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Abstract Conventional gate sizing for area and power minimiza-

tion can have negative impact on yield as follows. Conven-
Timing margin (slack) needs to be carefully managed to tional sizing methods minimize the area and power con-
ensure a satisfactory timing yield. We propose a new de-sumption of a circuit by reducing the gate sizes while satis-
sign flow that combines a false-path-aware gate sizing andfying the path delay constraints. As a result, the number of
a statistical-timing-driven clock scheduling algorithms t0 .y mpinational paths, that are close to the critical delay, in-
maximize timing yield. Our gate sizing algorithm preserves o ,qe5 This, in turn, changes the path delay distributions
the true path Iengths that may otherwise be altered by theand increase the cumulative timing violation probability.
traditional gate sizing algorithms due to the presence of More recently. clock scheduling has b d
false paths. The slack is then distributed to each path ac- Y \eduling has been proposed as a
cording to its path delay uncertainty to maximize the timing common performance opt|m|zat|on technique for sequen-
tial circuits [3, 4]. However, higher clock frequency also re-

yield. Experimental results show that our flow achieves sig- , A " i -
nificant timing yield improvements>(20%) than a tradi- sults in more timing critical paths and higher probability

tional flow for a subset of the benchmark circuits with little  Of timing failure. Several attempts [5, 6] were made to im-
or negligible area penalty. prove the timing yield by finding a clock schedule that min-

imizes the number of paths with small slacks. None of these
works take statistical timing information into consideration
1. Introduction and their results are not verified against any yield model.
Device parameter variations can alter the expected per- 't 1S Well known that a large portion of the structural
formance of each device in a circuit, thus affecting the tim- paths in a common qrcun are functlonally_u_nsensmzable
(false) paths [7]. Previous works on gate sizing and clock

ing yield substantially. In the past, yield issues were usu- : ) >
ally addressed by improving the manufacturing processes.SChedu“ng also do not consider the impacts of false paths

However, this approach is no longer sufficient in deep sub-2nd their results may not be optimal in terms of yield.
micron technologies. New design methodologies must be '€ rest of the paper is organized as follows. In sec-

able to incorporate statistical timing analysis to address thellon 2, We propose a high level design flow that combines a

yield issues [1]. Although statistical timing analysis tech- Statistical-timing enhanced clock scheduling algorithm and
niques have been studied for more than a decade [2], rel- NeW false-path-aware gate sizing algorithm. The gate siz-
atively little research has utilized the statistical timing in- N9 @lgorithmis formulated and the heuristics for applying it
formation for designs. In fact it is not even clear how se- [0 Seéquential circuits are proposed in section 3. In section 4,
riously the traditional circuit design techniques impact the W€ Propose a statistical-timing-driven clock scheduling al-

yield and how to combine the statistical timing information 90rithm. Section 5 shows the benefits of the proposed de-
into current design flows to improve the timing yield. Be- Sign flow for area and yield on ISCAS89 and ITC99 bench-

low we describe the qualitative impacts of gate sizing and Ma'k circuits, and section 6 concludes this work.
clock scheduling on the yield, before delving into the de- 2 High Level Design Flow

tails of this paper. . _ L .
A typical design flow of a sequential circuit consists of

*  This work was partially funded by National Science Foundation under three s.tages, name!y arCh'_te(.:tur.e def|n|t|on,_de3|gn imple-
grants CCR-0093309 & CCR-0204468 and National Science Council mentation, and design optimization. In the first stage, the
of Taiwan, R.O.C. under grant NSC 92-2218-E-002-030. architecture is defined and each functional unit is allocated




paths must be identified and considered early on in the gate

longest longest longest longest

A e seturel pah y frepah - sttural path sizing step, rather than during the timing analysis step.
| | Also, traditional design flows do not utilize the statisti-
: : cal timing information to determine the clock schedule. To

maximize the timing vyield, the clock schedule should be
determined based on the statistical timing information. In

|
1 ‘ particular the slacks should be distributed to each path ac-

|
|
| | . . . . ..
/\ | cording to its delay uncertainty. Since gate sizing changes
' > — L, the path delay distributions, an optimization method for
(@) Structural Sizing (b) False-Path-Aware Sizing sequential circuits must perform statistical timing analy-

sis and clock scheduling in each gate sizing iteration for
yield estimation. However, false-path-aware statistical tim-
ing analysis and clock scheduling can be a bottle neck if
used in the inner loop of the optimization.

The design flow proposed in Figure 2 breaks the opti-
mization into two separate steps. The differences between
our flow and a traditional flow are that we use a false-path-
aware gate sizing algorithm, and the clock schedule is deter-

Figure 1. Path delay distributions before and
after (a) traditional gate sizing, and (b) false-
path-aware gate sizing.

