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Post-Silicon Clock-Timing Tuning Based on Statistical Estimation
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SUMMARY In deep-submicron technologies, process variations can
significantly affect the performance and yield of VLSI chips. As a
countermeasure to the variations, post-silicon tuning has been proposed.
Deskew, where the clock timing of flip-flops (FFs) is tuned by inserted pro-
grammable delay elements (PDEs) into the clock tree, is classified into this
method. We propose a novel deskew method that decides the delay val-
ues of the elements by measuring a small amount of FFs’ clock timing and
presuming the rest of FFs’ clock timings based on a statistical model. In
addition, our proposed method can determine the discrete PDE delay value
because the rewriting constraint satisfies the condition of total unimodular-

1ty.
key words: post-silicon clock-timing tuning, deskew, programmable delay
element (PDE), linear programming, totally unimodular

1. Introduction

In deep-submicron technologies, especially under 45 or
35nm, process variations may severely affect the perfor-
mance and yield of VLSI chips [1]. As countermeasures,
several methods have been proposed. These include pre-
silicon design methods, such as SSTA [2],[3] or asyn-
chronous circuit [4] which approach the problem from the
stand point of the design or architecture of a chip, and
post-silicon tuning which is executed after the fabrication of
chips [5]-[8]. Between these methods, post-silicon tuning
is more effective and practical because the tuned values are
decided by observing the condition of the fabricated chip.
Deskew, where delay values of the clock tree are tuned to
satisfy the chip specifications, is one of the best methods
for the post-silicon tuning (Fig. 1). Several approaches to
deskew have been proposed [5]-[8]. However, all of them
require measurement of many or all clock timings of all flip-
flops (FFs). Thus, the test cost seems to be high.

In this paper, we propose a novel deskew method with
a small amount of timing measurements. Our method con-
sists of the estimation of the clock timings of FFs and the
decision of the delay values of the clock tree. The number
of measurements is greatly reduced because we assume that
clock skew occurs on each edge of the H-tree. The estima-
tion is based on statistical model. In addition, our proposed
method can determine the discrete PDE delay value with
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Fig.1  Model of clock distribution.

Linear Programming (LP). Generally, this problem can be
solved by Integer Linear Programming (ILP) but it is very
time consuming. We propose a method that uses LP by
rewriting the constraint as totally unimodular [9].

Our experiments show that the yield after applying
deskew is improved from 30.0% to 99.4% in a sample with
measured arrival times of 0.3% of total FFs and tuning
delays of 16 programmable delay elements (PDEs). This
method can extremely reduce the test-cost compared with
all the conventional methods, since the number of measured
FFs is very small. Other experiments show that our pro-
posed method can tune the delays of PDEs under wider vari-
ations.

The rest of this paper is organized as follow: Sect.?2
covers previous works on deskew. Section 3 describes our
proposed deskew method and discussion about the experi-
mental results. Finally, Sect.4 summarizes the results and
mentions future work concludes.

2. Previous Works

For deskew, PDEs are prefabricated with delay parameters
left free on the clock distribution tree (See Fig. 1). PDEs
can be constructed using delay generators and registers to
control which generators are active [5], [6]. The PDEs can
control the arrival times of FFs whose clock paths run the

Copyright © 2008 The Institute of Electronics, Information and Communication Engineers
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PDEs. The clock deskew problem is to determine the delay
of each PDE to satisfy the chip specification by means of the
on-chip timing analysis after fabrication.

Tam et al. implemented [5] a clock deskew method by
clustering FFs, tuning PDE delay with fuses in the post-
process test, and tuning PDE delay with switches on the
scan-chain. This framework, especially its use of fuses and
scan-chain switches, is suitable for the current chip design
flow and is used in the Itanium2. The units of PDE delay
value for fuses and scan-chains are 35 ps and 9 ps, respec-
tively. The method needs genetic Algorithm (GA) in order
to apply the measurement of the clock delay and tuning. In
Tam et al’s GA, the calculation of fitness is based on the
post-process test such as the ratio of successes to total trials.
Thus, it requires considerable time. Murakawa et al. [6] and
Susa et al. [8] proposed a method similar to Tam et al.’s. The
methods try to reduce the number of tests by GA. However,
it is too expensive to evaluate the clock skew in real chips.

