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Abstract — This paper discusses the many challenges in
the design of future nano architectures that result from the
use of nanoelectronic devices. The relations among these
challenges are studied, and an unfortunately subjective
relative ranking is proposed. Possible solutions are suggested.

Index Terms — Computer architectures, nanotechnology,
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I. INTRODUCTION

In the nanoera, which we have entered, the growing
complexity of integrated circuits (ICs) turns difficult
problems (e.g., power, reliability) into great challenges
[1]. Also, communication problems lead to network-on-
chip and force (partly) asynchronous solutions. Out of the
many nanoelectronics challenges, we shall focus here on
.those for which an architectural approach could make a
difference. A review of the nanoelectronic devices being
investigated [1], [2] can be seen in Fig. 1. As can be seen,
most of them are only at the level of single devices,

In this paper we: (i) identify many challenges amenable
to architectural approaches; (if) briefly detail some of
these challenges; {iif} rank a selected set of challenges
based on both first-order and second-order effects; and (iv)
enumerate some of the possible architectural solutions.

II. NANOELECTRONIC ARCHITECTURAL CHALLENGES

We believe that the following set of challenges is
particularly amenable to architectural solutions [1]-[{4]:

e power-heat P/H — have to be reduced (this also
includes power delivery/distribution, heat removal,
and dealing with hot spots);

e reliability REL - has to be increased through
redundancy in space, or time, or beth, but the
redundancy factors should be small;

e testing TST — associated costs have to be reduced;

e connectivity CONN — has to be reduced both as overall
length, and as number of connections;

¢ communication COMM — method has to be optimized;

e hybrid integration HYB — in the near term must be
achieved, including mixed design and interfacing;

o logic and (en)coding L/C — must be optimized to
reduce computations and/or communications (e.g..
non-Boolean, error correction, spikes).
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Other challenges which might be considered are algorithm
improvement ALG (e.g., stochastic/probabilistic), and
reduction of the design complexity DCOM (e.g., by reuse).

Our goal is to rank these challenges with respect to their

importance, when considering not only their own intrinsic
importance, but also how their solution would affect the
other challenges. We use an Excel spreadsheet (see Fig. 2)
to correlate all these challenges. The first column contains
the challenges described before. Qur first step was to
assign an “importance” (percentage) to each of the
challenges. These are shown in the second column. Qur
teamn has rated P/H most highly at 25%. The reminders of
the challenges were assigned lower percentages, with all of
them totaling 100%. Our next step was to fill the
correlation matrix, which is shown in the reminder of the
spreadsheet. It contains coefficients that reflect second-
order effects, namely how a solution improving a
challenge will affect the others. Let us take CONN as an
example (i.e., the fourth column in the correlation matrix):
¢ Reducing CONN (number of connections and/or the
overall length of the connections) should reduce P/H.
This shows a positive influence. We have decided
that the influence factor is ‘medium’.

e CONN influences REL in a complex manner. The
overall number of wires (connections) of a reliable
design should be about the same as for an unreliable
one, so apparently enhancing CONN should not make
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Fig. 1. The roadmap for nanotechnology [2] (see also [1]}

presents many nano devices currently being investigated as an
alternative to standard CMOS. As can be seen, for most of them
only single devices have been realized and tested.
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Fig. 2. Ranking nanoelectronic architectural challenges (i.e., challenges where architecture can make a difference).

REL any easier or harder. On a closer look, the total
length of the wires might be’ increased in a redundant
design (needed for enhanced REL), even if the number
of connections is not. This explains the ‘small’
negative influence, since CONN would make
redundant design slightly more difficult. [Remark:
The problem is even more complex, since one should
consider both faulty devices and faulty wires].

+ CONN might affect TST in an adverse way, because
fewer connections might make testing more difficult.
Hence, a ‘small-to-medium’ negative influence.

* CONN clearly influences COMM, because reducing or
shortening connections would make it more difficult
to implement an optimal communication. Therefore, a
negative ‘medium’ has been assigned.

e CONN does not seem to influence HYB, since the
difficulty of hybrid design is not affected by the
connectivity of its parts.

e CONN has a ‘small’ negative effect on L/C, as it might
allow only for a sub-optimum encoding.

After repeating this process for all the columns in the
correlation matrix, we have quantified small, small-to-
medium, medium, medium-to-large, and large influences
in a percentage scale as 5%, 10%, 15%, 20%, and 25%,
respectively. Obviously this is subjective, but should be
good enough to give us an idea of the overall importance
of each challenge. This overall importance takes into
account the importance initially assigned to the challenge
(second column), together with the weighted sum of the
second-order effects over all the other entries in each
column. The results can be seen in the last row in Fig. 2.
They show thal: P/H becotnes even more important
(25—30%); REL maintains its importance (15—15%); L/C
(12—14%) and COMM (12—+13%) increase slightly; TST,
CONN, and HYB are decreasing (12—9%).

[1I. POSSIBLE ARCHITECTURAL SOLUTIONS

In this section we list many possible architectural
solutions for the challenges described in Section 1. We

also discuss three challenges in some more detail, and
outline possible solutions. We have divided the solutions
into three categories, with respect to their expected time of
implementation:

¢ Near term solutions should include massively parallel,
modular (cells, blocks); regular (grid processing,
cellular arrays); locally connected (near-neighbor
connections); higher functionality (multiple valued
and threshold logic [51); reconfigurable.

