RPF) algorithm [8], which allowed nodes to determine which
of their neighbors they were connected to.

Lebeck proposed two different architectures based on this
random node architecture. One of these approaches, NANA
[20], used a heterogeneous set of nodes while the other, SOSA
[21], maintained a homogeneous set. NANA performed poorly
because it relied on a sequential processor model that did not
effectively utilize all of the resources available. SOSA was a
SIMD processor built to utilize many nodes in parallel. While
SOSA was shown to perform well on highly parallel programs,
it was poor as a general purpose processor.

The unique characteristic of NANA and SOSA is that
they did not take advantage of the recon�gurability of nano-
electronic devices. While this limits the �exibility of the
architecture, it also avoids the time and complexity involved
in recon�guration. Without the requirement of con�guration,
the need to individually address each device was eliminated.
Therefore, the interface between the micro- and nanoscale did
not have the burden of ensuring that each individual nanowire
could be accessed by the microscale. The nodes were designed
to be fail-stop so that defect testing was eliminated. The
RPF algorithm only created connections between neighboring
nodes that were functional so defective nodes were implicitly
ignored.

V. UTILIZING THE FABRIC

In this section we will discuss several issues involved
in effectively utilizing the underlying computational fabric.
Because of the characteristics of nanoelectronic devices,ef-
fectively dealing with defects and faults is of central impor-
tance in designing crossbar-based architectures. Furthermore,
because of the huge number of devices offered by nanoelec-
tronics, the complexity of mapping functionality onto these
circuits can be quite large. Coping with this complexity will
dictate the ef�ciency with which systems operate.

A. Defect Tolerance

One of the salient characteristics of nanoelectronic devices
is their high levels of defects. Because CMOS circuits have
defect rates of10� 9 to 10� 7 (on the order of one per billion)
the traditional approach has been to identify chips with defects
and to simply discard them. However with defect rates in
nanoelectronics expected to be as high as 10%, throwing away
chips that contain a defect would lead to unacceptably low
yield. Fortunately, as the Teramac demonstrated, recon�gura-
bility can provide defect tolerance. With respect to defect
tolerance, the key aspect of nanoelectronics becomes their
intrinsic recon�gurability. As in the Teramac, we can use
recon�gurability to utilize defect-free circuits while avoiding
those devices that are defective. The crucial part of defect
tolerance therefore becomes the process of diagnosing (i.e.
locating) defects.

The ultimate goal of defect diagnosis is to have a high
recovery rate. Recovery is de�ned as the percentage of good
devices which are marked as being usable. The implication
of a high recovery is that few good devices are discarded.

Recovery is primarily a function of two things: the diagnosis
method and the level of granularity at which one tests for
defects. We will discuss several diagnosis techniques and their
impact on recovery in the following subsections.

The level of granularity impacts recovery because it is
inversely proportional to the recovery rate. When using a
�ne-grained testing method, testing proceeds at the level of
individual devices or possibly small arrays of these devices. At
this level of testing, we are able to identify individual devices
(or small arrays of them) that are defective. Therefore, we are
less likely to discard good devices because they have been
grouped together with bad devices during test. This is just the
opposite when we use a coarse-grained level of testing. Here
we are testing larger groups of devices so that a single device
within this group could lead to all the devices in that group
being labeled as defective, even if they are not.

While doing a �ne-grained level of defect testing is desirable
for a high recovery, it also leads to an increase in test time as
well as an increase in the size of the defect map. A defect map
is a listing of which devices are defective. In nanoelectronics
where there are expected to be billions of devices per chip
and a defect rate of up to 10%, the defect map would need
to keep track of 100's of millions of defects or more. With
this number of defects, storage size becomes a problem as it
becomes unreasonable to expect the defect map to be stored on
the chip itself. While there has been work on compressing the
defect map using Bloom �lters [27], the size of maps remains
prohibitively large even after compression. Storing the defect
map off-chip presents its own challenges as each chip has a
unique defect map and storing these defect maps for a large
number of chips becomes dif�cult.

In the proceeding subsections, we will discuss some of the
work that has been performed in the area of defect diagnosis
for nanoelectronic circuits. The common theme among these
approaches is that they all test at a �ne-grain level and they
all target the NanoFabrics. A coarse-grained approach was
introduced by Jacome et al [14] but their approach primarily
focuses on the mapping of circuits so we will defer discussion
of their technique until Section V-C.