‘ Architectural Design

Stage 1 *

complexity of each functional unit
‘ Design Partition

i mined after gate sizing is completed thus avoiding costly it-

Stage2 { ‘ Design Implementation — _ erations of the processes. Details of false-path-aware gate
timin, nstraints P . g . . . .
e — e conine sizing and statistical-timing-driven clock scheduling are
False-Path-Aware Gate Sizing provided in sections 3 and 4, respectively.
I 3. False-Path-Aware Gate Sizing
Statistical-Timing Driven (optimzization iterations)
Clock Scheduling

In this section, we describe the false-path-aware gate
‘ Parametric Yield Estimation k _______ sizing method for sequential circuits. Our formulation is
i based on the work by Chen et al. [8], which utilizes the La-

Design Sign-Off grangian relaxation method. Heuristics to apply false-path-

aware gate sizing on sequential circuits are also proposed.
Finally, we describe a linearized formulation that is used in

- . . this paper for false path aware gate sizing.
a timing budget based on its complexity. A clock sched-

ule is determined based on the timing budgets of all units. 3-1. Problem formulation
In the second stage, an initial design of each unit is com- et d; be the delay of gaté¢ and assume the gate size
pleted while keeping in mind that it meets its timing budget. is inversely proportional to the gate delay, the false-path-
In the third stage, area and power optimization techniques,aware gate sizing problem can be formulated as follows.
such as gate sizing, are performed on each unit without in- .
creasing its I(.)r\gest path delay. (GS) min. Z 1 )

In the traditional design flow, often only structural paths P d;
are paid atteptlon to in stages 2 and 3. Howeyer, gate sizing st Z <Ay YpeP—F (2)
without considering false paths can have serious impact on s
performance and timing yield. Figure 1(a) shows the path Li<d;<U; i=1...n ©)
delay distribution for a circuit before and after the gate siz-
ing in a conventional design flow. When the longest true WhereA, is the target delay? is a set of all possible paths,
path is shorter than the longest structural path, a traditionaland 7' is a set of all false paths. The constraint (3) limits the
gate sizing algorithm will size down the gates (or skip re- lower and upper bound of the gate delays. By solving the
peater insertions) on the true paths to reduce area and poweabove optimization problem, the gate delgywill be in-
This can cause the true path delay distribution to shift to the creased until it reachds;, or the delay of some path pass-
right. For high performance designs this will cause a signifi- ing through gaté reachesA,.
cant performance degradation and will require serious man- Consider the circuit in figure 3 with two false paths,
ual ramifications to fix the timing problems. However, false- < 8,7,5,3,2,1 >and< 9,7,5,3,2,1 >. LetL; = 1,7 =
path-aware gate sizing will not increase the longest truel...7, andAy = 5, a conventional sizing method will as-
path delay as illustrated in figure 1(b). Thus, preventing the sign a delay of 1 to all the gates en7,5,3,2,1 >. How-
costly engineering-change-orders (ECOs). Therefore, falseever, if the two false paths are identified, we can remove the

Figure 2. High level design flow



constraints for all the true paths will be satisfied, the de-
lay of the longest true path after sizing is checked for
setup time violation. If any timing violation exist& is in-
creased and the circuit is re-sized.

3.2.3. Linearized implementation for gate sizingThus,

sizing implementation has four levels of computational
complexities: 1) determination of false paths, 2) sizing con-
sidering all possible pairs, 3) sizing while meeting con-

corresponding path delay constraints from (2). Note that af- Straints for all possible true paths, and 4) non-linearity of
ter removing the constraints on false paths, gatan have ~ the optimization problem. While implementing the siz-
longer delay (smaller gate size) since the path,5,1 > ing method in this paper, we identify false paths using
is the only sensitizable path through gate the sensitization criteria and maximum implications de-

False path can be identified by sensitization criteria [9]. scribed in section 3.1. We mde_ed_ consider all possible pairs
To verify the sensitizability of a given path, transitions on ©f FFS for gate sizing but we limit the value of K (longest
the target paths are assigned and maximal implication ist'u€ Paths) to be less than 1000. We find this value of K to
performed on the circuit. If the on-path signal has transi- Pe sufficient to generate feasible sizings and keep the prob-
tion from non-controlling values to controlling values, all €M size small. Finally, instead of solving the non-linear
the off path signals(side inputs) for that node must have OPtimization problengiS that minimizesy ;" , I we con-
non-controlling value. If maximal implication of such as- VeIt it to linear optimization that maximized the function
signment has conflict, the target path is considered as false i1 di- Note that this change is made only to con-
path since the on-path signal cannot be propagated. tain the computational complexity.

3.2. Gate sizing for sequential circuits 4. Statistical Timing and Clock Scheduling

In a sequential circuit with clock scheduling, the max-
imum feasible path delay for the paths between a pair of
flip-flops depends on the clock schedule. Moreover, the to-
tal number of path delay constraints for a large sequential
circuit can be prohibitive. To address these two issues, we
propose two heuristic based solutions that lead to optimal
or near optimal solution. We also discuss implementation
problem and the solution adopted by us in this section.

— False Path

Figure 3. Circuit with false path

Clock scheduling determines the slacks of each path and
hence the timing yield. To improve the timing yield, slacks
should be assigned to each path according to its timing un-
certainty. To achieve this, we first need to obtain the statisti-
cal longest and shortest path delay information. Since both
gate sizing and false paths can affect the path delay distri-
butions, it is necessary to perform false-path-aware statisti-
cal timing analysis after gate sizing.

