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ABSTRACT

The paper presents an analysis of technology trends based on the data available from the recently released National Technology
Roadmap for Semiconductors (NTRS 1997). This analysis shows that increasing clock rates and system diameter in clock
periods will make efficient management of communication and coordination increasingly critical. Due to the decreasing cost
of logic versus interconnect and the electrical necessity of signal regeneration to counter worsening effect of interconnect
geometries, use of configurable logic blocks even in custom data-paths presents a unique opportunity to customize bindings,
mechanisms, and policies which comprise the interaction of processing, memory, 1/O and communication resources. This

programming flexibility, or “customizability,” can provide the key to achieving robust high performance.

We use the results of this study to make a case for evolution of computer architectures into “Application Adaptive” (AA)
architectures. These architectures exploit the capability of the underlying hardware to reconfigure logic to achieve system-level
cost /performance goals by extensive analysis and profiling of application data and runtime characteristics. A key distinction
made by AA architectures against traditional custom-computing machines is that architectural flexibility is used to customize
architectural mechanisms and policies (instead of building additional functional resources — an approach commonly adopted
by custom computing machines). Thus relatively small amounts of reconfigurable circuit blocks can be leveraged to yield high

performance on a per application basis.
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1. INTRODUCTION

The pace of semiconductor technology evolution shows no signs of slowing down. Indeed, the projections from the
National Technology Roadmap for Semiconductors (NTRS) have been revised in three years to show an acceleration
of technological maturity for most deep submicron processes. Figure 1 shows a plot of (effective channel length)
feature size versus the year of introduction. The solid line indicates the projections from the most recent industry
survey. Between the two surveys shown, the introduction of the most advanced processes has accelerated by one to
three years. For instance; the 180nm process is introduced in 1999 two year earlier than the NTRS 19993 survey
(indicated by the dotted line). In the coming years, as the attention shifts to processes with channel length below

100nm, it 1s likely that the introduction for future processes may actually happen sooner than currently projected.

In evolutionary terms, there are no surprises per se in each of the component area or even the process technology
itself as specified by the NTRS 1997. However, the cumulative impact of continuing trends in circuit density
and performance on system architectures, from small-scale embedded processors to high-performance multi-node
machines, is nothing short of phenomenal. This papers outlines some of the important design technology implications

of microelectronic technology advances in the context of computer architectures.

We present an examination of the technology scaling in the next section, followed by analysis of impact on VLSI
design technology and computer system architectures. To make our case for dramatic changes that are likely to occur

in the architectural design of future processors, we rely on an extensive body circuit simulation data using process
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Figure 1. Trends in Device Scaling

parameters as can be reasonably expected using the projections from the NTRS 1997 survey by the Semiconductor

Industry Association.*

2. TECHNOLOGY EVOLUTION AND SCALING

Figure 1 shows the projected trends in minimum device feature size for semiconductor devices. Assume that feature
sizes are scaled by factor S. Then, the intrinsic gate delay scaling (limited by velocity saturation effects) scales by
1/8 for short channel devices.'! This scaling is independent of the voltage scaling used.! Since the speed of a logic
gate is proportional to the load capacitance, scaling of device dimensions leads to decreasing gate delays. However,
the interconnect introduces a range of parasitic effects that are significantly pronounced at the deep sub-micron
technology of three generations hence. This interconnect dominance has been a focus of much attention in the circuit

design for deep sub-micron semiconductor processes (see” for an introduction to the problem).

