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Two-Phase Fine-Grain Sleep Transistor Insertion
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Abstract—Sleep transistor (ST) insertion is a valuable leakage
reduction technique in circuit standby mode. Fine-grain sleep
transistor insertion (FGSTI) makes it easier to guarantee circuit
functionality and improve circuit noise margins. In this paper,
we introduce a novel two-phase FGSTI technique which consists
of ST placement and ST sizing. These two phases are formally
modeled using mixed integer linear programming (MILP) models.
When the circuit timing relaxation is not large enough to assign
ST everywhere, leakage feedback (LF) gates, which are used to
avoid floating states, induce large area and dynamic power over-
head. An extended multi-object ST placement model is further
proposed to reduce the leakage current and the LF gate number
simultaneously. Finally, heuristic algorithms are developed to
speed up the ST placement phase. Our experimental results on
the ISCAS’85 benchmarks reveal that: 1) the two-phase FGSTI
technique achieves better results than the simultaneous ST place-
ment and sizing method; 2) when the circuit timing relaxation
varies from 0% to 5%, the multi-object ST placement model can
achieve on average 4x-9Xx LF gate number reduction, while the
leakage difference is only about 8% of original circuit leakage;
3) our heuristic algorithm is 1000 X faster than the MILP method
within an acceptable loss of accuracy.

Index Terms—Fine-grain sleep transistor insertion, leakage
feedback gate, leakage reduction, mixed integer linear program-
ming (MILP).

1. INTRODUCTION

OWER consumption is becoming a first-order design cri-
P terion. The total power dissipation consists of dynamic
power, short circuit power, and leakage power, thus, can be ex-
pressed as

Ptotal = denamic + Pleakage + Pshortcircuit

~
1
= Z <§Oéifai,v]§]3 +1,;Vpp + Oéq',sthort,iVDD>
i=1

where f is the operation frequency, Vpp is the supply voltage,
and N is total gate number. a;, C;, I ;, and Qsnhort,; are the tran-
sition probability, load capacitance, leakage current, and short
circuit charge of the +th gate, respectively. Leakage power dis-
sipation has become comparable to switching power dissipation
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[1], while the behavior of the short circuit power dissipation re-
mains at around 10% of the total power dissipation [2].

As technology scales, leakage power is becoming a major
portion of the total power consumption, for example, leakage
power is reported to make up about 40% of total power at the
90-nm technology node [3]. Large leakage current will degrade
noise immunity in dynamic circuits, increase the standby power
dissipation to unacceptable levels, and lead to excessive heating;
all of these may cause circuits fail to function properly [4]. In-
evitably, many techniques have been proposed to reduce the in-
creasing leakage power. Besides architecture level techniques
[4], leakage control techniques can be broadly categorized into
two main categories: process level and circuit level techniques
[5]. At the process level, leakage reduction can be achieved
by controlling the dimensions (length, oxide thickness, junc-
tion depth, etc.) and doping profile in transistors. Circuit level
techniques include transistor stacking [6], input vector control
[7], body biasing [8], multi-V; assignment [9]-[11], dynamic
V; scaling (DVTS) [12], variable supply voltage [13], cell re-
sizing [14], and leep transistor insertion. Among these circuit
level techniques, sleep transistor insertion is the most effective
one when the circuit is standby [15].

A. Multi-Threshold CMOS Techniques

Sleep transistor (ST) insertion technique is essentially placing
an ST between the gates and the power/ground (P/G) net. In
burst mode circuits, where the system spends the majority of
the time in an idle standby state, ST insertion is proven to be
a very effective technique for leakage current reduction during
the standby mode [15]-[24]. STs can be inserted into the circuit
by two different manners: global and local [22]. Thus, we clas-
sify ST insertion techniques into “block-based ST insertion [as
shown in Fig. 1(a)] and “fine-grain ST insertion” (FGSTI) [as
shown in Fig. 1(b)] according to different ST insertion manners.

