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Introduction

A physical design flow consists of producing a production-
worthy layout from a gate-level netlist subject to a set of
constraints. This paper focuses on the problems imposed by
shrinking process technologies. It exposes the problems of

crosstalk can no longer be neglected, because it has a primary
effect on timing and induces signal noise. Other physical aspects
such as antenna effect, electromigration, self-heating and IR
drop, need to be analyzed and controlled. The next technology
generation will need even more detailed analysis including
inductance of chip and packaging, on-chip decoupling,

timing closure, signal integrity, design variable dependencies,
clock and power/ground routing, and design signoff. It also
surveys some physical design flows, and outlines a refinement-
based flow.

1. The Challenges of a Physical
Design Flow

Since the event of logic synthesis in the mid-80’s, design flows
have been characterized by a clear separation between the
logical and the physical domains. Logic synthesis produces a
gate-level netlist from an abstract specification (behavioral or
RTL). Place and route produces the layout from the gate-level
netlist and technology files. Reconsidering the logical aspects
during the physical design phase was unnecessary, because
timing signoff could be done at the gate level, and signal
integrity was rarely an issue.

A flow consisting of logic synthesis followed by place-and-route
cannot work with deep submicron (DSM). At 0.18um and
beyond, interconnect becomes a dominant factor and breaks the
dichotomy between the logical and physical domains.

1.1 Timing Closure

We can no longer neglect the impact of the interconnect on
timing: 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.

Using a statistical wire load model (WLM) based on pin count to
estimate the interconnect delays does not work, because timing
is determined by the maximum path delay, and although a WLM
is 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. This means that 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,

resonance frequency analysis and soft error correction. Signal
integrity problems must be identified as early as possible since it
is very costly and time consuming, if not impossible, to fix them
during the final implementation stages.

1.3 Capacity

Designs keep getting bigger and more complex. Production
designs today contain tens of millions of gates. Two capacity
problems are emerging. The first is a pure scalability problem.
The raw number of objects that need to be managed and
processed is stressing the memory limit and computational
resources of currently available CPUs (only linear or n log n
algorithms can reasonably be applied to a complete netlist). The
second problem is the overall complexity of a chip design, which
is often divided in several logical and physical blocks, with
several independent design teams working in parallel at a
different pace. Few very large chips are actually designed flat:
the trend is towards more hierarchical designs.

Hierarchical flows pose new problems for physical design. For
example, how to handle timing constraints between the chip
level and the block level, how to verify the feasibility of the
constraints at the chip level, how to capture the chip context
when implementing a block, how to hierarchically verify the
chip, etc. Floorplanning is still a difficult problem, especially
when it must be done considering timing and congestion.

2. Survey of Current Flows

Some of the proposed solutions to solve the DSM challenges are
as follows.

2.1 Custom Wire Load Model

This flow iterates between gate-level synthesis and place-and-
route. After place-and-route, if the constraints are not met, the
netlist is back-annotated with the actual wire load and re-
synthesized. Signal integrity problems are usually handled at the
detailed routing level.

Place and route data are necessary to determine the timing.
Trying to compensate for the lack of these data by driving
synthesis with pessimistic assumptions results in over-design.
Extracting net capacitances after place and route and feeding
them back to synthesis in an attempt to seed synthesis with more
realistic capacitance estimations is not practical. This often
results in a different netlist, thus a different placement and
routing, thus different wire loads, thus a different timing. There
is no guarantee that this iterative process will converge.

2.2 Block-assembly flow

This flow is based on the idea that a statistical wireload model
can still be used for small blocks of logic. Blocks smaller than



50k cells have been proposed [33]. The netlist is divided into
blocks such that the intra-block interconnect delay can be
neglected or roughly estimated, which enables synthesis to
predict the overall delay. Then the blocks are assembled.

There are several problems here. First, this requires time
budgeting, and there is no scientific method to come up with an
accurate budgeting that can be met both at the block level and at
the chip level. This results in a sub-optimal or infeasible netlist.
Second, assembly must respect the physical boundaries of the
blocks, so that the intra-block delays are preserved, which can
overconstrain placement. Third, it is virtually impossible to

considered together. Besides dealing with the traditional
timing/area/power triangle, we also need to address congestion,
clock tree synthesis, scan-chain reordering, signal integrity, etc.
The increasing dependency of the design quality on physical
effects (crosstalk being the most obvious) has to be managed.

A variable of a design in process is always estimated with some
uncertainty. For example, the timing of a design is fully known
only if the 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

estimate the inter-block delays, since lTong interconnects depend
on the relative placement of the blocks. Fourth, statistical
wireload models may still fail to predict timing accurately, even
for small blocks, due to routing congestion. If routes in the block
are forced to meander in congested areas, the net capacitances
increase substantially. Since congestion impacts wireload model
predictability, the overall connectivity of the netlist must be
considered, which is no longer a local block-level property.

2.3 Constant Delay Synthesis Flow

The delay through a logic stage (i.e., a gate and the net it drives)
is expressed as a linear function of the gain, which is the ratio of
the capacitance driven by the gate to its input pin capacitance.
Fixing the delay consists of fixing the gain. A fixed delay (i.e.,
fixed gain) is assigned on every logical stage so that timing
constraints are met. Then these gains are preserved as the netlist
is placed and routed.