To understand the nature of the interconnect for VLSI processors, consider the typical distribution of interconnect
length on a chip shown in Figure 2 from.!? The distribution has two peaks, one around at 10% and at 50% of the
die-size. The die-size is approximately square-root of the chip area. The average length of the interconnect can be

. = A\/chip area
approximated as L = f.l‘r’

The total interconnect can be roughly divided into two categories: local and
global interconnect. The first peak in Figure 2 represents the local interconnect length, whereas the second peak
is due to the global interconnect nets. With scaling, the local interconnect scales as device shrinks whereas global
interconnect actually increases due to increase in die density and size.!> Thus the wire-length scaling can be divided
into two parts as follows:

1

S local interconnect
Sy = )
g global interconnect

*http://www.sematech.org/public/roadmap/

t Typically, keeping voltage scaling same as feature size scaling maintains electrical field patterns to the first order, thus avoiding
potential secondary breakdown effects. However, it is not always possible to do so due to noise immunity and market-place reasons.
Consider the scaling scenario in which all dimensions of the MOS devices scale by factor S, while the voltage levels scale by factor U. In

this scenario, the current density scales by factor S°/U2.
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Figure 2. Distribution of Interconnect Lengths in Logic Devices

The resistance scaling is Sp = g—é whereas the RC delay scaling is given by
S-S S
RC c X DR S X OR e

Thus RC is constant for local interconnect while gate delay is decreasing. RC grows as S* for the global inter-
connect. Let us now consider, in absolute terms, the characteristics of circuits and devices that would be available in
the year 2007. Figure 3 plots the normalized delay of the interconnect (per unit length) which is about 80 ns/mm.
Figure 4 shows the increasing role of interconnect in absolute terms. For complex microprocessors, the on-chip cycle
time is limited to 1 nanosecond primarily to combat the increasing parasitic (inductive) effects of metal inter-connect,
while the unit gate delay (inverter with fanout of two) scales down to 20 pico-seconds. Thus modern day control
logic consisting of 7-8 logic stages per cycle would form less than 20% of the total cycle time. This clearly challenges

the fundamental design trade-off today that tries to simplify the amount of logic per stage in the interest of reducing
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Figure 3. Normalized Delay of Interconnect Metal
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the cycle time. In addition, this points to a sharply reduced marginal cost of per stage logic complexity on the

circuit-level performance.

3. CIRCUIT AND ARCHITECTURAL IMPLICATIONS OF SCALING

The impact of a technology scaling that affects gate versus interconnect delays differently, goes far beyond the
number of logical stages that can be packed into a given cycle period. For instance, the circuit structures and system
architectures can be chosen that rely on extensive local logic to improve circuit/system performance. The local logic
can consist of state machines that direct the flow of data or modify control based on immediate application needs.
Thus an important aspect of chip-level system design that will be qualitatively challenged by these technology trends
is the role of reprogrammable logic on chip designs (even for custom/semi-custom designs). This is best understood
by examining the effect of technology scaling on the the length of wire, or L., that is equivalent to a unit gate delay.
Roughly speaking, it is a length of wire between two logic stages beyond which the marginal delay of additional logic
stage 18 less than the cost of the interconnect. It can be shown that L.,.;; is fairly independent of the actual sizes of

the transistors in the logic stages.'* The critical length can be computed as:

tpgate

0.38rc

Lerit =

where t,44¢. 1 the unit gate delay that scales by S. » and ¢ are unit length resistance and capacitance respectively.
The scaling of rc delay is given as (using local interconnect scaling)
_ Sg Sc _ Skrc _ 1

Src—g'g——si =

Thus the critical length scales as S%/2. This scaling corresponds to a reduction by a factor of 32 for a 10X reduction
in feature size. An estimate of the absolute value of the interconnect lengths is provided by considering the metal
pitch in sub-micron devices. Pitch for the finest interconnect is projected at 0.4-0.6 p. On logic devices, average
interconnect length, L, is approximately 1000X to 10,000X the pitch. In view of the interconnect distributions in
Figure 2, this means that local interconnect is 300X to 3000X pitch. This scaling trends is shown in Figure 5.
Within three generations of evolutions in process technology we can expect a cross-over point where the critical
length is larger than the average inter-connect length between logic blocks that are located in the
same cycle time. Depending upon the average length of local interconnect this cross-over could occur within the

Region II indicated as cross-over region in Figure 5. Once past this cross-over region, the delay due to the average
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Figure 4. Fraction of cycle time devoted to gate and interconnect delays
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Figure 5. Inter-Connect Critical Length: Trends show a cross-over point beyond which the wire critical length is

longer than the average interconnect length.