1) Block-Based ST Insertion (BBSTI): The most popular ST
insertion technique is gating the power supply of sizable blocks
using large STs [15]. This is concluded as BBSTI technique.
In a BBSTI technique, all the gates in one block have a fixed
timing relaxation, so it is also called fixed slowdown method.
The previous works on BBSTI techniques [16]-[20] presented
some methods on clustering gates into blocks in order to opti-
mize the leakage current and ST sizes. All these methods focus
on how to reduce the ST area penalty along with a remarkable
leakage saving.

J. Kao et al. [16] presented the first method to automatically
size ST of a large block based on mutual exclusive discharge
patterns of internal blocks. M. Anis ez al. [17], [18] developed a
cluster-based design structure to avoid putting a larger ST in the
center of a large block: the whole circuit is divided into small
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Fig. 1. FGSTI versus BBSTIL.

blocks with several gates in one block; they presented several
fast heuristic techniques for efficient gate clustering and opti-
mized the ST size for each block according to the current of
the block. C. Long et al. [19], [20] proposed a distributed sleep
transistor network (DSTN) approach in which all the STs are
connected to further reduce the area penalty and improve the
circuit performance.

BBSTI techniques greatly reduce the area penalty, but in the
P/G network they induce large ground bounce which has ad-
verse effects on circuit speed and noise immunity [23]. Addi-
tional delay, about 5% circuit propagation time, must be suffered
from because of ST insertion. Furthermore, for each block, ST
size is decided by the worst case current which is quite diffi-
cult to determine without comprehensive simulation [17]. So it
is harder to guarantee circuit functionality for large blocks with
only one ST [22].

2) Fine-Grain ST Insertion (FGSTI): In recent years, the
FGSTI technique [21]-[24], which can be also called the gate
level ST insertion, shows some advantages over the BBSTI tech-
nique. It is easier to guarantee circuit functionality in the FGSTI
technique because ST sizes are not determined by the worst case
current of large circuit blocks. The FGSTI technique leads to a
smaller simultaneous switching current when the circuit mode
changes between standby and active, thus improves circuit noise
margins. Furthermore, better circuit slack utilization is achieved
because the slowdown of each gate is not fixed, and this leads
to further leakage and area reduction [23]. V. khandelwal et al.
[23] pointed out that the FGSTI technique corresponded to an
area penalty of roughly only 5% using standard cell placement.

When the circuit slowdown is not enough to assign STs ev-
erywhere in the FGSTI technique, a large amount of leakage
feedback (LF) gates may be used to avoid floating states [21].
As it will shown in our results, the LF gate number may exceed
as much as 80% of the gates with ST for certain circuits when LF
gate is not considered in the FGSTI technique; the additional in-
verters in the LF gates will induce large area and dynamic power
penalty.

B. H. Calhoun et al. [22] proposed a fine-grain ST insertion
design methodology and several design rules. The authors also
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make a detailed comparison between local and global ST inser-
tion. Recently, V. khandelwal et al. [23] presented a selectively
ST insertion methodology with better utilization of circuit slack.
They used A one-shot algorithm to determine where to put ST
in the FGSTI design considering leakage feedback gates, but
they did not address how to perform the FGSTI technique when
the circuit slowdown is 0%. Also, the one-shot algorithm may
easily leads to a local optimal result. Our previous work [24]
introduced a mixed integer linear programming (MILP) model
for the FGSTI technique to determine ST placement and sizing
simultaneously without considering LF gate. The MILP model
leads to an accurate result, but its computation time is consider-
ably long.

B. Our Contributions

In this paper, we proposed a two-phase FGSTI technique that

has the following contributions.

1) Simple leakage current and delay models of a single
gate are presented. To the best of our knowledge, our
leakage current model analysis is the first to provide
the designer the negligible dependence of ST size on
the amount of leakage saving, and makes the two-phase
FGSTI reasonable.

