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Abstract: ~ We present a semi-custom design methodology based on transistor tuning to optimize the design performance.
Compared with other transistor tuning approaches, our tuning process takes the cross-talk effect into account and prominently
reduces the complexity for circuit simulation and analysis by decomposing the circuit network utilizing graph theory. Furthermore,
the incremental placement and routing for the corresponding transistor tuning in conventional approaches is not required in our
methodology, which might induce timing graph variation and additional iterations for design convergence. This methodology
combines the flexible automated circuit tuning and physical design tools to provide more opportunities for design optimization
throughout the design cycle.
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INTRODUCTION

Semi-custom design, which combines the ad-
vantages of custom optimization and automated de-
sign with a diversity of commercial EDA tools in
existence, is becoming more and more significant in
modern IC design. Among the custom design meth-
odologies, transistor tuning is an effective and con-
venient solution adopted by some mature semi-
custom design flows, most of which focus on the
area-delay tradeoffs problem (Fishburn and Dunlop,
1985; Kao et al., 1985; Yu et al., 2003; Santos et al.,
2005b; Kabbani et al., 2005; Lu et al., 2005). There
has been a large amount of work done on the tran-
sistor tuning including all kinds of transistor delay
models (Fishburn and Dunlop, 1985; Kao et al., 1985;
Ketkar et al., 2000; Santos et al., 2005a; Yelamarthi
and Chen, 2007) and various algorithms from TILOS
(Fishburn and Dunlop, 1985) based on greedy strat-
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egy proposed in the 1980s to a series of gain-based
circuit tuning methodologies discussed recently
(Kabbani et al., 2005).

A majority of the transistor tuning approaches
ignore the cross-talk effect in the formulation of the
transistor timing model or the process of sizing the
transistor width, so as to increase the cross-talk delta
delay on wires while reducing the propagation delay
on cells. Thus in our methodology, we take the
cross-talk effect into account according to a local
circuit SPICE extraction for simulation and an ex-
pression for the cross-talk delay calculation to bal-
ance the cell delay and the wire delay for timing path
optimization.

Some transistor tuning approaches proposed re-
cently have taken the cross-talk effect into consid-
eration (Vittal e al., 1999) by formulating the path
delay as a function of the extracted resistance and
capacitance connected along the path. The kernel of
such method is to get the minimal function output
under a series of constraints of timing, area, power,
etc. Obviously, these methods either take much run-
time for simulating the RC network or require many
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complex calculations to obtain an appropriate width
for a certain transistor. For simplifying these methods,
our methodology decomposes a certain circuit net-
work into small components based on graph theory
and abandons the transistor tuning on those which
have “strong connections”. Here, a strong connection
means all the cells in a certain component, which
show a strong correlation with each other, are on
propagating the delay. For each of the non-strongly
connected components, we evaluate the delay de-
crease potential for every path in it, and then choose
that one with the maximum weight evaluated, and
finally tune the transistors belonging to that chosen
path to realize the delay optimization.

For a pair of complementary transistors with
their gate region connected to the same pin of a cer-
tain cell (for convenience, we define such a pair of
transistors as a transistor cluster) fabricated in com-
plementary CMOS style, the ratio of P-type transistor
gate width divided by N-type transistor gate width
directly determines the transistor rise and fall delay
which might be distinctly different owing to the dif-
ferences in the load capacitances. Any difference in
the rise and fall delay contributes to the total path
delay difference, thus reducing the maximum clock
speed (Talukdar and Sridhar, 1996). Our methodology
concentrates on the P/N ratio adjustment for a bal-
anced rise and fall delay. The P/N ratio is restricted to
a range of discrete values with approximate 10%
increase between two adjacent ratios. During the ratio
tuning process, we keep the sum of the width of a
transistor cluster fixed, and calculate the P and N
transistor width respectively according to the discrete
ratio value selected in the range. Since the total width
is maintained, the area increase is under control. The
area-delay tradeoff is thus not involved in our ap-
proach so as to decrease the complexity further.

