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ABSTRACT
Post-fabrication tuning for mitigating manufacturing variability is
receiving a significant attention. To reduce leakage increase in-
volved in performance compensation by body biasing, body bias
clustering methods have been proposed. However, conventional
methods suffer from a large test cost for tuning after fabrication,
since there are a tremendous number of body bias assignments. We
in this paper propose a low-cost tuning scheme after fabrication and
present a layout aware body bias clustering method. The proposed
method estimates average leakage power after post-fabrication tun-
ing, and minimizes it. We applied the proposed method to ultra-
low voltage circuits for suppressing their high sensitivity to random
Vth variability, and demonstrated the effectiveness of the proposed
method. In the experiments, by just introducing two clusters, leak-
age power after post-fabrication tuning was reduced by up to 70%
compared to a single cluster case.

Categories and Subject Descriptors
B.7 [Integrated Circuits ]: Design Aids; B.7 [Integrated Circuits
]: Reliability and Testing

General Terms
Algorithms, Design

Keywords
Body Bias Clustering, Performance Compensation, Manufacturing
Variability, Layout, Subthreshold Circuits

1. INTRODUCTION
As semiconductor technology advances, manufacturing variabil-

ity has become one of primary concerns in circuit design, and de-
sign for variability has been studied. However, robustness improve-
ment only in design time has its limit, and improvement in per-
formance (timing and power dissipation) and/or yield by design-
time optimization is becoming insufficient in advanced technolo-
gies. With these backgrounds, performance compensation after
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fabrication is gaining popularity, and has been studied. There are
mainly two ways to control performance; body biasing and supply
voltage scaling. In this paper, we assume that performance is com-
pensated by body biasing, and both forward bias and reverse bias
are considered.
An appropriate granularity of performance compensation should

be selected according to a dominant component of manufacturing
variability. When die-to-die variability is dominant, chip-level per-
formance compensation is reasonable [1]. When spatial variation
within a chip is a concern, block-level tuning is more efficient to
compensate the performance [2, 3]. However, in a circuit block,
there are gates that have less influence on circuit timing, and then
block-level compensation often speed up gates that are not rele-
vant to reducing circuit delay, which results in increase in leakage
current. To more efficiently compensate performance with smaller
power penalty, gate clustering for body biasing has been proposed
[4]. The granularity of gate-cluster compensation is between block-
level and gate-level compensations, and it has larger freedom for
post-fabrication tuning than block-level compensation.
On the other hand, random variation due to RDF (random dopant

fluctuation) and LER (line edge roughness) occupies a large portion
in total variability, and the portion is expected to increase further in
the future. When the random variability becomes significant, chip-
level and block-level performance compensations become less ef-
ficient. In this case, gate-level compensation might be the best as
long as only performance is considered. However, area overhead to
separate wells for body biasing becomes prohibitively large. Thus,
gate clustering is supposed to be a practical approach to compen-
sate random variation as well as spatial variation within a chip.
Previous works on gate clustering [4, 5] well demonstrate that

better performance tuning is possible than block-level tuning.
However, there are some difficulties ahead of a practical use. Refer-
ence [5] only focuses on performance tunability, and does not aim
at compensation of manufacturing variability. Reference [4] pro-
poses to cluster gates based on statistical information of gate-level
performance compensation results under variations. The authors
claimed that spatial within-die variation made most of neighbor-
ing gates being in the same cluster, however it was not clear how
applicable this tendency was under actual manufacturing variabil-
ity. Another problem of [4] is the cost needed to assign body bias
voltage after fabrication. The method in [4] provides a tremendous
number of potential assignments, and hence finding a good assign-
ment from them for each fabricated chip could be very difficult,
since each trial of assignment needs at-speed test and leakage mea-
surement.
We in this paper propose a gate clustering method for compen-

sating random variation whose tuning cost after fabrication is small.
The number of required at-speed tests is at most (#clusters)+1,
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and leakage current measurement is not necessary. The proposed
method preserves relative gate positions before and after cluster-
ing, and hence performance fluctuation after layout realization is
limited. As an example of a circuit that is very sensitive to random
variation, we focus on subthreshold circuits. To efficiently estimate
delay distribution of subthreshold circuits, we develop a statistical
timing analysis that handles lognormal distribution of gate delay.
To put subthreshold circuits to practical use, overcoming random
variability is one of challenges, and this work contributes to it.
Die-to-die variation is supposed to be compensated by chip-level
compensation such as voltage scaling in this paper.
The rest of this paper is organized as follows. Section 2 explains

our approach to simplify post-fabrication tuning. Section 3 de-
scribes the proposed clustering method. Section 4 explains leakage
estimation after post-fabrication tuning, and Section 5 introduces
a statistical timing analysis for subthreshold circuits. Experimen-
tal results are shown in Section 6, and the paper is concluded in
Section 7.