2) The two phases of our FGSTI technique: a) ST placement
and b) ST sizing, are modeled using MILP and LP models,
respectively. Fewer variables and constraints with less ap-
proximation are used in the models, so that our two-phase
FGSTI technique is more accurate and faster comparing
with our previous simultaneous ST placement and sizing
method using MILP [24]. The ST placement phase can
achieve an impressive leakage saving when the conven-
tional fixed slowdown method can not be performed. Fur-
thermore, if the circuit timing relaxation is large enough
to use conventional fixed slowdown method, our ST sizing
still leads to a much smaller total ST size.

3) LF gate and normal ST gate are compared to prove that
a carefully sized LF gate can substitute for a normal
ST gate without affecting the circuit performance. An
extended multi-object ST placement model is presented
to provide the designer the relationship between LF gate
number and the leakage current reduction rate. Our ex-
perimental results show that, when the circuit slowdown
is 0%, comparing with the method only considering the
leakage current reduction, on average 4x LF gate number
reduction can be achieved; meanwhile the leakage current
difference between our method and the method only con-
sidering leakage current reduction is only about 7.9% of
the original circuit leakage.

4) Since the computation time for solving MILP model is not
stable and may be considerably long, fast heuristic algo-
rithms are developed for ST placement phase with simulta-
neous LF gate reduction. Our simple algorithms are investi-
gated from intuition thinking to detailed implementation to
show their effectiveness. On average 1000x speed up can
be achieved using our heuristic algorithm compared with
an MILP solver, while the loss of accuracy is acceptable.

This paper is organized as follows. In Section II, our leakage

current and delay models are first presented and then analyzed
to prove the rationality of our two-phase FGSTI technique; LF
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TABLE I
LEAKAGE CURRENT IN NOR2XL AND NAND4XL (fA). (180-nm TECHNOLOGY)

Tiear, in NOR2XL Tiear in NANDAXL
A(v) = 1.60495 A(v) = 2.97335
Hspice | Our Model | Error Hspice [ Our Model | Error
w/o ST 14606.8 N/A N/A 12261.3 N/A N/A
(W/L) =2 5.39 3.21 -40.4% 10.20 5.95 -41.7%
(W/L) =4 5.95 6.42 8.0% 10.97 11.89 8.4%
(W/L) =8 8.59 12.84 49.4% 15.58 23.79 52.6%
(W/L) =16 27.65 25.68 -7.1% 51.37 51.37 -7.4%

gate and normal ST gate are compared in Section II-D. The
two-phase FGSTI technique formulated using MILP model is
proposed in Section III. Section IV introduces our heuristic al-
gorithms for ST placement phase. The implementation and ex-
perimental results are presented and analyzed in Section V. In
Section VI, we conclude this paper.

II. PRELIMINARIES

In this section, leakage current and delay models used in our
two-phase FGSTI technique are first proposed. The models are
examined to prove that an FGSTI design can be performed in
two phases. Finally, LF gate and normal ST gate are compared
to prove that an LF gate can substitute for a normal ST gate
without affecting the circuit performance. ST with variable size
decided by the process technology are used in our two-phase
FGSTI design.

In this paper, a combinational circuit is modeled by a directed
acyclic graph (DAG) G = (V, E). A vertex v € V represents
a CMOS gate from the given library, while an edge (7,j) €
FE, 4,5 € V represents a connection from vertex ¢ to vertex
j. (W/L) is used to measure the size of a ST, because L is a
constant that equals the minimum transistor channel length.

A. Leakage Model

For the gates without ST, a leakage lookup table is created
by simulating all the gates in the standard cell library under all
possible input patterns. Thus the leakage current I,,,/,(v) can be
expressed as

Tujo(v) = Ii(v,IN) x Prob(v, IN) (1)
IN

where I;(v,IN) and Prob(v, IN) are the leakage current and the
probability of gate v under input pattern IN. A linear model is
proposed to represent leakage current I,,(v) based on HSPICE
simulation results

I, (v)

Av) x (W/L)y 2

where A(v) is a constant and decided by the gate type. We as-
sume all the input patterns have the same probability and esti-
mate every A(v) for all the standard cells in the library. Con-
sidering two standard cells: NOR2XL and NAND4XL in the
TSMC 0.18-um standard cell library, the largest error is about

52% as shown in Table I. The error of linear approximation may
be neglected in the FGSTI technique due to law of large num-
bers [25] with the growing circuit size. It will be disclosed in
Section II-C that the influence of this linear model error on the
FGSTI technique will be diminished by the large difference be-
tween leakage current of a gate with or without ST.