* Medium term solutions might include asynchronous
{GALS = globally asynchronous locally synchronous);
fault-tolerant (noise immune, rad-hard by design,
redundant, self-testing, self-correcting); defect-
tolerant (reconfigurable); adaptive (self-adaptive, self-
organizing, evolvable); bio-inspired {complex
functions, self-organizing, self-healing); nanophotenic
(optical communication, e.g. GOLE = globally optical
locally electrical); nanofluidic (e.g., for cooling); 3D
interconnects;  stochastic/probabilistic  (algorithms,
encoding, communication).

s Long term solutions envisaged are molecular and
quantum computing, quantum-dot celiular automata,
adiabatic/reversible computing, and bio-compatible.

Figure 3 presents a synthetic view of the four most
important challenges identified in Section I (horizontal
thrusts), and of some of the plausible architectures, in
increasing order of their connectivity complexity (from left
te right). The drawing also argues that both novel CAD
tools, and models will be highly needed.

Our highest-ranking challenge is P/H. We believe that
this should be addressed using a bottom-up approach, i.e.
starting from the device level, and going all the way up to
the system level. Sources of power dissipation include
leakage currents, switching activity, spurious switching,
operations that result in crowbarred outputs, and clock
networks. Although scaling Vpp helps in meeting a low
power budget, it requires Vy scaling to compensate for
performance degradation, This causes an increase in
leakage current. Addressing leakage power involves
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Fig. 3.

techniques like: dynamic Vy, stacked CMOS (inserting
leakage control transistors), or multiple threshold voltage
CMOS. New circuit techniques, which are robust and
scalable, should be used to achieve required design goals.
As an example here, circuits operating at sub-Vy, with
adaptive body bias (for dynamic Vy, adjustments) have
been shown to be a viable solution for ultra low-power
.systems that do not require high speeds. These have only
recently been investigated for medium to high-speed
applications [6]-18]. Reconfigurability will certainly help
in power aware schemes, allowing portions of the system
that are not performing computations to go into sleep
mode, or not to receive clocks (clock gating). The
operations could even be made data-dependent, hence
theoretically eliminating any unwanted switching activity
{when there is no data to be acted upon). These
approaches are not limited to computations, but can be
applied to communication also [9]. For a large chip, like
the Itanium 2, one third of the power budget is consumed
in communication, while the demanding clock distribution
consumes another third. Lowering clock frequencies to
reduce dynamic power, while enhancing throughput, could
be a viable option. A systematic use of asynchronous
design styles could completely eliminate the clock, but
might lead to increased communication. The architectural
- and micro-architectural leve!l approach for lowering power
“would definitely have a significant impact. An advanced
" CAD tool should allow analyzing the many architectural
tradeoffs when using various nano devices.

The expected higher probabilities of failures of both
nano devices and interconnects, as well as higher
sensitivity to noise and variations, will make it that fault-
and defect-tolerance will have to be considered from the
very early design phases. A well-known solution here is
redundancy (with or without reconfigurability) either in
space, or in time, or both. Trying to find the optimum

Possible architectural sotutions. Logic/encoding (also reconfigurability and asynchronicity) will be considered at all levels.

balance is a clear example of an architectural decision.
Obviously, such a balance could be quite different for
circuits made of different nano devices. First the theory
has to be developed, followed by innovative CAD tools,
which incorporate the models for different nano devices.
Hence, it should be possible to identify a few very
promising architectures. Currently, the theory, the CAD
tools, and the models (to be used in these CAD tools) are
just starting to be developed [6]. We expect that their
integration should come about in the near future.

As the artist’s rendition shows (Fig. 4), another
challenge is communication, which could be (partly)
solved by using optical interconnects. It is expected that
GALS would be an easier solution for the near future,
since it will not require optical wave-guides. Still, one
could "envisage GOLE, or a combined solution. The
communication challenge will aiso be met ate the protocol
level. Tn developing on-chip communication protocols, we
must keep in mind the following two special features of
chip-level communication:

Fig. 4. In the near future it is expected that combinations of
several devices will be used in a hybrid system-on-chip way
(artistic rendition adapted from [2]).
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e Simplicity in the communication paradigm is of
utmost importance, because of the difficulty of
implementing complex communication protocols at
nano scales, and because of the low-power
requirement. Simplicity in this case refers to both the
need for sparse but reliable communication, and the
need for easy-to-implement protocols.

e The relatively regular (grid) structure of the
communicating units is a special feature of such a
system, that should be exploited to develop efficient
protocols (but also for novel distributed circuit design
which could take advantage of standing waves for
achieving high speeds and low power).

These two features clearly motivate protocols without
acknowledgement and with simple route selection, which
are robust to faults and defects in the architecture.

IV. CONCLUSIONS

The building blocks for ICs and for the Brain are the
same at nanoscale level: electrons, atoms, and molecules,
but their evolutions have been radically different (see Fig.
5). The fact that reliability, low-power, reconfigurability,
as well as asynchronicity are brought up so many times in
recent conferences and articles, makes it compelling that
the Brain should be an inspiration (at many different
levels), suggesting that future nano architectures could be
reural inspired (see Fig. 6, and [6]-{10]).
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