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ABSTRACT

The end photolithography as a driver of
to twelve years. Numerousgnoscale logic devicesrossbabhasedcomputing archite-
turesbased onCarbon Nantubes CNTs) and Silicon Nanowires $iINWs) have been
proposed and thesenergng nanotechnologies are expected to camgithe technoldg
cal revolution.To be a viable technological paradigm, several intrinsic issues with the
nanowire crossbar architectumich as high defect density and various parametria-vari
tions caused by imperfect nanoscale fabrication has to be overcome. In this work, we
have proposed and validated a new asynchronous nanowire crossbar architecture based
on Null Convention Logic (NC).to address aforementioned issues with its clocked-cou
terpart. Since the newly proposed asynchronous architecture does not need a complex
clock distribution network and is free from all timinglated failure modes and can be
designed with much less ting analysis, it is anticipated to enhance the manufactirabi
ty, modularity andabustness of the system.

This thesis is organized into three papers, desctiiteeproposedrchitecture and
evaluateselated mapping and placement algorithms.

The first papr describes the Asynchronous Crossbar Architecture in detail with
illustrations of the Programmable Gate Macro Block (PGMB) which is complementary to
a threshold gate iNull Conventional Logic (NCL).

The second and thirgapers focus on four differentapping and placement tec
nigues which are evaluated on the basis of programmalfitiy.algorithms were subject

to extensive parametric simulations and their programmability yields are illustrated.
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1. INTRODUCTION

Novel nanotechnologies are being proposedeplace their CMOS counterpagesd
nanowire crossbar architectureose of the most promising paradigniese archie
turesare simiar to their CMOS counterparts due to their synchronmisre(i.e., the
components in the circuit require a clockrtm). For these newer architectures to be-su
cessfuly conceived by commercial manufacturers they should exhibit significanterumb
of advantages over the present dayhealogies.

The dock is an important part of @rcuit in any computer architecture system and is
a source of considerable issues which are to be addressed to ensure the contihual of a
vancement in circuit technalees. Null Conventional Logic (NCL) ia delayinsensitive
asynchronous paradigm which integrates data and control into a single signal and elim
nates the need of a clock.

This thesis spotlights the dawn of a promising new nanowire crossbar architecture,
the Asynchronous crossbar architecture, in the form of three different articlesn-t co
bines the reduced size of the nanowire crossbar architecture with thereleclature of
Null Conventional Logic, which are the primary advantages.

The first paper g¥ains the proposed architecture with illustrations, including &e d
sign of an optimized full adder. This architecture has an elementary structure termed as a
Programmable Gate Macro Block (PGMB) which is analogous to a threshold gate in
NCL. The otherwo papers concentrate on mapping and placeteehhiques which are
importantdue todefects involved in crossbars. These defects have toldatex and

logic has tdberouted appropriatelffor successful functioning of the circuit.



Paper |

CLOCK-FREENANOWIRE CROSSBAR ARCHITECTURE BASED ON
NULL CONVENTIONAL LOGIC (NCL)

Ravi Bonam, Shikha Chaudhary, Yadunandana Yellambalase and Ghiosu
Dept of ECE, University of MissouRRolla, MO, USA

Abstrac® There have been numerous nanowire crossbar architeatess proposed till
date, although all of them are envisionedo be synchronous (i.e., clocked). The clock
IS an important part in a circuit and it needs to be connected to all theomponents
to synchronize their operation. Considering nondeterministicnature of nanoscale
integration, realizing them on a nanowire crossbar system would be quite cumbe
some. Unlikethe conventional clocked counterparts,a new clock-free crossbarar-
chitecture is proposed to resolve the issues with clockedunterparts in this paper,
where the use of clock is eliminatedrom the architecture. This has been done by
implementing delayinsensitive logic encoding tebinique called Null Convention
Logic (NCL). A delay-insensitive full adder has been implemented othe proposed

architecture to demonstrate the feasibility in thispaper.

Index Term® Nanowire crossbar, Asynchronous computing, Null convgional log-

ic (NCL), Manufacturability, Robustness, Scaability, Defect & fault -tolerance.

