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Abstract

Deep-submicron (DSM) processes have made
impossible to sign off a gate-level netlist with full
confidence that the final physical implementation
will meet all design requirements. Since
interconnect has a significant impact on timing
closure, and signal integrity issues cannot be
handled without layout specific information, design
signoff can no longer be accomplished solely by
logic synthesis. Because of this, two new concepts
have arisen: physical synthesis, and physical
prototyping. Physical synthesis is logic optimization
together with place-and-route. We define physical
prototype as a circuit description with enough
physical information to deliver a design signoff.
Section 1 will discuss the design closure aspects,
and Section 2 will discuss physical prototyping.

Another challenging aspect of today’s designs is
their ever-increasing design size and complexity.
This can be addressed with a hierarchical
methodology. Section 3 will explain how physical
prototyping can be used to enable a top-down
planning, bottom-up implementation, hierarchical
flow, which restores the ability to sign off designs
prior to the completion of the final physical
implementation, and which allows a continuous
validation of the chip-level constraints throughout
the design process.

1. The Impact of Deep Submicron on
Physical Design

Since the advent of logic synthesis in the mid-
1980's, design flows have been characterized by a
clear separation between the logical and the
physical domains. The point of delineation was
known as ‘sign off’. Logic synthesis tools would
produce a gate-level netlist from a high-level
specification, usually RTL. Place and route tools
then transformed the gate-level netlist into a
physical layout. Place and route tools were not
allowed to change the netlist because this would
have invalidated the signoff process. However,
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there was really no need to change the netlist
because cell delays dominated the timing of the chip
and the impact of the physical layout on timing was
small.

1.1 Timing Closure

The gate delay depends mostly on the output
capacitance it drives, of which the net capacitance
becomes the largest contributor; also the delay of
long nets, which depends on their capacitance and
resistance, becomes larger than gate delays. At
0.25um, interconnect becomes the dominant factor
in determining delay, so we can no longer ignore the
effects of physical implementation on timing
closure, and the ability to sign off a gate-level netlist
is lost. Legacy design flows that use statistical wire
load models (WLM) to estimate the interconnect
delays are no longer effective, because timing is
determined by the maximum path delay: although a
WLM may be a good predictor of the average wire
load, the deviation is so large that timing ends up to
be grossly mispredicted.

Moreover, coupling capacitance (the capacitance
between nets on the same layer) becomes more
dominant over inter-layer capacitance (the
capacitance due to overlapping of interconnect
between different layers) with every new process
technology. This is because the nets are getting
much closer to each other and the wire aspect ratio
of height to width is increasing. In 2002, the
coupling capacitance is more than four times larger
than the inter-layer capacitance, and the ratio is
projected to increase to six by 2010. Thus the
capacitance of a net cannot be determined without
knowing both its route and that of its neighbors.

1.2 Signal Integrity

Finer geometry, higher clock frequency, and lower
voltage produce signal integrity problems. For
instance, since the inter-wire coupling capacitance
dominates the inter-layer capacitance, crosstalk can
no longer be neglected, because it has a primary




effect on timing, and it induces signal noise. IR-
drop’s impact on timing is becoming more visible
with lower voltage. Other physical aspects such as
antenna effect, electromigration, and self-heating,
need to be analyzed and controlled. At 65
nanometers and below, implementation tools will
need to consider inductance. Signal integrity
problems must be addressed as early as possible
during implementation since it is very costly and
time consuming, if not impossible, to fix them by
post-processing a completed layout.

2. Physical Synthesis and Prototyping

In the mid-1990’s, the first generation of physical
synthesis tools appeared and consisted of crude
attempts to combine different point tools
performing logic optimization and placement within
an integrated flow [7]. The current generation of
physical synthesis tools successfully achieves this
goal. However, at 0.13um and below, physical
synthesis alone is not sufficient to restore the ability
to sign off a design prior to the completion of the
layout. For this, physical prototyping is required.

2.1 Physical Synthesis

Physical synthesis addresses many DSM issues by
combining elements of logic synthesis and physical
implementation together into a single tool. Physical
synthesis, as most people use it today, starts with a
gate-level netlist and performs logic optimization,
placement, and global routing, to produce a placed
design that meets timing requirements. Physical
synthesis may employ numerous techniques to
optimize the logical structure of the chip including:
gate sizing, buffering, pin swapping, gate cloning,
useful skew, re-synthesis and technology re-
mapping, redundancy-based optimization, and area
and power recovery.