Constant delay synthesis is attractive because of its elegance and
simplicity, which enables fast synthesis. It has proven to be an
efficient solution for RTL-to-gate synthesis. However, this
elegance is obtained at the cost of ignoring the reality of physical
design aspects. Delay models must be input slope dependent and
distinguish between rising and falling signals. Such a simple
model cannot capture the propagation of a waveform in a net.
The gains can be kept constant by adapting the net capacitances
and the gate sizes within limited ranges. In practice, this means
that the netlist must be changed to accommodate the
placement/routing/timing constraints (e.g., re-buffering), which
means that delays must be re-assigned. Constant delay synthesis
assumes continuous sizing. Mapping the resulting solution onto
a real discrete library can result in a sub-optimal netlist. Also
constant delay synthesis assumes convex input pin capacitance,
which is often not true for real-life libraries.

2.4 Placement Aware Synthesis

This is a general trend, since synthesis needs placement
information to estimate the timing [26, 32]. But gluing synthesis
and placement together does not help if routing information is
not sufficient, or if the interaction between synthesis and
placement is not under control. For example, synthesis may
locally increase the area to fix a timing problem, thus creating an
overfilled area, to which placement will react by spreading gates
around, which will create new timing problems. Making this
flow converge is a major problem. Moreover, synthesis and
placement working together is clearly not sufficient if it does not
account for congestion and signal integrity issues, which require
an understanding of routing and physical aspects. In other words,
this approach does not go far enough in the integration of the
logical and physical domains.

3. Refinement-based Flow

Although physical design is often presented as a timing closure
problem, the reality is that all design variables need to be

placement is available, it is simply useless to do any kind of
meaningful timing optimization beyond simple wirelength
minimization.

Indeed, 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 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 process, there is only an approximate placement and
global routing, and the clock tree and power/ground network are
roughly estimated (their contributions to the congestion must be
accounted for as early as possible). At the end, there is a fully
detailed, placed and routed netlist, including the completed clock
tree and power/ground routing. Between these two points, there
is a continuous progression from rough to detailed, and all
design variables are monitored and optimized simultaneously
(when their resolution allows it) to meet the design constraints.
As the design implementation progresses, the models become
more accurate (the estimations have less uncertainty), and the
actions taken to solve the problems are more and more detailed
and localized. This continuous process of model refinement and
design variable monitoring and optimization is the key to
prediction and convergence.

There is a point in this refinement process where timing can be
predicted within 10% of the post-layout timing. This point is
called a physical prototype, and can be used for early design
signoff.

3.1 Placement

Quadratic placement is very fast and can handle large designs.
However, it aims at minimizing the squares of the wirelengths,
not the actual wirelengths. Net weighting can be used to
emphasize critical nets, but the criticality of a net may change as
the placement changes, and estimating the criticality of a net at
the top level, with very fuzzy placement information, is
problematic. Quadratic placement is not suitable for
simultaneous optimization of other aspects of physical design,
e.g., clock, crosstalk. However, because of its speed, it is often
used to seed a more sophisticated placement method.

Force directed placement is another analytical method. The
principle is to include, in the equations capturing the wirelength,
a term that penalizes for overlapping cells, so that a balance can
be established between minimizing the wirelength and yielding a
legal placement [10]. Various formulations of this principle can
be used, and it is usually solved by conjugate gradient iterations
or other convex programming techniques. It is slower than
quadratic placement, but gives significantly better results.
However, there is a limit to what can be expressed with an
analytical function, thus some costs are hard to capture, and the
tuning of the "repulsive" terms can be difficult.

Simulated annealing [31] is based on move-and-cost. A move
consists in moving an object from one location to another (it can



also be a swap, where two object locations are exchanged). A
move is evaluated and accepted if it improves the cost. A move
that degrades the cost is accepted with some probability that is
slowly decreased to zero. Accepting cost degrading moves
allows exploring larger solution spaces and avoiding local
minima. Simulated annealing can produce globally optimum
solutions, and it has a completely open cost function. However it
is an extremely slow process, limiting its application to small
sets of objects. Due to its optimality potential and speed limit, it
is used for end case placement only (detailed placement).

Bisection placement iterates min-cut balanced partitioning and

Physical logic optimization consists of changing the netlist to
optimize physical aspects of a design (timing, area, power,
congestion, etc) in the context of place and route information. It
is significantly different from gate synthesis, since it has many
more parameters to consider, and must interact with the placer
and router.

The delay model accuracy must match the resolution of the
placement. The simplest delay metric is in terms of total net
capacitance. In this model, all fanouts of a net have the same
delay, since the net is approximated as an equipotential surface.
The model is valid as long as the metal resistance is negligible

move-based placement. The netlist is partitioned in two sets of
similar area, with as few nets spanning the two sets as possible
[4]. Then cells are moved or swapped between partitions to
reduce the cost. When a local minimum is reached, each set is
partitioned and the same procedure is iterated. Quadrisection is
the same process except that partitioning creates four partitions
instead of two. Experience has shown that quadrisection
placement is better suited for 2D placement.

Moving one cell at a time is far too slow to process a real design.
A dramatic speedup is obtained by allowing groups of cells to be
moved together. This method is also known as multilevel
hypergraph partitioning [20]. A hierarchical tree of clusters of
cells is first built from the netlist. The top of the tree is made of
, and the leaves of the tree are the
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with respect to the gate resistance. With shrinking features, the
metal resistance per unit of length increases, while the gate
output resistance decreases. Metal resistance cannot be ignored
for an increasing number of nets. A net must be seen as a RC
network with different delays at its fanouts. Elmore delay can be
used as a first approximation, but more detailed models are
required when metal resistance increases. Also an efficient
incremental static timing analyzer is needed, since many local
logic transformations may be needed and must be reflected at the
global level. The static timing analyzer must support multi-cycle
paths, false paths, transparent latches, and be crosstalk aware.

Logic optimization should not disrupt the netlist to a scale larger
than the placement resolution (i.e., the size of a bin) to ensure
that placement can accommodate the disruption. Thus, as
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