1. INTRODUCTION

The end of photolithography dshe dr i ver f o redico withie 6s L a
seven to twelve years and nanotechnologies are emerging that are expectghiie co
the technological revolution. Recently, numerous nanoscale logic devices havedseen pr
posed based on nanoscale componamts sis CNTsand SiINWSs; computing archite
tures are also being proposed using them as primitiveibgiblocks. One of the most

promising nanotechnologies is the crossbar basghitecture;a two-dimensional array



(i.e., nanoarray) formed by the intersent of two orthogonal sets of parallel and-u
iformly-spaced nanometasized wires, such as carboanotubes(CNTs) and silicon a-
nowires (SINWs). Exp@&ments have shown that such wires can be aligned to construct an
array with nanometescale speing usinga form of directed selissembly and the
formed crosspoints of nanoscale wires can be used as programradds, dnemory
cells or FETS(Field-Effect Transistors); therefore, nanoscale logic devices canabde re
lized.

Nanowire crossbars offéroth an oppdunity and a challenge. The oppeonity is
to achieve ultrenigh density which has never been achieved by photolithography. The
chdlenge is tomake thensimple enough to be manufactured and reliable enough to be
used in everyday computing applicatipeiice highdensity systems consisting of man
meterscale elements assembled in a bottgyymanner are likely to have many imperfe
tions (much higher raw fabrication defect densities, as high as 10%, are expected [1, 2])
and parametric variations. A computisgstem designed on comt@nal design basis
and topdown lithographic manufacturing would not be practical. Uttigh density &-
brication could potentially be very inexpensive if researchers can actualize a&cahem
selt assembly, but such a circuit wid require laborious testing, repair and reconfigur
tion processes, implying significant overhead costs. Also, all reconfigurable computing
architectures based on nanowire crossbars are commonly envisioned to be used for sy
chronous circuits and system§hus, a clock distribution network should be fabricated
along with nanowire crossbars and precise timing control should be practiced to avoid all
timing-related faults induced by physical desigamgmeter variations caused by nano
cale nondeterministic asembly.

In order to be a viable nanotechogy, the nanowire crossbbasedsystems
should be:

1. Structurally simple and scalable enough to be fabridaydabttomup manufa-
turing technique,

2. Robust enough to tolerate extrenagmetric variations,

3. Defectand faulttolerant enough to overcome the extradaéect densities, aging

factors and transient faultand



4. Able to support aspeed verification and reofiguration.

Unlike the conventional clocked coumnparts, the proposeesearch is to propose a new
asynchronousarchitecture for carbon nanotube (CT) and silicon nanowire (SINW)
basedreconfigurable nan@omputing systems and to address aforgimeed issues in
doing so.

The proposed asynchronous naarchitecture is based ordalayinsensitive data
encoding and selimed logic encodingcheme therefore, it is totally clockfree. Thus,
no clockdistribution network is needed and all failure modes relidbe timing will be
also eliminated. Potential benefits fraire proposed asynanous archiecture include
enhancednanufacturability, scalability, robustness and defect and tialefance.

2. PRELIMINARES AND R EVIEW

2.1 Null Convention Logic

Most of the traditional Booleanrcuits that we have been using are clock driven.
The clock is onef the most importanparts of the circuit and is also a parameter rdete
mining thespeed and performance of the circuit. All the devices dira@uit have to be
connected to the clock; hence the cloework is quite cumbersome. The traditional
Boolean @cuits do not check for input completion at the time of evaluatingexpre-
sion i.e. whether all the inputs have arrived to stamputation of the expression. Hence
the Traditional Booleawrircuits are symbolically incomplete in terms of evaluatig
pressions as they are dependent on the clak.Conventional Logic integrates data and
control into asingle signal thus yieldingiinerently clock less, delay insensitiegcuits
and systems [5]. This technology uses two st&@@§,A and NULL, which areused for
synchronizing and I/Ccontrol. DATA wave front contains the data that has to be
processed by the combinational circuit. The Null wave frisrd nordata value used to
reset the logic gates in the circaihd is also used as a delimiter betwesa DATA
wave fronts[5]. Circuits commuitate with each other using local hasldbkes which
provide synchronization. The concept of globlalck is removed and this in turamoves