B. Delay Model
The gate delay is influenced by the ST insertion [15]. The
load dependent delay d,,/,(v) of gate v without ST is given by
KCrVpp
(Vbp — VrHiow)®

du/o(v) = (€)
where C1, VrHiow, @, and K are the load capacitance at the gate
output, the low threshold voltage, the velocity saturation index,
and the proportionality constant, respectively. The propagation
delay d,, (v) of gate v with ST can be expressed as

KCrVpp
(Vbp — 2V — VrHiow)®

dy(v) = “

where V. is the Vg, of the ST. Ad(v) is derived from the pre-
vious equations

Ad(v) =dy(v) —

(( R\ PIRERS

Ion(v) is the current flowing through ST in gate v during the
active mode, which can be expressed as given by [23]

Thus, the voltage drop V,. in gate v due to ST insertion can
be expressed as

dw/o(v)
2V,
Vbp — VrHlow

V2
Iox(v) = pinCox(W/ L), ((VDD — Vi Hhigh) Ve — 7m

= ll/ncox(W/L)v(VDD - VTHhigh>Va:- (6)

1

ION(’U>
WLy

Hn Cox (VDD - VTHhigh)

Ve = N

Refer to (3) and (4), V,, in gate v due to ST insertion can also
be given out as

(-

1

2

dw/o(v)
dy(v)

1/
Ve = ) ) (Vbp — Vrrow).  (8)
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TABLE II
LEAKAGE CURRENT COMPARISON OF STANDARD CELLS (fA).(Vbp = 1.8 V, Vrunign = 500 mV FOR ST, Vraiow = 300 mV FOR LOGIC CELLS)
[ CellName | Tujo | Tw | Twjo/Tw || CellName | Tu/o | Tw | Tw/o/Iw |
NAND2XL 14076.3 | 45.0 313 AND3X4 54900.3 | 534 1028
NAND2X4 84392.0 | 455 1854 BUFX4 80876.7 | 534 1513
INVXL 14213.2 | 36.9 388 NOR2X1 16261.1 27.6 516
NOR2XL 14606.8 | 27.6 528 CLKINVX4 | 387634 | 37.2 1043
XOR2XL 958539 | 534 1794 NAND4X4 725542 | 514 1411
NAND4XL 12261.2 | 514 239 AND2XL 26956.7 | 53.4 505
NAND3XL 14186.1 49.3 288 AND4XL 13768.6 | 53.4 258
AND2X4 60305.1 534 1129 OR4XL 33827.5 | 534 633
AND4X4 48899.1 534 915 CLKINVS8 69175.0 | 37.7 1833
C. Rationality of Our Two-Phase FGSTI Vop
From Table I, a linear leakage current model may have an
error larger than 50% compared with the HSPICE simulation Sleep
results. Referring to [23], the leakage current for a gate with ST signal
is also modeled as a linear function from [26]
Output
Voo — Verirn s Vds G:te\ ’
Lo~ Vrunigh 47V ::I ~J
1.81,2 T
I,(v) = ppnCox(W/L)ye *Vi5e )
INV

where p is the IN-mobility, Coy is the oxide capacitance,
VrHnign 18 the high threshold voltage, Vr is the thermal
voltage, n is the subthreshold swing parameter. Notice that
their model is also linear by assuming all parameters except
(W/L), are constants which are decided by process informa-
tion and gate structure. Such a linear model will also endorse
comparable error as our leakage current model.

From Table I, the leakage current of a gate without ST is much
larger than that of a gate with ST, so that the error of the linear
model can be neglected in the FGSTI procedure. In Table II,
we compare the leakage current of cells in the TSMC 0.18-pm
standard cell library under two different ST conditions: with ST
or without ST. Because the leakage current of a gate with ST
becomes larger with a larger ST, in Table II, (W/L) of a ST
is set to 16, which is the maximum ratio of ST in our FGSTI
technique, in order to get the largest leakage current.