Note that some semi-custom design flows based
on P/N ratio tuning aim to provide a huge library for
the synthesis tools, which contains all kinds of cells
with the transistor clusters tuned in different discrete
P/N ratios between the maximum and minimum val-
ues (Northrop and Lu, 2001). It is a discrete optimi-
zation problem targeted to select appropriate P/N ratio
cells from the underlying cell library. Its complexity
sharply increases with the number of cells in the li-
brary. Hence there will be an exhausted waiting for
the synthesis (both the logical and physical) result.

Take an embedded system processor based on RISC
architecture with about 100 instructions for instance,
the logical synthesis using Synopsys Physical Com-
piler tool and utilizing a library approximately con-
taining 3000 cells lasts about 3 days with 8 CPUs and
2 G memory available. For modern IC design, it
usually takes several or even tens of design step it-
erations to accomplish the design requirements and
get an optimum circuit layout. From this perspective,
the total design cycle will be intolerable. So in our
methodology, the library is composed of no more than
300 cells and kept fixed. Our circuit tuning aims at
optimization on the layout circuit but not fabricating
different P/N ratio cells to expand the library for
providing more opportunities for cell selection during
synthesis, thus the total design cycle almost has no
increase.

SEMI-CUSTOM DESIGN FLOW

The complete design flow of our semi-custom
design methodology is summarized in Fig.1. The
physical design is initialized through the logical and
physical synthesis step that is a primitive representa-
tion for the common IC design process with all the
necessary steps included, such as floorplan, place-
ment, route and so on. The kernel of this procedure,
which starts from the critical networks extracting and
ends with the static timing analysis on the entire cir-
cuit, is iterated after re-identifying the critical net-
work subset based on the STA (static timing analysis)
result.

Details of each step in the flow from Fig.1 are
cataloged in the following.

Vertically located channel CMOS standard cell
library

In our approaches, the standard cells are also
semi-customized. We use the Kazam tool, which
provides an automated solution for creating custom
standard cell layouts, to export cells following our
design rule and architecture defined. For a compact
standard cell construction, the transistor gate channels
could be located in both the vertical and horizontal
directions. But our standard cell is fabricated with all
of its channels located vertically in a complementary
CMOS style. And each transistor cluster is grouped
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Fig.1 Complete semi-custom design flow

together with its N and P channels aligned in the ver-
tical direction. Apparently the cell of this architecture
needs a bit more area than the common ones. How-
ever, owing to such architecture, the P/N ratio could
be tuned by extending or shrinking the active area and
jogging the well with no area increase in the hori-
zontal direction which may arouse a series of conse-
quent variations on the circuit as illustrated in Fig.2.
Thereby, no incremental placement or routing is
needed in our methodology. Note that the vertical
dimension of the cell is fixed and the horizontal
power rail is abstracted to a straight line in Fig.2 for
easy observation.

Our standard cell library contains no more than
300 cells, which could be classified into approximate
30 categories with the adjacent power levels set
around 1.5. This type of library provides a consid-
erably fast synthesis, speeds up the design cycle and
offers more opportunities to raise circuit performance
by custom design.

Critical networks graph

Cell connection that starts from a certain flip-
flop and ends with another is defined as a timing path
in the synchronous digital circuit. So in most cases, a
timing path is truncated by a pair of flip-flops and
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Fig.2 Different design layout architectures. (a) A com-
mon design layout; (b) Architecture with the N channel
located horizontally; (c) Layout evolved from (b) after a
certain P/N ratio tuning; (d) Architecture with all the
channels located vertically; (e) Layout evolved from (d)
with the same P/N ratio and channel size as (c)
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could be expanded into a corresponding isolated
network by tracing through the inputs and outputs of
each cell along the path till reaching the terminal, i.e.,
flip-flops. In our methodology, we find out the critical
timing path by STA, and then expand it into a corre-
sponding network defined as critical network. Note
that the coupling nets with the coupling capacitance
above C. are also taken into account in the process of
expansion. The primary goal of this expansion is to
tune the P/N ratio on an overview of the entire net-
work, hence avoiding offsetting the optimization on a
local part of the network by the delay deterioration on
the related parts. Afterwards the critical network is
mapped to a directed graph as follows: each cell is
mapped to a node in the graph; each connection be-
tween two cells is mapped to an edge connecting the
corresponding nodes directed from one cell’s output
to the other’s input, particularly for coupling nets,
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there exists an edge directed from the aggressive net
to the victim net correspondingly; each node is
marked with two weights separated by the slash rep-
resenting the rise delay and the fall delay through the
cell, respectively. This transform helps to compre-
hend the circuit structure more intuitively and pre-
pares for decomposing the network into compo- nents
to accelerate the circuit simulation and analysis. A
critical network graph example is illustrated in Fig.3.