the clock networkhat has to be circulated inside the circuit. Tdérmaval of clock redwe-



es the power consumption and the circuit becodaga driven (i.e. data is pressed as
soon as it is available). lhe DATA combinational evaluation period the combinational
circuitry processes the data passed on by the registehameults are stored in thesu
cessive register. The successivegister generates the Request for NULL signal in the
DATA completion Acknowledgement period and propagahessignal to the gwious
register. The previous register wilien transfer a NULL tahe canbinational circuitry
which isevaluated during the NULL combinational evaluation period.

The evaluated result is passed to the successive register thbitlyenerates a
Request for DATA signallf the output of a particular gate is NULL, it & not change
until and unless all the inputs to the gate are DATA. Whethalinputs eceive DATA
then the output changes to data aathains asserted as long as all the inputs do not
change tdNULL. This attribute of the threshold gates helps in adhginput compleg-
ness feature enabling the circuits to functiathout the clock [7]. To achieve this gro
erty the inputs tohe gates are to be encoded using an encoding schemaudh rail en-
coding scheme, each bit is represented using#is According to the representation in
the Table 1 the combinatiaf rails (raill,railsO) represents a single @ean value. The
valueM 00 i s regarded as NUL land sidesanotepresarthang h r e s
Boolean value. Thevalue il 1 0 aniuadefned expression in the dual rail encoding
schemeNCL uses symbolic completeness [11] of expression to ack&fgmed hkeha-
vior. A symbolically complete xpression idefined as an expression that only depends
on the redtionshipsof the symbols presem the expression without a referentethe

time of evaluationThis is achieved by keeping thdléwing conditions in mind11]:

1. The inputcompleteness criterion, which NCL circuitsust maintain in order to
be selitimed, requires thahe ouputs ofa circuit may not transition from NULL
to DATA until all inputs have transitioned from NULtb DATA or vice versa.

2. In circuits with multiple outputs, outputs that are dependerdrived inputs can
make transition, but atbutputs can change only when @lputs arrive whicleli-

minates the podsility of a data cycle and null cycleverlapping.



3. No orphans may propagate through a gate. An orphaefined as a wire that
transitions during the curremATA wavefront, but is not used in the deteran
tion of the output. @hans are caused by wire forks and bameglected through
the isochronic fork assumption, &mg as they are not allowed to cross a gate
boundary.This observability condition ensures that every geaesition is -

servable at the output.

The primary advantages of the use of NCL for the propadedk-free nane

architecture are as follows:

1. Circuits are less complex and are large circuits caddsgned in a bottomp
manner and integrated directhjthout any trouble of synchronizingaeh malule
[5].

2. In clock-driven circuits, major part of power is consumeag the clock and its
network. By removing thelock from the circuit, cumulative power congpiion
decreases [5].

3. The use of NCL makes the circuit insensitive to delagl the circus operate at
the rate of the flow of datdhe circuits can be called aslaly insensitive and self
timed crcuits [5, 7].

4. The circuits become more reliable than the clockeduits as the problems

caused due to clock suchasck skew, race conditioretc. are elirmated [5].

There are 27 threshold gate macros that m@eimented iNNCL. The significance of
these 27 NCL gates is that apgssible expression involving two or three or foar v
riablescan be implemented using these functions. Inversionbeimplemented byn-

terchanging the raill and railO in casetbé dual rail encoding scheme.