As shown in Table II, the leakage current difference under
different ST conditions is at least 238, because of the large
difference between the threshold voltage of ST and logic cells.
Referring to (5) and (7), the delay difference is less than 20% of
the original gate delay between delays of a gate with and without
ST. However, the delay difference of a gate with different ST
sizes is much larger; for example, setting (W/L) of a ST to 1
will lead to about 140% additional delay comparing with the
original gate without ST. Also, we can see from Table I, the
leakage current difference of a gate with different ST size is less
than 1% of the original gate leakage. Hence, the leakage current
variation range due to the change of ST size can be neglected,
because it is much smaller comparing with the leakage saving
of changing a gate’s ST condition. Therefore, ST placement is
not affected by ST sizing owing to the large gap between their
effects on leakage saving.

With technology scaling, the leakage current difference may
be smaller under different ST conditions, but it will still be very
large due to the use of high Vrpy ST and the stacking effect.
We can draw a conclusion that the leakage reduction depends
on where to insert ST and the leakage difference of each gate

Sleep
signal

GND

Fig. 2. Leakage feedback gate [21].

under different ST conditions; while the area penalty is decided
by the ST sizing procedure.

We further assume that ST placement and sizing are indepen-
dent in an FGSTI design. Therefore, a two-phase FGSTI tech-
nique is developed: first, ST placement is performed to decide
which gate will be assigned with ST in order to achieve most
of the leakage saving; and ST sizing is used to reduce the area
overhead along with further leakage current reduction.

D. Leakage Feedback Gate

During the ST placement phase, when the circuit slowdown is
not large enough to assign ST to every gate, the FGSTI technique
can cause a gate with ST to drive a gate without ST. This will
lead to floating state at the output of the gate with ST and may
cause large power dissipation due to the short circuit current in
the gate without ST. In this subsection, the circuit scheme of LF
gate is first reviewed; and then a comparison is made between
an LF gate and a normal ST gate to prove that a specilized LF
gate can substitute for a normal ST gate.

1) Circuit Scheme: As mentioned in [23], the LF gate struc-
ture [21] shown in Fig. 2 should be used in order to avoid the
floating states. The important characteristic of an LF gate is that
depending on the state of the latest output, one but not both
helper ST’s (Py or Ny ), is turned on by the feedback inverter,
thus, the output state of the LF gate are set to “1” or “0”.

2) Comparison With Normal ST Gate: During the standby
mode, both high Vg ST’s Ps and Ng are turned off, only one
of the helper ST’s will be kept on to drive the output signal to the
appropriate rail. On the other hand, when the circuit is active,
both high Vg ST’s Ps and Ng are turned on. One and only
one of the helper ST’s will be turned on to accelerate the circuit
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Delay Comparison of LF Gate and ST Gate
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Fig. 3. Delay comparison: an LF gate and a normal gate with ST.

speed, because the feedback inverter is sensitive to the change
of the output signal.

The signal propagation delay of an inverter with ST and an LF
gate for an inverter are compared under same load capacitance
and shown in Fig. 3. The sizes of helper ST’s are the same as
those of the original sleep transistors. As we can see, the rise and
fall slope of an LF gate is steeper than that of a normal ST gate.
Therefore, we conclude that every gate with ST can be replaced
with a carefully sized LF gate without affecting the circuit delay
constraints.

An LF gate will certainly bring two extra helper ST’s and
a feedback inverter, hence it leads to area and dynamic power
overhead. Since all the extra transistors can be high threshold
transistors, the leakage overhead can be neglected.

III. TWO-PHASE FGSTI TECHNIQUE

In this section, our two-phase FGSTI technique is modeled
using linear programming methods. First, we show how to
place the ST as many as possible in order to reduce the total
leakage; an extended MILP model considering LF gate is also
proposed. Then an optimal sizing method is proposed to reduce
the area overhead based on the ST placement information from
the first phase. At the end of this section, we briefly review the
simultaneous placement and sizing method [24] using MILP
for comparison.