2. TEST-FRIENDLY POST-FABRICATION
TUNING

Conventional body bias clustering [4] assumes that fine tuning
after fabrication is possible in testing. Changing body bias of each
cluster, an assignment that satisfies timing specification and min-
imizes leakage power is searched for. In this scheme, fine body
bias generation and leakage current measurement in addition to de-
lay testing are necessary. Let the number of possible body bias
voltages be M and the number of clusters be N . There are MN

assignments, and then it is difficult to find an optimal assignment
via testing.
To overcome the problem above, we propose a body biasing

scheme that requires small testing cost for performance compen-
sation. Suppose only two body bias voltages, Vb,high and Vb,low

are available in this work, and Vb,high achieves high-speed yet con-
sumes large leakage power, though more voltages might be taken
into account by extending the proposed scheme. Figure 1 illustrates
how to determine the body bias assignment in the proposed scheme.
First, body bias voltages of all clusters（C1, C2, C3, · · · , CN）are
assigned to be Vb,low, which corresponds to performance compen-
sation level A0. In this condition, we test whether given timing
specification is satisfied. If the specification is not met, the body
bias of cluster C1 is changed to Vb,high, which corresponds to
performance compensation level A1. In following, until the tim-
ing specification is satisfied, the body bias voltages of clusters
C2, C3, · · · , CN are additionally switched to Vb,high one by one
in the sequence of the predefined cluster number (1 to N ).
The advantage of this scheme is that the number of required de-

lay testing is at mostN +1. The number of assignments is reduced
from MN to N + 1, and the tuning cost after fabrication is sig-
nificantly reduced. The leakage current monotonically increases
as the performance compensation level increments, which makes
leakage current measurement unnecessary. In addition, this mono-
tonic level allocation enables dynamic performance compensation
after shipping against environmental fluctuation, e.g. temperature,
and aging [6].
In the proposed scheme, minimizing leakage current of fab-

ricated chips should be minimizing the average leakage current
of chips whose performances are compensated after fabrication,
Ptuning . Leakage current minimization focusing on a single per-
formance compensation level is not sufficient to minimize the leak-
age of performance-compensated chips. We thus define the opti-
mization problem as follows.

Figure 1: Proposed post-fabrication tuning. #clusters is three
in this example.

Minimize:

Ptuning =

N∑
i=0

{Prob(Ai) × Pavg(Ai)}, (1)

Subject to:
N∑

i=0

Prob(Ai) ≥ Ytarget, (2)

where Prob(Ai) is the probability that performance compensation
level Ai is selected after tuning, Pavg(Ai) is the average leakage
current at Ai, and Ytarget is the required yield after compensation.
Prob(Ai) depends on the speed specification. The cost function of
Eq. (1) explicitly computes the average leakage current after post-
fabrication tuning. The constraint of Eq. (2) is given so that the
performance compensation by selecting a level fromA0 toAN can
satisfy the given yield constraint Ytarget. In this paper, the number
of clustersN is assumed to be given, although determining optimal
N is also an interesting problem. The computation of Eqs. (1) and
(2) will be explained in Section 4.

3. PROPOSED BODY BIAS CLUSTERING
The proposed clustering preserves relative cell placement which

is given as an initial layout, and gives a clustering result that mini-
mizes Eq. (1). Figure 2 depicts the procedure of the proposed clus-
tering. An initial layout is assumed to be given.

3.1 Step 1
We first divide the layout into several rectangle regions, and con-

sider these regions as fundamental elements of clustering in the
following. We next give an initial solution. Here, a solution is
an assignment that each region belongs to one of the clusters (C1,
C2, · · · , CN ), where N is the number of clusters. In this work,
we determine the initial solution by assigning each region to one
of the clusters randomly or uniformly for simplicity while another
approach, such as based on timing slack, would be possible.

3.2 Step 2
In this step, we search an assignment that minimizes the aver-

age leakage after post-fabrication tuning Ptuning in Eq. (1). To
explore the solution space, we adopted simulated annealing in this
work. In the optimization, we generate a neighboring solution in
the following two steps; (1) to select a region randomly, (2) to
change the cluster which the selected region belongs to by ran-
domly choosing a cluster from C1 to CN . We compare Ptuning

of the neighboring solution to that of the current solution. When
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Figure 2: Proposed clustering procedure.