Fig.3 A critical network graph example

Partitioning the network into components

This subsection shows how to decompose the
critical network graph into components. This de-
composing step brings two primary benefits for the
P/N ratio tuning. First, it downsizes the circuit scale,
consequently speeds up the spice netlist simulation.
Second, the strongly connected components, which
are complicated and unnecessary for the tuning, are
excluded from the subsequent design steps so as to
reduce the complexity remarkably.

A directed graph consists of strongly connected
and non-strongly connected components.

Definition 1 A strongly connected component (SCC)

of a directed graph G=(V, E) is a maximal set of ver-
tices CcV such that for every pair of vertices u and v
in C, there is a directed path from u to v and a directed
path from v to u; that is, vertices u and v are reachable
from each other.
Definition 2 A non-strongly connected component
(nSCC) is a maximal subgraph of a directed graph
G=(V, E) such that for every pair of vertices u, v in the
subgraph, there is an undirected path from u to v and a
directed path from v to u.

Corresponding to the circuit, the SCC indicates
that for every two cells 4 and B in it, A’s timing
closely depends on that of B and vice versa. Con-

cretely, a delay variation on either cell will induce a
consequent delay variation on the other, but in an
opposite way. Thereby the total delay on such com-
ponent is almost unalterable or hard to be improved.
Thus the SCC is eliminated from the graph G for P/N
ratio tuning.

The algorithm to find SCCs of a graph G uses the
transpose of G defined as G'=(V, E"), where E'
consists of the edges of G with their directions re-
versed. The completed algorithm is described below
(Cormen et al., 1990):

Component Decomposing Algorithm (G)
(1) Depth-first search on G to compute the finishing time

fTu] for each vertex u.

(2) Transform G to G".

(3) Depth-first search on G", but in the main loop of the
search, consider the vertices in order of decreasing f[u] as
computed in (1).

(4) Output the vertices of each tree in the depth-first forest
formed in (3) as a separate SCC.

The running time of the above algorithm is about
O(V+E). Take Fig.3 for instance, the graph decom-
posing output is illustrated in Fig.4. The SCCs are
displayed in shades while the rest are nSCCs.

We delete the SCCs and the related edges from
the graph, hence deriving a collection of acyclic di-
rected subgraphs, nSCCs, which is considerably less
complicated than before for circuit analysis. The

simplified graph is illustrated in Fig.5.
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Fig.4 Graph decomposing based on Fig.3
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Fig.5 Simplified graph evolved from Fig.4
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Path selection

As mentioned before, the nSCC is an acyclic
directed subgraph. Thereby there exists at least one
root node, i.e., the node with zero input degree, and
one leaf node, i.e., the node with zero output degree.
In this phase, we evaluate the weight of every path
starting from a root and ended with a leaf in each
nSCC, then respectively choose the maximum
weighted one for P/N ratio tuning. The weight func-
tion for such a path p;_,; is formulated as

S SO O A Sy 8

i+1 i+n i+n+l J

}, 1)
Sitfatet ot fown ot S,

1

W, = abs(ln

where i represents a root node, j represents a leaf node,
rr and f; represent the pair of values marked in a node
VkEpisj, Which are respectively equal to the rise and
fall delay of the corresponding cell.

The path selection algorithm for a certain nSCC
C is described below:

Path Selection (C)
Find out all the roots and leaves in C;

pselectzg;
For each root i
For each leafj
search C, find out all the paths p;_,;
evaluate the weight of p,_,;, pick out the maximum
weighted one p;_,; max. If its weight is above Wiy,

then pselectzpiﬁj,max;
export DPselects
End For
End For

The above algorithm is applied on each nSCC,
thus a set of pgeect’s 1S derived from the critical net-
work finally.