1) Testing the Teramac:As mentioned in III, the Teramac
was a defect tolerant FPGA built by Hewlett-Packard in
the 1990s. Because of the similarity of this project with
nanoelectronic architectures, we may look at their approach
to defect testing and diagnosis and analyze its applicability to
nanoelectronic-based circuits.

At the heart of the Teramac test method is the use of linear
feedback shift registers (LFSRs). LFSRs are groups of �ip
�ops that have been chained together with certain feedback
as to provide a pseudorandom sequence of binary numbers.
Because they are only pseudorandom and not truly random,
if we know the starting point of the sequence, we can easily
determine the rest of the sequence. They are utilized in testing
by starting them at a known point and running them for a set
number of iterations. If all the components were defect-free,
then at the end of the last iteration the value in the LFSR
should match what we expect. If there is a disagreement with



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

the expected value, then one or more components within the
LFSR is defective. We can isolate the defective component
by taking each component and making it part of another test
group that does not include any of the other components in
the original test group. The simplest way to achieve this is to
�rst group an array of components into rows and test them.
This approach is shown in Fig. 7. If any of the tests failed
then the tests would be grouped into columns. In the case of a
single defect, only one column test would fail. The component
at the intersection of the row and column tests that failed is
the defective component. In the Teramac, the components that
were tested were the CLBs.

The downside to the Teramac testing scheme is that it
relies on the assumption that there will be only a single
defective component. If there aren defective components
then using only two test setups might lead toO(n2) possible
defect locations which still need to be disambiguated to
�nd the real defective components. More test con�gurations
beyond the simple row-column setup would be needed for
this disambiguation. However, depending on the number of
components it may be that probability dictates that there will
be at least one defective component in each test group (e.g.
if there are 10 components per test group and a 10% defect
rate then even if the components were individual devices, we
would always expect at least one of the components to be
defective). It therefore becomes dif�cult to de�nitively say
which component is defective. One could avoid this pitfall by
decreasing the number of components per test group but that
would signi�cantly increase the test time as more test groups
have to be con�gured and tested.

2) Testing the NanoFabric:A LFSR-based approach sim-
ilar to that used for testing the Teramac was developed by
Goldstein to test defects in NanoFabrics [17]. Rather than
continue to try different test con�gurations until defective
components are de�nitively marked, Goldstein used a prob-
abilistic approach to �nd those components which are most
likely to be defect free.

Goldstein's method had two stages: probability assignment
and defect location. In the probability assignment stage, we

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-many circuit.
After con�guring a group of components into an LFSR, the
result of that test is analyzed. If the test revealed no errors, then
the group is listed as having no (none) defects. If, however,
the test fails for that group, the components are split up into
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 listedas
havingsomedefects. If the number of subgroups that produce
erroneous results is greater than half, then the original group
is listed as havingmanyerrors.

After performing enough con�gurations such that each
component was involved in at leastn test groups, we can
perform Bayesian analysis to determine the probability that a
componentc is defective. If we letD denote the event that
c was defective andR denote the result of then tests thatc
was involved in, then we simply need to calculateP(D jR).

For those components that have a low probability of defect,
we continue to con�gure test groups involving these compo-
nents until we identify all those components which are actually
defective. Because we expect these circuits to be defect-free
an approach similar to the Teramac test scheme may be used
in this defect location stage.

There are two primary shortcomings of this approach. First,
because the �rst stage is based on probability, we expect
some good devices to be misclassi�ed as defective. Therefore,
the recovery rate of this approach is not ideal. The other
shortcoming, and more serious, is the fact that this approach
relies on the circuit allowing arbitrary components to be
connected at any time. Because of the constrained nature of
interconnect in the NanoFabrics, this is a highly unrealistic
assumption.

3) CAEN-BIST: Built-in Self-Test (BIST) is a popular
method for testing circuits. Rather than relying on an outside
entity to generate and apply tests for defects, special hardware
is placed in the circuit so that it may generate tests and
apply them from within. Brown and Blanton applied some
of these principles to testing in NanoFabrics when they intro-
duced CAEN-BIST [5]. Unlike the previous testing approaches
where the result of tests needed to be analyzed off the chip,
CAEN-BIST uses nanoBlocks to test other nanoBlocks and
then analyze the result of the test. However, unlike traditional
BIST where test patterns were generated on chip, CAEN-BIST
relies on test patterns being generated off chip and then routed
to the nanoBlocks that are involved in testing.