Figure 3: Subdivision of regions and re-execution of finer clus-
tering.

Ptuning decreases, the neighboring solution is adopted as a new
current solution. When Ptuning increases, the neighboring solu-
tion is adopted based on the probability exp

(−Δ
T

)
, where Δ is

the increase in Ptuning and T is the temperature parameter. Pa-
rameters of initial temperature, annealing schedule and so on are
empirically determined considering the obtainable solution quality
and CPU time.
When the number of regions is large, the solution space explo-

ration requires longer CPU time. A possible approach to cope with
this issue is subdivision of regions after a coarse solution is ob-
tained (Fig. 3). Then, finer clustering is performed within a lim-
ited solution space around the previous solution, which may enable
speed-up of optimization. This approach trades optimality for scal-
ability.

4. AVERAGE LEAKAGE ESTIMATION
AFTER POST-FABRICATION TUNING

This section presents the calculation of the average leakage after
post-fabrication tuning Ptuning in Eq. (1). We explain the compu-
tation of Prob(Ai) and Pavg(Ai) separately.

4.1 Computation of Prob(Ai)
The probability that a performance compensation level Ai is

selected can be computed using cumulative distribution function
(CDF) of circuit delay at Ai, Di, and delay constraint DC . When
the circuit delay is estimated with an approximation to Gaussian
distribution, which is a popular approximation found in litera-
tures[7], the probability that the delay constraint DC is satisfied

at level Ai, Prob(Di < DC ) is expressed as

Prob(Di ≤ DC) = Φ

(
DC − E(Di)√

V (Di)

)
, (3)

where Φ is the cumulative distribution function of the standard
Gaussian distribution, E is the average, and V is the variance.

Φ(z) =

∫ z

−∞

1√
2π

exp(−x2

2
)dx. (4)

Assuming that delay testing is perfectly performed after fabrica-
tion, Prob(Ai) can be computed as

Prob(Ai) =

⎧⎪⎨
⎪⎩

Prob(Di ≤ DC) (i = 0),

Prob(Di ≤ DC) −
i−1∑
k=0

Prob(Ak) (i > 0).

(5)
Generally, CDF of Di is obtained by SSTA (statistical static

timing analysis) or Monte Carlo simulation. When computing
Prob(Di ≤ DC) at a different compensation level, we update gate
delay parameters, such as average and standard deviation, corre-
sponding to the compensation level, execute SSTA or Monte Carlo
simulation, and calculate Eq. (3). SSTA tailored for subthreshold
circuit will be presented in Section 5.

4.2 Computation of Pavg(Ai)

We next explain the computation of the average leakage at level
Ai. Subthreshold leakage is sensitive to threshold voltage (Vth)
variation, and hence we here focus on subthreshold leakage current,
and leakage power dissipation of gate j is modeled as

pj = aj exp(bjXj), (6)

where aj and bj are fitting parameters and determined by fitting
to circuit simulation results. aj and bj are derived for each cell
at each body bias voltage. Xj is Vth variable of gate j and given
as a Gaussian distribution with average μj and variance σ2

j . Vth
variation mostly originates from random dopant fluctuation, and
hence we assume thatXj andXk (j �= k) are uncorrelated.
Given a gate leakage model in Eq. (6),E(P ), average of leakage

current P is expressed as Eq. (7) referring to [8].

E(P ) =

Ngate∑
j=1

{
aj exp

(
bjμj +

b2
jσ

2
j

2

)}
, (7)

where Ngate is the number of gates in the circuit. By comput-
ing E(P ) using appropriate aj and bj for each gate based on the
body bias voltages of the cluster assignment at Ai, we can obtain
Pavg(Ai).

4.3 Correlation between leakage and delay
In the previous section, Pavg(Ai) is computed by averaging

leakage power in the whole variation parameter space Ω. How-
ever, strictly speaking, performance compensation level Ai is se-
lected only in a sub-space of variation parameters, which means
Pavg(Ai) in the previous section could be inaccurate.
Let Ωi (i = 0, 1, · · · , N ) denote the sub-space of variation pa-

rameters so that the performance compensation levelAi is selected.

Ω = ∪N
i=0Ωi + Ωout, (8)

where Ωout corresponds to the sub-space that the timing specifica-
tion is not satisfied even at level AN .
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Figure 4: Relation between delay and leakage power in a 16-bit
multiplier under random Vth variation (vertical dotted lines
represent quartiles).