Spice netlist and P/N ratio tuning

After the path for P/N ratio tuning is chosen from
each nSCC, it is remapped to the initial critical net-
work, that is to say, the cells and nets corresponding to
each element (node and edge) in the selected path are
picked out from the critical network, thereby com-
posing a circuit connection. Subsequently, for the cell,
we translate it into its transistor level spice description,
and for the nets, we extract the equivalent RC network
with the coupling RC network excluded, which will
be investigated individually. Thus, we derive a spice
netlist from the path in the simplified graph.

The kernel of the P/N ratio tuning is to simulate
the circuit for every tiny delta change on the P/N ratio
of a transistor cluster. Therefore, on one hand, from
the implementation perspective, the time consumed
by simulation arises dramatically with the coupling
RC network involved. On the other hand, from the
algorithm perspective, the conventional Miller factor
based methodology for noise analysis calculates the
cross-talk delay by growing or shrinking the timing
window of every net through an iteration of static
timing analysis. It is extremely complicated to cal-
culate the timing window for each relevant net every
time a certain P/N ratio varies. Due to the above
disadvantages, in our methodology we take the cou-
pling RC network apart from the total network to
form a “clean” spice netlist for simulation and add a
revisory cross-talk delay value using the cross-talk
delay model (Vittal ef al., 1999; Chen et al., 2002) to
the “clean” spice model simulation result for offset-
ting the cross-talk effect. For a victim RC tree coupled
to an arbitrary number of aggressors, the revisory
value at any node o is calculated based on the topol-
ogy of the coupled RC network as follows:

ZRieP(a)Xin .

ct_delay=K - vdd( B CiRl_l_)

slew(vic). (2)

Here, K is a parameter related to design tech-
nology, X; is the sum of downstream coupling ca-
pacitances seen from node o, R; is the upstream re-
sistance along the path, P(0) is the union of the victim
driver resistance and the set of resistances in the
unique path from the root to the node o, C is the set of
all capacitors and R;; is the resistance seen across C;
with all capacitors open. slew(vic) represents the slew
rate of victim nets.

Fig.6 shows the variation of cross-talk delay
with coupling length as predicted by Eq.(2) and
HSPICE. We present experimental results which
verify the accuracy and fidelity of Eq.(2) for cross-
talk delay. For a pair of coupling nets in a certain test
circuit, we obtain the cross-talk delay utilizing a
commercial extraction tool followed by HSPICE
simulation using an industrial extraction flow for a
0.18-um CMOS technology. We compare these re-
sults with the cross-talk delay Eq.(2). Experimental
results of a wide range of test circuits show that the
average error is about 10%.
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Fig.6 Variation of cross-talk delay with coupling length

The complete P/N ratio tuning process for a
certain spice netlist (S) is described below:

P/N Ratio Tuning (5)

(1) For each transistor cluster 7c;eS, get its corresponding
rise_delay; and fall delay; by simulation, and then choose
tCelect With 1fseee=max(|rise_delay—fall _delay,));

(2) If rfserecr<c, quit; else continue;

(3) Calculate the P/N ratio rgjec; Of fCgetects

if rise_delayselecl<fa”_delayselecl;
tag=1;
else tag=+1;
(4) While the total delay of S decreases
rselect:tagxdeha+rselect;
if 7eeet 18 n the range of P/N ratio
resize the P, N transistors according to ryjee While
keeping the sum of P and N transistor width fixed,;
simulate S, get delaygmutate;
calculate the cross-talk delay delay. according to

515

When the above process converges, we obtain a
set of new transistor sizes. We modify the layout for
the corresponding transistor resizing by utilizing a
SKILL program. The SKILL language is developed
by Cadence to be used with their tool suites. It allows
the user to write a “script” to perform any layout
modification in Cadence.