In a test con�guration, two nanoBlocks are placed into a
test group. One of the nanoBlocks acts as the tester and will
send tests to the other nanoBlock, the block under test (BUT).
The response of the test is routed back to the nanoBlock



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

that applied the test pattern and the response is compared
with the expected result. Fig. 8 shows the general test setup
for CAEN-BIST. CAEN-BIST assumed that nanoBlocks only
have outputs to the south and east sides so that it only has
three immediate neighbors (east, southeast, and south). Each
nanoBlock had three bits of memory that will store the results
of the testing of each of its immediate neighbors. Starting
with the most northwesterly nanoBlock, CAEN-BIST proceeds
along the diagonal throughout the NanoFabric. For example,
in Fig. 8, nanoBlock 1 tests 2, 4, and 6 which then test
nanoBlocks 3, 5, 7, 9, and 11. An external tester is required to
test the �rst nanoBlock in order to ensure that it is defect-free
and could therefore start the testing process.

A nanoBlock is listed as being defective if a majority of
those nanoBlocks that tested it report that it has failed its
testing. While the switch blocks in the NanoFabric are not
directly tested, we may infer which ones are defective based
on the results of nanoBlock testing. If a nanoBlock reports
that one of its neighbors is defective while the other two
nanoBlocks which have tested the suspicious nanoBlock report
that it is defect free, we can assume that the switch block that
was used to route between the two nanoBlocks is defective.

The test patterns used during the test procedure located
stuck-open and stuck-closed faults at the intersection of
nanowires. A simple ”walking 1s” pattern is applied such that
only one input line is 1 and only one output line is 1. Here,k2

test patterns are required for every test of a nanoBlock. Since
a nanoBlock is tested by three of its neighbors, this resultsin
3k2 tests per nanoBlock. This allows for 100% coverage of
stuck-open/closed defects.

There are several downsides to the CAEN-BIST approach.
First, it requires that each nanoBlock has three bits of mem-
ory dedicated solely to holding results of tests. Also, this
approach requires nanoBlocks to disable access to neigh-
boring nanoBlocks which have been found to be defective.
Implementing this functionality would be dif�cult at best
and impossible at worst. CAEN-BIST also requires dynamic
collaboration between nanoBlocks to determine if a nanoBlock
actually is defective. Since nanoBlocks are assumed to have
very limited computational capabilities (implementing only
simple gates) this collaboration would likely need to be done
by an outside source, thus defeating the purpose of self-test.

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 implementing
a comparator which, because of the aforementioned limited
nanoBlock capability, is not possible.

4) BIST with Adaptive Recovery:Another BIST ap-
proach to testing NanoFabrics was proposed by Wang and
Chakrabarty [29]. Like CAEN-BIST, Wang's approach does
not generate tests internally, instead requiring an outside
source to provide tests. In this approach, three nanoBlocks
are con�gured into a test group. One of the nanoBlocks acts
as a test pattern generator (TPG) for a BUT while a third acts
as an output response analyzer (ORA). This approach does
not assume that there is memory within the nanoBlocks that
is dedicated to storing results of tests. Instead, it relieson
the shaky assumption that the ORA results will be directly
viewable by some outside entity.

Another shortcoming of CAEN-BIST that [29] addresses
is that of test analysis. While CAEN-BIST required that
a comparator be implemented to analyze results, this new
approach requires that an ORA be con�gured into an AND or
OR gate. However, because of peculiarities of the layout of a
nanoBlock, an ORA which is con�gured as an AND gate may
only accept input from the west side of the nanoBlock. Also,
if the ORA is con�gured as an OR gate, it can only accept
inputs from the north side of the nanoBlock. This limitation
increases the number of test con�gurations that must be used.
Three different con�gurations are needed (Fig. 9) which will
each result in a partial defect map. These partial defect maps
must be combined to form a full defect map.

If either the TPG or ORA in a test group are defective,
then the results of that test will be useless. If we are unable
to test for certain faults because of defective TPGs or ORAs
then we must assume that the BUT is defective or risk having
a defective block being labeled as good. Of course, the BUT
could be defect free so blindly discarding a nanoBlock because
of a defective TPG or ORA could lead to a lower recovery.
To address this problem, a procedure called adaptive recovery
is introduced. The idea behind adaptive recovery is to �nd
which nanoBlocks were untestable because of other defective
nanoBlocks. A suitable nanoBlock which is defect-free is
found near the defective block and that new nanoBlock plays
the role that the defective nanoBlock would have.