Letting Pavg(Ai; Ωi) denote the average leakage current at level
Ai in sub-space Ωi, Ptuning should be expressed as

Ptuning =

N∑
i=0

{Prob(Ai) × Pavg(Ai; Ωi)}. (9)

However, Pavg(Ai; Ωi) is difficult to compute, since both the iden-
tification of Ωi and the integration of Pavg in Ωi are not easy.
We then deliberated the situation when Pavg(Ai; Ωi) and

Pavg(Ai; Ω) become different. The difference becomes significant
in the case that delay and leakage power are correlated. Focusing
on die-to-die variability, they are absolutely correlated. However,
this work aims to combat the random variability, assuming that the
die-to-die variability is compensated by, for example, Vdd adjust-
ment. We thus evaluate the correlation between delay and leakage
under random Vth variation.
Figure 4 shows the relation between delay and leakage of a 16-bit

multiplier obtained by Monte Carlo simulation. Similarly to exper-
iments in Section 6, subthreshold operation at Vdd = 300 mV was
assumed. We gave random Vth variation whose standard deviation
was 25 mV. The evaluation count is 2,000. For each trial, we com-
puted the circuit delay and leakage power. The vertical dotted lines
correspond to 25%, 50% and 75% tile values. The average leakage
in each quartile range is computed and listed in Table 1. We can see
that the average leakages in four ranges are almost identical and vir-
tually equal to the average leakage in the entire range. In fact, the
correlation coefficient between delay and leakage is 0.0064, and
they are not correlated. We therefore conclude that Pavg(Ai; Ωi)
and Pavg(Ai; Ω) are almost identical, and Pavg(Ai; Ωi) can be re-
placed by Pavg(Ai; Ω), as long as only random Vth variation is
considered.

Table 1: Average leakage current in each delay quartile (16-bit
multiplier).

Delay #samples Average leakage (relative)
0-25% tile 499 0.9987
25-50% tile 503 1.0000
50-75% tile 497 1.0001
75-100% tile 501 0.9993
Total 2000 1

5. STATISTICAL TIMING ANALYSIS FOR
SUBTHRESHOLD CIRCUITS

When supply voltage is close to subthreshold voltage, drain cur-
rent changes exponentially according to Vth variation, and hence
linear approximation of delay variation due to Vth fluctuation is in-
appropriate. We thus model gate delay of gate j, dj , is expressed
as

dj = aj exp(bjXj), (10)

where aj and bj are fitting parameters and Xj is Vth variable of
gate j. Xj andXk (j �= k) are assumed to be uncorrelated.
The average and variance of gate delay dj are calculated by

E(dj) = aj exp

(
bjμj +

b2
jσ

2
j

2

)
, (11)

V (dj) = a2
j exp

(
2bjμj + b2

jσ
2
j

) {
exp
(
b2
jσ

2
j

)− 1
}

. (12)

To compute circuit delay, we need two operations; sum operation
of signal arrival time and gate delay, and maximum operation of
two signal arrival times. The sum of signal arrival time AT and
gate delay d is given by

E(AT + d) = E(AT ) + E(d), (13)
V (AT + d) = V (AT ) + V (d) + 2Cov(AT, d), (14)

where Cov(AT, d) is the covariance between AT and d and is zero
in this work since uncorrelated random variability is considered.
As for the maximum operation for ATj and ATk, we regard the

distributions of ATi and ATj as lognormal distributions [9], and
perform max operation tailored for lognormal distributions [10].
Consequently, the average and variance are expressed as

E(max(ATi, ATj)) = E(ATi)Φ

[
mi − mj + vi√

vi + vj

]

+ E(ATj)Φ

[−(mi − mj) + vj√
vi + vj

]
,

(15)

V (max(ATi, ATj)) = E(AT 2
i )Φ

[
mi − mj + 2vi√

vi + vj

]

+ E(AT 2
j )Φ

[−(mi − mj) + 2vj√
vi + vj

]
− E2(max(ATi, ATj)).

(16)

Here, Φ(z) is the cumulative distribution function of the standard
Gaussian distribution in Eq. (4), and mi, mj , vi and vj are given
by

mi =
1

2
log

(
E4(ATi)

E2(ATi) + V (ATi)

)
,

mj =
1

2
log

(
E4(ATj)

E2(ATj) + V (ATj)

)
,

vi = log

(
V (ATi) + E2(ATi)

E2(ATi)

)
,

vj = log

(
V (ATj) + E2(ATj)

E2(ATj)

)
.