This is a significant improvement over pure logic
synthesis because the logic optimization is
performed and evaluated based on cell placement
that reflects the final placement. The output of
physical synthesis is passed along to an
implementation tool that completes the job by
adding power and clock networks, adjusting the
placement as needed, and then by detail routing the
design. After the routing is complete, the design
may be checked for signal integrity issues.

It is significant to note that it no longer makes sense
for RTL-to-gate synthesis tools to perform
sophisticated gate-level optimization. Without
accurate physical information, logic synthesis tools
cannot make good decisions about cell sizing or
buffering. Physical synthesis is much better suited
for these tasks. Today, the role of RTL-to-gate logic
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synthesis has been reduced to simply produce a
gate-level netlist with the adequate structure as
quickly as possible, and then pass it along to
physical synthesis without attempting to optimize
the sizing or buffering aspects.

2.1 Physical Prototyping

As processes progress below 0.13 microns, it is
becoming apparent that physical synthesis alone is
not enough to predict the final physical
implementation. The primary shortcomings are the
omission of accurately modeled power and clock
networks, scan chains, and signal integrity issues.
Power and clock networks cause massive
perturbations upon the cell placement and consume
large amounts of routing resources; they cannot be
ignored or abstracted during physical synthesis with
the expectation that the resultant placement or
global routing will correlate closely to the final
layout. The construction of a physical prototype not
only includes logic optimization, placement, and
global routing. It also includes fully routed power
networks, fully synthesized and placed clock trees,
and a global router that allocate enough routing
resources in problem areas so that the detailed
router can later avoid the potential signal integrity
violations. A physical prototype is a ready-to-route
implementation that correlates to within a few
percentage points of the final, detail routed design.

2.2 Design Closure With Continuous
Refinement

Although physical design is often presented as a
timing closure problem, the reality is that all design
variables need to be considered together. Besides
dealing with the traditional timing/area/power
triangle, we also need to address congestion, clock
tree synthesis, scan-chain reordering, and signal
integrity. The increasing dependency of the design
quality on physical effects must be managed.

Some of the proposed solutions to solve the DSM
challenges have been discussed in detail elsewhere
[2]. One approach to deal with these complex inter-
dependencies is to start with a very early estimate of
the physical implementation using a very coarse
level of granularity, and then to continuously refine
it at progressively finer levels of granularity until
the final implementation is complete. This
approach, combined with an open, multi-variable
cost function, exhibits a number of very desirable
attributes. 1) It enable simultaneous optimization of
all design requirements, 2) it provides continuous
feedback on the progress towards attainment of the
design goals, and 3) it can be paused when a pre-
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and optimization is the key to prediction and

signed off prior to final physical implementation.

Prior to the completion of the physical
implementation, design aspects may be estimated,
but always with some degree of uncertainty. For
example, the actual timing of a design can only be
calculated if all routes are fully known. If the design
has only been partially placed and routed, then the
uncertainty on net capacitances results in an even
larger uncertainty on timing. Experience shows that
until sufficient information about the placement is
available, it is not possible to optimize for timing

convergence.

This refinement process is illustrated in the figure
above: placement of smaller and smaller clusters of
cells is done in smaller and smaller bins (see
Section 2.2.1); global routing goes from describing
the area a net is likely to span, to a reduced route
after logic optimization seeded the route by
dropping buffers, to a nearly finalized route.

Timing models can range from lumped capacitance
at the beginning, to lumped RC when more
placement information is available, and finish with a

beyond simple wirelength minimization.

If we know the precision with which placement and
routing are determined, we can determine the
parameters of the design that can be estimated with
enough accuracy to allow some valuable
optimization. As the precision of the placement and

full RC network.

At a certain point in the refinement process, far in
advance of the final physical implementation, the
design will have stabilized sufficiently so that
timing can be predicted within 5-10% of the post-
layout clock cycle. It is at this point that the design

routing is increased, new design parameters become
"visible" and can be optimized in turn. A
refinement-based flow builds the physical design
step by step, by increasing the resolution of every
parameter simultaneously. At the beginning of this

qualifies as a physical prototype and can be signed
off.

2.2.1 Placement