Tsai et al.[7] proposes a method that calculates the
slack of each FF-FF path, inserts PDEs into the clock in-
puts of FFs with small slack, and determines PDE delay us-
ing LP. This method is based on the fact that the effect of
process variations can cause FFs with small slack to fail. It
is a theoretically valid but an impractical approach because
PDEs are inserted at every FF with severe timing, so the
number of PDEs may become quite large.

Overall, the test cost of all conventional methods is
very high, since they have to observe the all FFs. We in-
troduce a novel clock deskew system that models the pro-
cess variations and estimates arrival clock times of FFs, to
achieve the low-test cost deskew method.

3. Proposed Deskew Methods

In this paper, we assumed that chip defects are caused only
by variations in clock skew. Furthermore, H-tree clock dis-
tribution is assumed to model the problem strictly. However,
the method can be easily extended to general clock tree sys-
tems (See Fig.2). For FF;, let t; and &; be the arrival clock
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Fig.2  H-tree clock distribution with PDEs.
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time determined in the course of design and the amount of
clock skew due to process variations, respectively. The sum
of #; and g; is the clock timing of the post-silicon of FF|,
denoted as T;. Let A;z be the path delay between FF; and
FF;.

Here, we assume that all PDEs are inserted into the
same level edges of the H-tree. The number of PDEs can
be defined by the level of the H-tree which is the number of
edges from the source. For example, if the level is three, the
number of PDEs is 2° = 8. Figure 1 shows an example of
the case of level 4. An FF belongs to only one PDE clus-
ter. If FF; belongs to the cluster of PDE, denoted as PR},
the arrival clock time of FF; is delayed by the delay value
d;j of PDE;. Without loss of generality, we assume d; >0.
Figure 2 shows a one-layer H-tree with four PDEs and 12
FFs. In this example, FF has the arrival clock time #; and
the clock skew &;. The path between FF, and F F has the
path delay Ays. The cluster of PDE), denoted as PRy, con-
sists of FFy, FF and FF,, whose arrival clock times are all
delayed dj.

We propose a deskew method that calculates the delay
of each PDE using a feasibility check of LP. We utilize a
path-delay constraint, which is intended to remove timing
violations in the setup and hold constraints with PDE delays.

Our final target is the proposal of the deskew method
which can achieve large yield by small measured FFs. To
discuss the final target, we describe our deskew method us-
ing the model where the arrival clock time of all FFs are
measured as the preparation of the final target. Then, we ex-
tend the method to handle the model where the arrival clock
times of some FFs are measured.

1) Problem Definition for Model of All Measured Arrival
Clock Times (AMA)

Input: Set of FFs, arrival clock times of all FFs, and set
of paths with their path delay

Output: Each PDE delay with the discrete value

Constraints: Hold constraint and setup constraint

2) Problem Definition for Model of Some Measured Arrival
Clock Times (SMA)

Input: Set of FFs, arrival clock times of some FFs, set
of paths with their path delay and the variation of the delay
of each H-tree edges

Output: Each PDE delay with the discrete value

Constraint: Hold constraint and setup constraint

In the rest of this section, we introduce the formulation
of these problems.

3.1 Problem AMA
3.1.1 Formulation

We formulate the problem AMA as a feasibility check of LP
with the path delay constraint. The constraint of LP consists
of the setup-time constraint and the hold-time constraint for
the path between F'F; € PR; and FF; € PR . That is
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Fig.3  Timing chart under the path-delay constraint.

(T; + dj) + Aiw < (Tv +dy) + CP = Ts, and
(T,' +dj) + Aii’ > (Ti/ +dj/) + TH

respectively, where T is the setup time, Ty is the hold time,
and CP is the clock period. These constraints are merged
into

Ty —Aiy < (T, +dj) - (Tl’ +dj') <CP-Ts — Ay, (1)

The constraint (1) means that the signal from FF; has
to arrive within the period indicated by the solid arrow in
Fig.3. An example of the PDE delay effect is shown in
Fig. 4. Figures (a) and (b) show clock timing without and
with PDE delay and their timing charts, respectively. In
these figures, the clock period and the path-delay between
FF A and FF B are 2ns and 1.8 ns, respectively. Both the
setup time and the hold time are 0.1 ns. On the left side of
these figures, the clock timing of FF A and FF B are 1 ns
and 0.5 ns, respectively. Thus, the signal from FF A arrives
at FF B at 2.8 ns. However, since the signal arrives after the
next clock timing of FF B, FF B cannot receive it. To adjust
the clock skew, the PDE delay of FF B is set to 0.5 ns, then
the next clock timing of FF B becomes 3 ns. As a result, FF
B can receive the signal from FF A to FF B.