interconnect length would exceed switching delays. For a wire of length L, the total inter-connect delay with M

“repeating buffers” 1s given as
I\ 2
t =0.38rc (M) M + (M - l)tpgate

where tp4qtc 15 the propagation delay of the buffer. Optimal buffering stages can be found by setting 0t/0M to zero.
A rule of thumb in circuit designs is provide electrical buffering for signal integrity at least per unit critical length of
wire. This implies that due to purely electrical reasons it would be preferred to include one or more inter-connect
buffers within a cycle time to mitigate the effect of delay due to average local interconnect. Such a buffer gate when
combined with a weak-feedback device would form core of a storage element that presents less than 50% switching
delay overhead (from 20ps to 30ps). Figure 6 shows a schematic diagram of the interconnect between two blocks
that is made programmable using reprogrammable devices. For wirelengths, L, larger than the critical lengths, such
a circuit would present a shorter delay from A to B than a direct wire connection. Indeed, SPICE simulations show
that as channel length scales down to below 100 nm, the wirelength L for which a reprogrammable circuit provides
shorter delay far interconnect lengths as low as a couple of hundred microns. Referring back to Figure 5, the effect of
critical length cross-over means that in the cross-over region II device, circuit and CAD strategies may be effective

in mitigating the effect of interconnect dominance. However, once past this region, dynamic interconnect, this is,
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Figure 6. Circuit model using programmable interconnect between functional blocks



interconnect with logic would be the preferred choice.

While technologically inconceivable today, such incorporation of reprogrammable logic gates would be consistent
with the earlier observation that the cost of local decision making on cycle time would be significantly less than
the cost of sending information leading to increased logic level per cycle. Since the logical complexity per cycle is
related to system microarchitectures, most immediate use of inter-connect buffering gates would be in reprogrammable

interconnects to improve versatility of the hardware blocks (perhaps sold as core elements by semiconductor vendors?).

In the face of these technological changes, the challenge for the system architect is to find ways that future
architectures can effectively exploit the opportunity presented by the dynamic interconnect. In'® the authors present
a machine architecture that uses relatively small amounts of reconfigurable logic embedded in the CPU-memory
interconnection fabric to build architectural assists (such as prefetch, gather/scatter hardware). These assists have
been shown to improve the system performance by several orders of magnitude on a range of applications by adapting
to application needs for memory latency and bandwidth. We believe that this would be increasingly an attractive
way of exploiting an interconnected-dominated process technology. Further, as the marginal cost of logic decreases
well below the cost of additional interconnect, there is no fundamental reason why reconfigurable logic could not be
used in building data-paths that respond to application needs by providing, for instance, multiple variable precision

functional units.

4. CONCLUSIONS

Our preliminary analysis of technology trends indicates that the conventional wisdom — that reprogrammability
in high performance processor designs is expensive — is already beginning to be challenged. As gate switching
continues to scale well below 100 ps range, local decision making would cost significantly less than the cost of sending

information.

Coupled with the advances in semiconductor technology, the advances in CAD tools and algorithms are beginning
to have an impact on how designs are done today. With the emphasis on system models in hardware description
languages (HDLs) such as Verilog and VHDL, the process of hardware design is increasingly a language-level activity,
supported by compilation and synthesis tools.® These tools are beginning to support a variety of design constraints,
on performance, size, power, and even the pin-outs. Locking I/O-maps to ensure that physical design remains
unchanged while logical connections are modified based on applications will soon be a common feature to allow
programmable logic to be embedded in key modules of a system and provide on-line programmability to change
hardware functionality. Tools for distributed hardware control synthesis to allow dynamic binding of hardware
resources,® and synthesis of protocols to low latency hardware’*5 have been successfully demonstrated. With these
CAD and synthesis capabilities, embedded programmable logic can be inserted into the key parts of systems, and

used to alter behavior dramatically with modest performance overhead.

Such changes will pave the way for a new class of system architectures that can exploit flexibility to deliver robust,
high performance to applications. Indeed this has been the basis of most of current work on customizable computing

machines.>?
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