2.2 Asynchronous Crossb#rchitectureand its Alvantages

Using the normal crossbar architecture is similar to the convenBowéan ai-
cuits i.e. dock has to be circulated throughout the circuit for synchronizingowar
blocks. The normatrossbar circuit cannot decide when to receive or relgaisethere-
fore a clock must be added to control the flow of inparid output. In contrast, the asy
chronous crossbar architectur®uld be data driven; Instructions are acted upon thke m
mentthey are available and output is available the momentanspleted. This archite
ture employs discrete threshold gaelsthat recognize only certain simultaneaasnb-
nations ofvalues. Each of the gasets asfisynchronization node making the aicuit as a
whole and symbolically complete. TheDATA state follows the Null state and is
processed by the gatesid output is passed on to a register. The registeriosntanple-
tion circuitry that enables synchronization and chdbksstate of the output and gen
rates an appropriate signialdicating the previous register to send the cemehtary
state i.e. if the circuit is processing a Null state therrélgester on arrival of the output
will send a request fatata signal requesting for data to the previous registerpriima-

ry advantages of the Asynchronous aiteftture wouldoe,

1. Manufacturability
Asynchronous crossbarchitecturesignificantlyincreaseshite manufacturab+

ty of the nanowire crossbaiystems in large scale manufacture. Manufacturing of
thesekinds of crcuits would be easier compared to their clockednterparts.
Clocked synchronous architectures areidift to map on crossbars architects as
they requirecomplexplacement and routing algorithms. In case of Asynchronous
crossbar architgure, discrete blocks of crossbars can be ueemhap gates onto
them and there is no need of a globghchronous signal tooordinate all the
blocks. All clock relatedhardware components can k@noved from the overall

hardware design. Circuits would be less complex and dasiksign.



2. Scalability

The overall circuit is self time i.@¢iming information is integrated with data in
the encodingAs the timing of each circuit is handled locally, Scalabilitytledse
circuits would be higher. The timing complexitsmainsthe same even though the
sizeof the circuit gets larger i.¢ime taken for any particular computation will not
changeon thebasis of the size of thercuit.

3. Robustness

Due to nondeterminism of the directedeltassembly paradigmpanowire
crossbar circuits are anticipated to exhibit lavgeiations in physical parameters.
Since any physical variatiom an electrical prameter may have its own negative
effect on the timing behavior of the circuit, being able to desiglayinsensitive
circuits (i.e., correct operation of the circistindependent of the timing) is aysif-
icant capability and itvould greatly increasthe robustness of the circuit tesign
parameter variations. As explained in Null Conventional Idgicasynchonous
logic subsection, there is no delay in processiatp due to clock cycles as in
clocked synchronousircuits, instead data would be pessed as and when it is

avaliable.

4. Defect and Fault Tolerane

As NCL circuits havea definite flow patter i.e. DATA or NULL and vice versa
the output can be checked if it is a data or null. In addition tatmaplete removal
of all timing-relatedfailure modes, testingomplexity is reduced in that stueit1
faults simply halt thecircuit, since the NCL circuit cannot make a transition from
DATA to NULL. Also, in case of dualail encoding, 11 igonsidered as an invalid
code. So, any permanent toansientfault that results in this invalid codeword can
be eventuallydetected. Only stuekt-0 faults and some other transient fauleed
to be exercised with applied tberns. Design time andsk as well as circuit testing
requirements are expecténl be decreased because of the elimination of th@-co

plexity of theclock with its critical timing issues.



In this paper we are going to ineplent Null Conventionalogic on Nanaevire crossbar
architecture to e a | AsynalirondbusCr o s sbar Ar ediso shewtheumpke 0 .
mentationof a full adder using the new crossbar architecaun@ discuss #sibility of a
Multi-bit adder.

3. PROPOSED ARCHITECTURE
3.1Programmable Gate Macro Block

The basic unit of the proposed architecture is a progiable gite macro block
(PGMB). Each block is made of an ANi#ane and a OR plane formed by the diode

PULLUP
A
B
C
D
P
z | U
L
L
D
o]
feedback W
N
Programmable Gate Macro Block
Figure 1 Basic Structure of PGMB
PULLUP
Ll
A
B -,
] <
D
1] :
Z o U
L
| L
D
Q
feedback W
M

TH23 realized on PGMB

Figure 2 TH23 realized on a PGMB
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crossbars. Verticalamo wires with pull up esistors form product terms and horizontal

wire with pull down resistor add them using GR)it. It also has a felback loop which
drives the output back to an input wire. The maximum number of inputs to any threshold
gate is 4 and along with this it needs adfeck to implement any of the 27 threshold
gates [7]Figure 1 shows the basic strumt of a Pogrammable Gate Macro Block. It is a
6x10 crossbar structure which can take a maximum of 4 inputs as illustrated. Figure 2
shows the implementation of TH23 gate in the programmable gate macro block.tThe ou
put of the TH23 gate is given by theglo Z = AB+BC+CA + (A+B+C)Z*. Z* is the pe-

vious output of the TBE3 gate which is fed back to amput nanowire.