(17)

We thus perform SSTA approximating the distributions of signal
arrival time to lognormal distribution, and obtain the information
needed to compute Prob(Ai).
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Table 2: Circuits used for experiments.
Circuit #cells Delay constraint[ns]

16-bit multiplier (mult16) 3,987 2,350
ALU 10,611 12,000

32-bit multiplier (mult32) 14,685 3,000
64-bit multiplier (mult64) 70,595 3,850

6. EXPERIMENTAL RESULTS
We experimentally evaluate the effectiveness of the proposed

body bias clustering. Circuits used for experiments are designed
using an industrial 65nm library (Table 2). We assume that the
standard deviation of Vth random variation is 25 mV. The supply
voltage is 300 mV and the number of clusters is two. We suppose
that body bias is given by swapped body bias (SBB) [11], since it is
area efficient and suitable for low-voltage circuit design. The target
yield Ytarget in Eq. (2) is 99.7%. The proposed method is imple-
mented in C++ language and the program was run on a 2.4 GHz
Opteron processor.
We compare the average leakage current after performance com-

pensation without clustering to that with clustering. The result is
shown in Fig. 5. We performed clustering in two configurations of
4 × 4 regions and 8×8 regions. With body bias clustering, the av-
erage leakage current is reduced by up to 70%. By clustering gates
with careful consideration of timing, the proposed method makes
only a small part of the circuit forward biased, whereas the compen-
sation without clustering enforces the entire circuit forward biased.
Therefore, the proposed method achieves smaller leakage current.
Spatial division of 8 × 8 regions further reduces the leakage than
that of 4× 4 regions. This is reasonable, since the solution space is
expanded and finer clustering becomes possible.
We next evaluate the relation between the given delay constraint

and the average of leakage power dissipation. Figure 6 shows the
result in a 16-bit multiplier. Without body bias clustering, when
the delay constraint becomes tighter from 2500 ns to 2350 ns, al-
most all chips are forward biased, and the average leakage increases
rapidly. The average leakage is constant below 2350 ns, since all
chips are forward biased under these constraints. In contrast, the
proposed method gradually increases the size of cluster C1 to meet
the delay constraint, and hence the increase in average leakage is
moderate.
Figure 7 shows the relation between circuit size and CPU time,

when the number of iterations in SA was set unchanged. This CPU
time includes times for reading netlist and output a result in addi-
tion to clustering optimization with SSTA. Figure 7 indicates that
CPU time is proportional to the number of instance. This is be-
cause the computation complexity of SSTA used in the proposed
method is O(Ng + Ni)[12], where Ng and Ni are the numbers
of gates and interconnects. In the current implementation, incre-
mental timing update, which is commonly used in timing analysis
inside optimization loops, was no implemented. Thus further speed
up would be possible.
We finally arrange the initial layout so that different body bias-

ing becomes possible by inserting deep N-well separation. We first
insert deep N-well separation between different clusters. At this
moment, the layout is not rectangle. We thus perform ECO (engi-
neering change order) placement using a commercial P&R tool so
that the perturbation from the initial layout is minimized, and ob-
tain a rectangle layout. The impact of ECO placement on timing is
limited, since the delay fluctuation due to manufacturing variability
is much larger and the impact is overwhelmed by the variability.

Figure 5: Leakage power reduction by clustering.

Figure 6: Delay constraint and average leakage power after
post-fabrication tuning.

Figure 7: Relation between circuit size and CPU time.

Figure 8 shows an example of the layout after inserting separa-
tion. The smaller cluster is cluster C1, and the other is C2. The
white area is the inserted separation. In this example of 16-bit mul-
tiplier, the area overhead due to separation is 8.6%. The overhead
depends on the circuit size, the number of clusters and the num-
ber of regions divided into in the clustering procedure as well as
technology design rules. We thus have to appropriately choose the
numbers of regions and clusters taking the trade-off between leak-
age reduction and area overhead into consideration.
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Figure 8: An example of layout after clustering (16-bit multi-
plier).

7. CONCLUSION
We proposed a layout-aware clustering method for body bias-

ing whose tuning cost after fabrication is small, and applied it to
subthreshold circuits. We devised a leakage estimation method
after performance compensation and a statistical timing analysis
method for subthreshold circuits. Using these methods, the pro-
posed method minimizes the leakage current after timing require-
ment is satisfied by post-fabrication tuning. In experiments, the
proposed method was applied to four circuits under various tim-
ing constraints to compensate random Vth variability. The average
leakage after tuning was reduced by up to 70%, and an layout real-
ization after clustering was demonstrated.
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