In practical use, PDE delay values are not continuous
but discrete. Thus, we need to transform constraint (1) into
an integral constraint. We assume that the PDE delay value
is the integral multiplication of the delay value of one delay
element p and rewrite d; = px;. Thus, Eq. (1) becomes

A< pxj—pxy <B, 2)

A= TH - (Ti - Ti’ + Aii’)
where { B=CP-Ts —(T;— Ty + Ai)
All sides divided by p is Eq. (3).
Al/p <xj—xy <B/p 3)

Equation (3) can be rewritten as (4) because the variables x;
and x; are integers.

[A/p] < xj—x; < |B/p] “4)

In each constraint, there are only two variables such that
one coefficient is 1 and the other coefficient is —1. Thus,
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Fig.4 Example of PDE delay value under the path-delay constraint.

the coefficient matrix is totally unimodular. Furthermore,
the constraint vector is integral. Therefore, we obtain an
integral solution by not ILP but LP [9].

3.1.2 Experimental Results

We conducted an experiment to confirm the ability of our
LP-based deskew method for AMA. The computation en-
vironment was as follows: the CPU was an AMD Opteron
265 with 3 GB of memory and CentOS 4.3 OS. We used the
commercial LP calculation system CPLEX 10.0 [10], as the
LP solver. Since the computation times are always several
seconds, they are not listed in the tables.

The benchmarks were

1) Number of layers in the H-tree: 5.

2) Number of FFs: 20480.

3) Number of paths per FF: 5.

4) Number of PDEs: between 2 and 1024.

5) Clock Period is 2ns, i.e., the clock frequency is
500 MHz.

6) Hold-time T and setup-time T: 0.1 ns.

7) Path delay A: a Gaussian distribution with (ta, oa)
= (1.1, 0.16). In practical, each path delay could be given
since path delay can be calculated by STA.

8) Clock skew occurs on each edges of the H-tree. We
assume that every clock skews of edges are independent.
Thus, the clock skew & of each FF is the sum of the skew of
edges.

9) Variation in each edge holds a Gaussian distribution,
with an average of 0 over all edges, and a deviation propor-
tional to the length of the edge, is 0.067 ns on the edge con-
nected to the root. The standard deviation from clock source
to FF is 0.119 ns. According to [11], this value is appropri-
ate.

10) The resolution of PDE delay value is assumed to
be 75 ps x 3 bits.
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Table1 The nondefective chip rate of all timing measured model (Non-
defective rate before applying deskew: 30.0%).
Number of PDE | Nondefective rate
2 58.4%
4 93.0%
8 98.2%
16 99.6%
32 100.0%
64 100.0%
128 100.0%
256 100.0%
512 100.0%
1024 100.0%

We applied our method to 500 randomly generated
benchmarks in the conditions described above. Assuming
that defects are caused only by clock skew, there are 150
nondefective benchmarks (30.0%) before deskew is applied
to the 500 benchmarks. The results are shown in Table 1.

From the result, as the number of PDEs increases, the
nondefective chip rates after applying deskew increases. In
this case, while the nondefective chip rate before applying
deskew is 30.0%, the nondefective chip rates after applying
deskew increase to 98.2% with 8 PDEs. We thus conclude
that our method is effective for improving the yield, when
timings of all FFs can be measured.

3.2 Problem SMA

The discussions in the previous sub-section indicate the
deskew method would improve the yield, if the defective
chips are only caused by the variation of the clock skew.
However, since the proposed method for AMA needs the
observation of the timings of all FFs, the effectiveness of
the method for the practical use is the same as all the con-
ventional methods with the expensive test-cost. Thus, we
propose the method for the problem for some measured ar-
rival clock times model, called SMA.