3.2Physical Strature

The new architecture consists of array of PGMBs which are interconnected in the
form of 2D grid structure. These blochre surounded by nano wires which are used to
routethesignalms i de t he grid struct ur mnwirdstcwssP GMB 0 ¢
these routing wires forming programmable cross points. By pmogitag these cross
points we can route the signals twyaf the programmable gate macro blockise input
stage consists of programmable resistor cross plointed by the ntro wires and nano
wires. By programmingrelevant cross points we can route thenaig to the required
PGMB. Each block can in turrelprogrammed tamplementany of the threshold gates
[7]. These blocks can tap the inpsignals by programming correspdmy cross point
formed bythe nanavire columncarrying input ggnal and nanwire row which is an input
to the macro block. The outpof theimplemented threshold gate [7] can be routed to the
other gates in the similar fashion. Thus the number of columnsaotwires between
programmable macro blocks determitiee amount of cross points available for routing
signals. Thismmumber has tbe sufficient to route all the required inparsd outputs to the
macro blocks. The maber of rows anatolumns of PGMBs in the grid are limited by the
amountof signal degradation caused by the propagation. Beforeothplete degradation

of the signal, duffering stage can beplemented toastore the strength.
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4. IMPLEMENTATION OF ONE BIT FULL A DDER

A full adder can be implementeding threshold gates ahown in Figure 37].
Now, let us implement 1 bit full adder using the proposed archigectine 1 bit full d-
der can be implemented using two th23 gates and two th34w2 gates as showngn the Fi
ure 3. This equires 3 input bits a, b for addition and c for carry encoded in dual rail logic.
These bits are represented by a0, al, b0, b1, cO are$pdctively. By programminge+
quired cross points at the input cross bar these signals routed to the programmable gates.
The complete implementation of the 1 bit full adder is showthe Fgure 5

The blocks present in row 1 and columns 1ly&@psogrammed as th23 gates and blocks

in row 2 and columns 1, 2 are programmed as th34w2 gates. The th23 gates reguire 3 i
puts and therefore bput row is unused where as in th34w2 all the 4 input rows are used.
The realized thréwId gates on PGMBre shownn the Figures 1 and &ext we have to

route required signal into the corresgmg input rows. Outputs from the threshold gates
should also be routed to the input of other gates or to the output block. This can be

achieved by programming routing crossngsiand ging free nano wires.

The NCL register stage nsists of two TH22 and a TH12 gates that are used to
generate a handshaking signal that helps in syndingrthe circuit. There are two kinds
of signals, request for data arejuest for null, geerated by the registers that are passed
on to the previous register. The Ki (input from successive stage) and Ko (outpat to pr
vious stage) are the handshaking signals and Do, Dbaredata rails and @ Q1 are

the output rails. Theingle bit registestage is shown in the dtire 6.

5. CONCLUSION

In this paper, we have gposed anew clockfree nanowire crossbar architecture
based on delainsensitive logic knowras Null Convention Logic. The complex clock
distribution network can be removed from th@dware and many clock related failure

modes can be intrinsically eliminated by the proposed efazk architecture. To deme
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strate the feasibility, delamsensitive full adder design has been ienpnted on the
proposed clockree architecture. Our fute direction is to develop automated design o
timization tools, testing schemes and detfe&trant logic mpping techniques for the

proposed architture.
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Figure 3 1-bit adder in NCL
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Figure 4 TH34w2 realized on PGMB



Figure 5 1-bit adder using proposed arclitecture

Figure 6 NCL one bit register on proposed archecture
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