For verifying the above procedure, experimental
results on several circuits in the ISCAS89 benchmark
suite are presented in Table 1. For comparison, we
implement another widely used EDA tool—Synopsys
Amps—for transistor tuning procedure where the
cross-talk effect is not involved during the tuning
procedure. We observe that the clock cycle im-
provement by Amps (11.64% on average) is generally
smaller than that produced by our methodology
(19.71% on average), and that Amps induces more
area increase (17.41% on average) than our method
does, since there is no area increase in our method as
described above. In addition, the tuning procedure
utilizing Amps results in a completely different de-
sign timing graph, so as to require another 1~6 design
iteration(s) for design convergence with all the nec-
essary design steps involved. From this perspective,
our method gets rid of a series of complex ECO ad-
justments through the design flow for the corre-
sponding transistor tuning. The area-delay product
produced by either of the two approaches is illustrated
in Fig.7. For easy observation, we zoom in the graph
on s5378~s298 as illustrated in the subgraph. Obvi-

Ea.2); _ ) ously, for most of the circuit, the area-delay product
total delay=delaymuactdelay.; .

else break: of our approach is smaller than that of Amps, about

(5) Back to (1). 20.6% on average.
Table 1 Our methodology vs. Synopsys Amps tool

Cirpuits Initial Initial Our method Amps Cycle decrease (%) Area Area in-

n Cells cycle area optimization after Amps crease
ISCASS9 ) ) w9 ™ 0w Ams ) (Ampy (9
s1196 547 4.04 6908.9 2.68 3.50 —33.66 —13.30 7228.4 4.62
s1238 526 4.02 7038.7 2.78 3.48 —30.87 -13.34 4784.6 3.74
s13207 8620 10.55 107070.2 8.37 8.96 —20.63 —15.12 101568.0 —5.14
s1494 653 7.39 9051.1 6.23 6.91 —15.64 —6.50 8857.6 -2.14
s15850 10369 13.91 119747.0 12.44 13.02 —10.51 —6.39 208 885.5 74.44
$298 133 2.72 2178.8 2.06 241 —24.38 -11.37 2828.2 29.80
s344 175 3.44 2461.5 3.05 2.99 -11.37 —13.14 3024.9 22.89
s349 176 3.49 2481.5 3.05 3.09 —12.66 —11.46 2943.5 18.62
s38417 23815 9.00 287766.8 8.70 7.81 -3.40 -13.26 299073.5 3.93
s38584 20705 11.99 282444.0 10.46 10.53 —12.76 —12.24 298206.7 5.58
$386 165 3.59 2418.3 2.68 3.23 —25.10 -9.97 3280.8 35.66
s510 217 3.14 2664.4 2.71 2.70 —13.54 —13.82 4173.9 56.66
8526 214 2.73 3642.4 2.05 2.46 —24.91 -9.80 4014.0 10.20
s5378 2958 5.33 34421.6 2.90 4.51 —45.61 —15.29 33023.2 —4.06
s641 398 8.59 4500.6 7.67 7.77 —10.69 -9.54 4787.6 6.31
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Fig.7 Area-delay product produced by our approach and
Amps

Verification

A series of verifications, which is the primary
objective of this step, is required for each cell tuned
through the previous step, such as checking the design
rule, extracting spice model for the LVS check on the
top design, setting up a timing model, etc.

Extraction and timing analysis

We use Synopsys StarRC tool for RC network
extraction and a commercial static timing analyzer
(Synopsys Primetime) to analyze the entire design
and report the critical path which is needed for critical
network expansion. And the methodology continues
to the next iteration as illustrated in Fig.1.

CONCLUSION

The P/N ratio tuning approach described in this
paper is effective, convenient and fast convergent in
semi-custom design to accelerate clock speed with no
additional design flow iteration for ECO placement
and routing. It distinctly reduces the complexity of
transistor tuning by decomposing the network based
on graph theory. It improves the accuracy in the tun-
ing process compared with other conventional tran-
sistor tuning methodologies by taking the cross-talk
effect into account using HSPICE simulation while
requiring lower cost and less runtime on CPUs, owing
to taking the cross-talk analysis apart from the timing
analysis and calculating the cross-talk delay indi-
vidually using the cross-talk expression instead of the
traditional iterative analysis based on timing window.
Furthermore, the area-delay tradeoff problem is not
involved in our approaches through a customized
standard cell architecture.
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