3.2.1 Estimation

To reduce the test-cost and the number of the observed FFs,
we employ a following estimation method. First, we mea-
sure some arrival clock times of FFs. Then, we estimate the
arrival clock times of the rest FFs from the measured arrival
clock times. When we estimate FF),’s clock timing from
measured FF,’s clock timing 7, let Vr be the nearest point
to leaves among common points of F'F; and FF; in the clock
tree (Fig. 5). Let N(i,—o, 077_,) and N(u,_p, o7 ,) be the vari-
ation from r to F'F, and FF,, respectively. Since the vari-
ation from r to FF, is N(u,—,, 0'3,0), the clock arrival time
at r is calculated as N(T, — pty—o, 0'3,0). Then, the estimated
clock arrival time at FF), is N(Topty—o + fir—p, 1, + 07— ,)
since the variation from r to FF, is N(u,_p, 077 ).
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Fig.5 Presumption model.

3.2.2 Formulation

We also formulate this problem as a feasibility check of LP
with the path-delay constraint. Since the estimated clock
timing is obtained as a Gaussian distribution, difference be-
tween the estimated clock timings of a pair of FFs is also
a Gaussian distribution, i.e. N(,ui - Ui, 0'1'2 + o-lz) Gaussian
distribution, three standard deviations from the mean ac-
count for about 99.7% of the set. Using this property, we
decide that the range of N (,u,- — py, 07 + 0'1.2,) is

[yi—,u,v —3#0'1.2 +0'§,,u,<—,u,» +3110'l.2 +a'l.2,].

We rewrite constraint (1) for the path between FF; €
PRjand FFy € PR as

Ty —Air — (,Ui —Mr = 3\/0'1'2 +0—i2’) <d;-dy,
di—dy <CP-Ts — Ay - (,Ui - Hr + 3\/0}2 "‘0':'2')‘

To handle the discrete PDE delay value, the constraints
are transformed as

[A/pl < xj—xy <|B/p],

where
A=Ty—- Ay —(/li—,ui’ -3 o} +0‘§)
B=CP—TS _Aii’ _(#i_ﬂi/ +3,"0-12+0—12,)

3.2.3 Experimental Results

We conducted an experiment to confirm the effectiveness of
our proposed deskew method. The computation environ-
ment was the same as that for the previous experiment for
AMA. Again, the computation times are not shown. We
apply to all benchmarks in spite of their nondefectiveness
before applying our deskew method.

The experimental results are shown in Table 2. The
number of measured FFs is from 4 (a measured FF for 256
leaves of the clock tree) to 1024 (a measured FF per leaf) for



IEICE TRANS. FUNDAMENTALS, VOL.E91-A, NO.9 SEPTEMBER 2008

2326
Table 2  The nondefective chip rate of some measured timing model (Nondefective chip rate before
applying deskew: 30.0%).
#observed FFs 1024 512 256 128 64 32 16 8 4
#PDE ratio ratio ratio Ratio ratio ratio ratio Ratio Ratio
2 55.0% 51.2% 47.0% 40.6% 37.2% 30.8% 30.2% 30.0% 30.0%
4 90.6% 88.8% 85.2% 79.0% 70.0% 43.6% 34.6% 30.0% 30.0%
8 97.8% 97.2% 96.4% 95.2% 93.4% 73.6% 50.0% 30.0% 30.0%
16 99.6% 99.6% 99.2% 99.4% 99.4% 97.0% 87.2% 30.2% 30.0%
32 100.0% | 100.0% 99.8% 99.8% 100.0% 99.8% 94.4% 32.0% 30.0%
64 100.0% | 100.0% 99.8% 99.8% 100.0% 99.8% 98.6% 45.8% 30.0%
128 100.0% | 100.0% 99.8% 99.8% 99.8% 99.8% 98.8% 79.6% 30.0%
256 100.0% | 100.0% 99.8% 99.8% 99.6% 99.6% 99.6% 93.4% 31.2%
512 100.0% | 100.0% 99.8% 99.8% 99.6% 99.4% 99.2% 94.2% 67.8%
1024 100.0% 99.8% 99.8% 99.8% 99.4% 99.4% 99.2% 94.4% 86.8%
100.0% 100.0%
i’: 80.0% / / / 5 80.0% / / /
< 60.0% — All FFs (é 60.0%
% / // —5—1024FFs § / / / —— 0r=0.067ns
'% . —A—64FFs q_qg 40.0% 2 === 0r=0.081ns
E 400 A// —< 16FFs 5 // —A— 0'r=0.094ns
© " 2 20.0%
ﬁ 20.0% ju V
0.0% oo 2 | 4 8 16 32 64 128 256 512 1024
2 4 8 16 32 64 128 256 512 1024 The number of PDE
The number of PDE
i . Fig.7  Comparisons of several variations.
Fig.6  Comparisons among the number of measured FFs.
the same benchmarks as that of AMA. tiveness.