A. Phase I: ST Placement

1) MILP Model: We propose a novel ST placement method
that tries to maximize the leakage saving in the circuits through
MILP model.

1105

First, we construct the object function which is the total
leakage current as follows:

Leak (G) = ) (Luwso(v) x (1= ST(v)) + Lu(v) x ST(v))

veV

(10
where ST(v) is a binary variable to represent gate v’s ST con-
dition, ST(v) = 1 means gate v has ST inserted and ST(v) = 0
means gate v is without ST. As ST size is not considered, we
choose the largest ST size (W/L)max to obtain the minimum
delay overhead. The leakage current of gate v with ST is given
by

I'w(v) = A(’U) X (W/L)max~ (11

The timing constraints of G(V, E) can be expressed as

to(m) =0 m € PI (12)
ta(n) +d(n) <Treq n € PO (13)
ta(i) +d(i) <ta(j)  V(,j)€E, i,jeV (14

where PI and PO refer to the primary input and primary output
gates of the circuit; ¢,(v) represents the arrival time of gate v,
Teq is the overall circuit delay; d(v) represents the gate delay,
which can be expressed as referring to (5) and (7)

d(v) = dy/o(v) + Ad(v) x ST(v)
= dw/o(v)

2Ion (v) @

1
1— tn Cox (VDD — VT Hhigh) X (W/L)max

1
+ Vbp — VrHlow
X dyo(v) x ST(v)
:dw/o(v) + @ ((W/L)max) X dw/o(v) x ST(v) (15)

where d,, /a(v) is a constant, which is extracted from the tech-
nology library. As (W/L)max = 16, @((W/L)max) is also a
constant for each gate.

ST placement phase is similar to dual Vg assignment with
fixed high and low Vg values, thereby it can also be solved by
sensitive-based heuristic algorithms which are previously used
to deal with dual Vg assignment [9]-[11].

2) MILP Model Considering LF Gate: As we mentioned be-
fore, when the circuit slowdown is not large enough to assign
ST to each gate in the circuit, LF gates are used to avoid floating
states. The LF gate number may exceed as much as 80% of the
gates with ST when the effect of LF gate is not considered in
FGSTI technique. The additional inverters in the LF gates will
induce large area and dynamic power penalty. Thus, LF gate
number is as important as the leakage reduction rate. In this
subsection, an extended MILP model to simultaneously max-
imize the leakage saving in the circuits and minimize the LF
gate number is proposed.

First, the original object function for ST placement (10) is
amended to consider the LF gate number Ny,p

Ileak(G) + ’YNLF(G) = Z (Iw/o(v> X (1 - ST(U))
veV

+1u(v) x ST(v)) + Y (LF(v))  (16)
veV
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Minimize:
Tieak(G) +YNLF(G)
= ZV(Iw/o(v) X (1= 8T (v)) + Iw(v) X ST(v)) + %:V(LF(U))

veE
Subject to:
{Timing constraints}
ta(m) =0 m € PI

ta(n) +d(n) < Treq n € PO

ta(i) + d(3) < ta(s) V(i) EEi,j €V

d(0) = duy)o(®) + P(W/Lymaz) X dup/o(v) X ST(v) v €V
{Variable constraints}

ST(v) and LF(v) are binary variables

LF(i) > ST(i) — ST(j), VY(i,j) € E,4,j €V

Fig. 4. MILP model for multi-object ST placement.

where I}, is the total leakage current; Npp is the LF gate
number in the circuit; LF(v) is also a binary variable to rep-
resent gate v’s LF gate condition, LF(v) = 1 means gate v is
an LF gate and LF(v) = 0 means gate v is not an LF gate; -y
is a weight value that can be modified by the circuit designer.
The performance and delay constraints are still the same with
the MILP model without considering LF gate, because of the
assumption in Section II-D, every gate with ST can be changed
into a carefully sized LF gate without affecting the circuit delay
constraints.