The longest (shortest) path delay distribution is largely
X - X determined by the first few structural longest (shortest) true
plied to each pair of FFs separately. For each pair of FFS,,ihs Therefore, we combine the path sensitizability al-
the fan-out cone of PI and the fan-in cone of PO are ex- o ithm in section 3.1 with a depth-first path enumeration
tracted, and only the gates that are in the cone intersectior,qithm to efficiently find the K-longest (shortest) true
are targete.d for sizing. This approach is d.eswed espeua_llypaths_ Our path enumeration algorithm starts fréth to
when the timing budget bet_ween_each pair of FFs are dif- PO and uses the expected longest (shortest) delay from a
ferent due to clock scheduling. Since a gate can belong tohode toPO to guide the depth-first-search. A dynamic de-
the cone intersections qf multiple FF pairs, more thgn Onelay path tree (DPT) is used to record the sensitizable and
gate delay could be assigned for the same gate. In this casg,, sensitizable partial path information. Once a partial path
the minimum delay will be assigned to avoid creating paths i ¢onq un-sensitizable, all its descendants will not be enu-

W'tr_‘ setup t'm? violations. Although th|§ he_u“St'C is sub- merated. Therefore, our algorithm enumerates the true paths
optlmal, experimental results show that it still generate rel- according to their path delays without explicitly listing all
atively good results. structural paths. The path information is then fed to a path-
3.2.2. Longest K-path based sizing=rom the experi- based statistical timer to obtain the mean valygs){ and
ments we find that most of the benchmark circuits have rea-standard deviationss(+)) of the longest and shortest path
sonable number of true paths. For these circgitscan be  delays,D;; andd;;, betweenF'F; and F'F};. With the sta-
directly applied for gate sizing. However, some pairs of FFs tistical information, the constraint formulation is as follows.
do have exponential number of true paths in their cone in- LetT; andT}; be the clock arrival times of F; and F' Fj, re-
tersections. In those cases, only fkidongest true paths are  spectively, and le€ P be the clock period. Further, let the
extracted. Since this does not guarantee that the setup timéold-time and setup-time slacks hg and),. The the hold-

3.2.1. Pair-wise sizingWe provide a divide-and-conquer
heuristic to apphygS to sequential circuits. FirsgS is ap-



Traditional sizing + Prop| F.-P.-A. sizing + fp-Prop

Circuits || Yield [ Area | Ratio | Yield [ Area | Ratio

b05s 0.319| 617 | 71.5% | 0.999| 663 | 76.7%

b06 0.557| 41 95.6% | 0.557 | 41 95.6%

b07s 0.675| 306 | 84.6% | 0.677| 306 | 84.6%

b10 0.628 | 145 | 93.4% | 0.628 | 145 | 93.4%

blils 0.716 | 339 | 77.6% | 0.958 | 359 | 82.1%

b12 0.659| 808 | 89.4% | 0.762| 815 | 90.1%

b13s 0.269| 237 | 89.0% | 0.269 | 237 | 89.0%

51488 0.512| 555 | 84.9% | 0.512| 555 | 84.9%

s5378 0.429| 2716 | 97.7% | 0.429 | 2716 | 97.7%

s9234.1 || 0.493 | 4837 | 86.4% | 0.493 | 4837 | 86.4%

s$15850.1|| 0.922 | 9086 | 93.0% | 0.946 | 9190 | 94.0%

s35932 || 0.440 | 12929 | 80.5% | 0.923 | 13118 | 81.7%

s38417 || 0.554 | 18765 | 84.6% | 0.811 | 18789 | 84.7%

s38584.1|| 0.849 | 17672 | 91.8% | 0.849 | 17677 | 91.8%

Table 1. Comparisons on timing yield.

time constraint is:

T + /L(dij) > Tj + U(dij))\h- 4)
The setup-time constraint is:
Ti"’,U(Dij)‘FO'(Dij)/\s <Tj+CP. (5)

Note in the above the hold-time and setup-time slagks,

and )\, are normalized with the path delay uncertainties,
and these should be maximized to maximize the timing
yield. After optimization, paths with larger path delay un-

certainties will obtain larger absolute slacks X). The con-

ditional flow for five benchmark circuits with less than
5% area overhead.

2. Traditional gate sizing has serious (adverse) timing
yield impact on the circuits b05s, s35932 and s38417,
due to the effects illustrated in figure 1. Our new de-
sign flow only has little or no adverse impact on the
timing yields of these circuits.

3. For b13s, s1488, s5378 and s9234.1, both the tradi-
tional flow and our flow cause significant timing yield
degradations. This can be improved by performing the
gate sizing and clock scheduling iteratively.

6. Conclusion

We propose to improve the timing yields by performing
false-path-aware gate sizing and statistical-timing-driven
clock scheduling. Experimental results demonstrate the ver-
satility of our algorithms. Our design flow can also be used
in an iterative optimization framework for further timing
yield improvements.
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