From the results, in general, as the number of PDEs
increases, the nondefective chips rate increases. In addition,
as the number of measured FFs increases, the nondefective
chips rate increases. The exceptions are caused by the error
between the estimated and real values of the arrival times of
the FFs. However, the ratio of exception is quite small.

3.3 Comparison of Experimental Results

Figure 6 shows the relationship between the number of PDE
and the nondefective chip rate over the different number of
measured FFs. We select the cases of measured all FFs,
1024FFs, 64FFs, and 16FFs. The ratio of measured all FFs
and measured 1024 FFs are almost same. The nondefective
chips are increased from 30.0% to 99.4% after applying our
proposed method with measured 64 FFs (0.3% of all FFs)
and tuning 16 PDEs. This is comparable to the nondefec-
tive chip rate after applying deskew with measured all FFs
(20480 FFs), which is 99.6%. Even the ratio over measured
16 FFs is comparable to the ratio of measured all FFs with
more than 16 PDEs. Therefore, the results confirm that our
proposed method can significantly decrease the number of
FFs measured the clock timings with remaining its effec-

Figure 7 shows that relationship between the number of
PDE and the nondefective chip rate over the different stan-
dard deviation on the edge connected to the root with the
64 FFs measuring. We select the cases of 0.094, 0.081 and
0.067 ns. For each case, the nondefective chips without ap-
plying deskew are 7.8%, 14.6% and 30.0%, respectively. As
the variation is larger, the number of nondefective chips after
applying deskew becomes lower. However, for all variation,
the nondefective chips improve to about 90% after apply-
ing deskew with 16 PDEs. Thus, the results confirm that
our proposed method is also effective to larger process vari-
ations. This can relax the design constraint. As a result, the
turn-around-time (TAT) may become much shorter.

Figure 7 also shows that the number of nondefective
chips after applying deskew with more than 16 PDEs be-
comes lower as the number of inserting PDEs is larger. In
this paper, we estimated the clock timing using the Gaussian
distribution, where its mean is u and its standard deviation is
o. The distribution has the property that about 99.7% phe-
nomenon exists between y— 30 and p+30. When the differ-
ence between the clock timings of a pair of FFs is out of the
estimated range for the constraint of LP, it causes inaccu-
racy. As the number of constraints increases as according to
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the number of inserting PDEs, the number of the departures
also increases. Thus the nondefective chip rate decreases.
However, since the nondefective chip rates with 16 PDEs
are more than 90%, we do not have any advantage using
much PDEs.

4. Conclusion

We proposed a novel deskew method that can decide delay
values from measuring a small amount of FFs’ clock tim-
ings and estimating the rest of FF’s clock timings based on
statistical model. The PDE delays are determined by lin-
ear programming. Our method was able to determine the
discrete PDE delay value because the rewriting constraint
satisfies the condition of total unimodularity. Our experi-
ments showed that the yield after applying deskew was im-
proved from 30.0% to 99.4% for a sample when the arrival
times for 0.3% of total FFs are measured and the delays
of 16 programmable delay elements are tuned. The results
confirmed that our proposed method can significantly de-
crease the number of FFs measured the clock timings, while
it remains effectiveness of the deskew method with small
number of PDEs. Furthermore, we tested under the several
variations. The results confirmed that our proposed method
is also effective to larger process variations. This would
lead that the design constraint is relaxed and TAT becomes
shorter, resultantly.

In the future work, we plan to extend our method to
more realistic situations, such as applying clock trees other
than the H-tree. Ultimately, we aim to design a chip that
autonomously obtains PDE delays.
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