Wang's approach also tests for many more kinds of defects
than does CAEN-BIST. Among those defects that are tested
for are stuck-at, stuck-open, bridging, and connection faults.



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 tolerate the
disturbance of a few of them. Nanoelectronics will therefore
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 identical.
Hardware redundancy lies on the opposite end of the spectrum,
relying on the replication of hardware structures to compute
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 of reasons.

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 allN units. The results
of these units are then sent to an arbiter which selects the
most common result. NMR is unlikely to be a good solution
to fault tolerance in nanoelectronics for several reasons.The
�rst reason is that it requires that the arbiter be reliable.In
order to guarantee this reliability, the voter would most likely
need to be implemented in a more reliable technology, such as
CMOS. Furthermore, depending on the fault and defect rates
as well as the size of the computational unit, �nding a reliable
majority may be dif�cult.

Another approach to fault tolerance is given in von Neu-
mann's NAND multiplexing theory [26]. In NAND multiplex-
ing, a large number of NAND gates are used to implement
a single NAND gate with a known error bound� . The
downside of this approach is that it relies on an extremely large
number of NAND gates to achieve tolerance to a fault rate of
around 1%. Recent work on NAND multiplexing by Han and
Jonker [13] succeeded in lowering the amount of redundancy
needed. Unfortunately the amount needed in Han and Jonker's
approach is too high to be implementable in nanoelectronics
while still providing a density advantage over CMOS.

In the following subsection we will look at one recent
work by Bahar et al [3], [19] in introducing fault-tolerance
to nanoelectronic circuits.

1) Nanoscale Logic Based on Markov Random Fields:In
[18], Bahar et al introduced a novel probabilistic technique for
providing fault-tolerance. The idea behind their approachwas
to use feedback in circuits to enforce fault-free behavior.Cir-
cuits would latch into fault-free states and if a fault occurred,
the feedback would force the state back into the fault-free state.
Fig. 10 shows this idea when applied to a basic logic inverter.
For example, if the input (x0) is 0 while the output (x1) is
1, then the inverter is operating correctly. In this case, the
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 state. Ifa
fault occurs such thatx1 becomes a 1, then the feedback will

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

force this value back to the fault-free state, where it is a0. The
case where forx0 = 1 andx1 = 0 works similarly. While this
example seems trivially small, Bahar extended the approach
to work with any possible logic circuit.

In order for this approach to work, proper feedback must
be introduced so that the circuit only latches into valid states.
In [3], Bahar et al introduced the concept of using Markov
random �elds (MRFs) to model logic circuits. MRFs offered
the conceptual framework upon which Bahar built her feed-
back circuits. The idea proposed was to convert logic circuits
to MRFs in the following way. First, all logic signals were
converted to nodes in the MRF. Next, edges were created
between those nodes such that the nodes representing the
inputs and outputs of a logic gate formed a clique. Fig. 11
shows the result of converting a logic circuit to an MRF.

Once in MRF form, the logic signals are random variables
that may take on values between0V andVdd . Therefore, the
goal of the circuit is no longer to ensure that signals have the
correct value of0 or 1. The goal is to maximize the probability
that the overall circuit is in a state which is valid. A valid
state is one in which the input and output of the circuit are
consistent with the desired functionality of the circuit. For
example, the goal of the inverter is to maximize the probability
that the input and output are in opposite states. According

Fig. 11. Conversion of logic circuit to MRF. [18]



to the MRF theory, we may express the joint probability of
the MRF as a product of the joint probabilities of each of
its cliques. Using the Hammersley-Clifford theorem [4], the
equation for joint probability of the overall circuit can be
written as:

p(S) =
1
Z

Y

c2 C

e
� U ( s c )

U 0 (3)

whereS is the set of nodes in the MRF,C is the set of cliques,
sc is the set of nodes in cliquec andU(sc) is the clique energy
function. U0 is an abstract term andZ is used to normalize
p(S) to be between0 and1.