A gate v must be changed into LF gate if ST(v) = 1 and one
of its fan-out gate is a gate without ST. Thus the binary variable
LF(v) should satisfy the following constraint:

If v is not zero, the LF gate is considered during the optimiza-
tion; on the other hand, if y is zero, the LF gate is not considered,
the variable and constraints related to LF(v) can be deleted in
the model. To sum up, the general form of our MILP model for

ST placement phase is shown in Fig. 4.

B. Phase II: Optimal ST Sizing

After ST condition for each gate v is decided, the optimal ST
sizing is derived using a linear programming model. The object
function for optimal ST sizing is given as follows:

Area(ST) =

> (W/L), x ST(v)) (18)

veV

where ST (v) is a binary value decided in the first phase: ST
placement phase; (W/L), is a continuous variable. Moreover,
the expression for (W/L),, from (7) and (8) can be derived as
follows:

ION(’U) 1
wW/L), = X —
(W/L) bnCox(Vbp — VrHhigh) Ve

ION(’U)

"~ nCox(VbD — Vrtnigh)

THECEON

X(Vop — Virtitow))

19)
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Minimize:
N dy,) ) 1/ -1
area(st) = £ ((3(1- (%45) ) vop ~ Viemow)  x
vEV

ST(v))
Subject to:
{Timing constraints}

ta(m) =0 m € Pl

ta ('I’L) + d(n) S Treq n € PO

ta(i) +d(4) <ta(j) V(i j)€EEGJEV

d(v) = dy/o(V) + (dw (V) = dy /0(v)) X ST (v)
{Variable constraints}

A7 (v) < du(v) < 7o (v)

veV

Fig. 5. LP model for optimal ST sizing.

The timing constraints can also be expressed as (12)—(14).
The propagation delay d,,(v) of gate v with ST can be rewrite
using (5) and (7) as

(V) = duso(v) + Ad(v)

= dw/o(’u
QION(’U) 1 T
_ #nCox(Vbp— VTHh;gh) (W/L)o _1
Vop — Vraiow
X dw/o
—dw/O( ) ((W/L>v) X dw/O(U)- (20

With a given boundary of (W/L),: [(W/L)min, (W/L)max],
we can easily derive the boundary of d,(v): [di", d2%] using
(20). Consequently, the general form of our LP model for ST
sizing is shown in Fig. 5.

C. Simultaneous ST Placement and Sizing

In this subsection, the simultaneous ST placement and sizing
method [24] is briefly reviewed. The object function is very sim-
ilar to ST placement as shown in (10)

Iloak(G) = Z (lw/o(v) X (1 - ST(U))
,Ue‘/'
+A(v) x (W/L), x ST(v)) (21)
where ST (v) and (W/L), are variables that decide where to put
ST and how to size ST, respectively. The timing constraints also
follow (12)—(14). Referring to (15), gate delay d(v) for gate v
can be derived as

d(v) =dy/o(v) + Ad(v) x ST(v)

= dm/o(v)
2101\](1)) -
Hr Cox (VDD — VT Hhigh)
Vbp — VrHiow
X dy/o(v) x ST(v)

= dw/o(v) + dw/o(v) X

1
e /D)

¢ (W/L)y) x ST(v). (22

As we can see from (21) and (22), this problem is actually a
nonlinear programming model. In [24], Taylor series expansion
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and piece wise linear approximation technique are used to get
an MILP model. Some dummy variables are needed for linear
approximation and corresponding linearization constraints are
added in the MILP model for each dummy variable. Unfor-
tunately, the model size becomes extremely large with the in-
creasing gate number in the circuit.