Based on the above equation, if we minimizeU(sc) for each
clique, then the overall joint probability will be maximized.
When the circuit consists of a single logic gate, only one
clique exists so we must only minimize oneU(sc). Bahar
proposed a way to de�neU(sc) such that its value is at a
minimum whenever the circuit is in a valid con�guration. The
way Bahar determinedU(sc) was to de�ne a new function
f that expressed the validity of an input/output combination.
Table I shows howf is determined for the basic inverter. For
valid input/output pairs (e.g.x0 = 0 and x1 = 1 ) f takes on
a value of1. For invalid pairsf takes on a value of0. The
value of f for the inverter is thereforex0x1 + x0x1. Because
f is 1 for a valid state and0 otherwise, Bahar setU(sc) to
� f to achieve the desired goal of maximizing the probability
of valid states.

x0 x1 f
0 0 0
0 1 1
1 0 1
1 1 0

TABLE I
VALIDITY FUNCTION FOR INVERTER.

Comparing the value off from the table to Fig. 10, we
see that the input to the two NAND gates are the two parts
of f . Bahar showed that determining feedback for the fault-
tolerant circuit was only a matter of �nding the correctf for
that circuit.

The downside of Bahar's approach is that it also adds a
considerable amount of hardware overhead to achieve fault
tolerance. Also, the approach detailed in [18] used CMOS
rather than nanoelectronics. Finally, while this approachleads
to correction of many of the possible faults, for other faults it
fails to latch into a stable state.

C. Mapping Functionality

To this point, relatively little work has been done in the
area of mapping functionality onto the crossbar-based nano-
electronic systems. Because many of the proposed compu-
tational fabrics bear a strong resemblance to FPGAs, the
task of mapping functionality onto these circuits is similar
to that of mapping onto any FPGA. However, there are some

complicating factors that must be addressed for these crossbar-
based nanoarchitectures. Considering only the fact that we
have billions of devices to utilize in a circuit presents an
extremely large number of possible mappings. Constrained
interconnect and limited fanout of these crossbar-based circuits
only adds to the complexity of the task. Avoiding defects
further complicates the endeavor.

Goldstein and Budiu suggested the use of a Split-Phase
Abstract Machine (SAM) when mapping functionality into
NanoFabrics [12]. In the SAM each process is divided into
threads that end in a so called split-phase operation (i.e. one
that has unpredictable latency such as a memory access). Once
the threads have been de�ned, each one is individually mapped
into the NanoFabric.

Jacome et al introduce a probabilistic hierarchy-based
paradigm for designing NanoFabric systems [14]. Their ap-
proach relies on three levels of hierarchy that map basic �ows
all the way up to whole transformation kernels. They also rely
on a coarse-grained approach to testing that also reduces some
of the complexity involved in mapping circuits. At each level
of the hierarchy, redundant resources are provided so that a
speci�c circuit may be implemented within the de�ned area.
The amount of redundant resources allotted offers a tradeoff
between performance and yield. Based on the expected proba-
bilities of defect, differing amounts of redundancy are provided
in order to ensure that not only is a function mappable but
also that it achieves good performance. By decreasing the
amount of functionality used within a region in each level
of the hierarchy, performance decreases. This is a result of
having an increased cost when the same functionality is spread
over multiple regions. However, increasing the amount of
functionality in each region also decreases the likelihoodof
being able to successfully map functionality into that region
as there are fewer redundant resources available.

VI. FUTURE RESEARCHDIRECTIONS

Being a nascent �eld, there are many open problems yet
to solve in the area of crossbar-based nanoelectronic archi-
tectures. While a fair amount of research has emphasized the
underlying computational fabric, designing systems basedon
these fabrics is still rife with possibilities. In particular, defect
testing and diagnosis on CMOL and FPNI systems has yet to
be broached. CMOL and FPNI offer better observability so
rather than relying on shaky assumptions of observability in
NanoFabrics, more detailed analysis of testing may be done.
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-
bilistic designs along the lines of the MRF fault tolerance
scheme introduced by Bahar [3] as well as the probabilistic
design paradigm in [14]. As the possible design space for
nanoelectronic systems is huge, probabilistic and hierarchy-
based paradigms offer a possible alternative to managing the
complexity of the mapping process.



VII. C ONCLUSION

In this paper we looked at the issues involved with build-
ing a functioning system in a crossbar-based nanoelectronic
system. While nanoelectronics offers fantastic possibilities in
terms of raw device densities when compared with CMOS,
overcoming the constraints of nanoelectronics is a signi�cant
task. We looked at several issues involved in building the
system including the organization of the basic computational
fabric as well as some higher level issues including defect
diagnosis, fault tolerant design, and mapping functionality into
these new fabrics. While nanoelectronic based systems are
still in their infant stage, by looking at these systems now
we can increase the chance that the exponential increases in
computing power continue on past the end of CMOS scaling.
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