IV. HEURISTIC ALGORITHM FOR ST PLACEMENT

In this section, a heuristic algorithm is introduced to solve
the ST placement phase explained in Section III-A. One of the
major bottlenecks of using MILP method is the unpredictable
computation time when the circuit slowdown is not large enough
to assign ST to every gate. Although the MILP model leads to
optimal result, it can not be used in a real design cycle because of
the unaffordable runtime cost for reiterations. A fast and accu-
rate heuristic algorithm is needed to speed up the ST placement
phase with a near optimal result. The LF gate number depends
mainly on the ST placement information and the topology of
the circuit; while the leakage reduction rate depends on ST gate
number under the circuit performance constraints. It is time con-
suming to consider both ST gate number and LF gate number
simultaneously during ST placement phase.

In our heuristic algorithm, the DAG of the circuit is pruned
to reduce the problem size in the first step; then, in the second
step, a greedy algorithm is used to assign ST as many as pos-
sible without affecting the performance constraints; finally, in
the third step, the LF gate number is reduced according to dif-
ferent weight value: vy in (16).

A. Step I: DAG Pruning

The MILP model size for ST placement is decided by the gate
number and the interconnect number in the circuit, that is, the
vertex number and the edge number in the DAG. Hence, the
DAG is first pruned in our heuristic algorithm to reduce the
problem size. This problem is actually how to find the gates
which must be assigned with ST in the circuit, so that the corre-
sponding vertexes can be deleted from the DAG.

Definition 1 (Signal Path): Signal pathinaDAG G = (V, E)
from a vertex u to a vertex u’ is a sequence (v1,va,...,Vk)
of vertexes, such that w = v; € PI, v = v, € PO and
(vi—1,v;) € Efori=1,2,... k.

Definition 2 (Critical Path Delay): If ST is assigned to each
gate, critical path delay of vertex v, Tpatn(v), in a DAG G =
(V, E), is the longest path delay of all the signal paths which
contain vertex v.

If ST is assigned to each gate, the leakage current of the circuit
is minimized, and the overall delay T.i,cuit Will exceed the re-
quested delay 7}..o. However, there may be some signal paths in
the circuit still satisfy the performance constraints. Some gates
in such signal paths can be deleted without affecting the timing
constraints. That is to say, if Tpatn(v) in the circuit still do not
exceed Ty.q when ST is assigned to each gate in the circuit. Gate
v does not affect the circuit performance constraints whether
gate v is assigned with ST or not.

Tpatn(v) can be derived directly according to Definition 2:
1) calculate delay of all the signal paths which contain vertex
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v and 2) the largest delay of these signal paths is picked up to
be Tpaen(v). However, this direct computation is impractical,
because it is very complicated to find all the signal paths which
contain vertex v.

Lemma I (Subpaths of Largest Delay Paths are Largest Delay
Paths): Given a DAG G = (V, E), let p = (v1,v2,...,v;) be
the largest delay path from vertex vy to vertex vy and, for any
tand jsuchthat 1 < ¢ < j <k, letp;; = (vi,viq1,...,05)
be the subpath of p from vertex v; to vertex v;; then p;; is the
largest delay path from vertex v; to vertex ;.

Proof: Path p can be decomposed into three parts: v; By
V; Py v; Piy v, thus, the path delay of p can be denoted as
Delay(p) = Delay(p1;)+Delay(p;;)+Delay(p;x). Assuming
there is a path p; from v; to v; with Delay(p;;) > Delay(p;;),

. i Py Pik .
then there is a path p’v; 2y v, — v;j = v, with total

delay Delay(p) = Delay(p1;) + Delay(p;;) + Delay(p;x)>
Delay(p), so that contradicts the assumption that p is a largest
delay path from vertex vy to vertex vy. ]

Referring to Lemma 1, the critical path delay of gate wv:
Tpatn(v), essentially, consists of three parts

Tpath (v) =Max (Delay (PI, v)) +Max (Delay (v, PO)) +d,, v)
(23)

where Max(Delay(PI,v)) is the maximum delay of the all
possible paths from primary inputs to v; Max(Delay (v, PO))
is the maximum delay of all the possible paths from v to pri-
mary outputs. As we all know, the arrival time of v: ,(v) is
defined as the worst case delay from primary inputs to vertex v:
Max(Delay(PI,v))

0, v e PI

ta(v) = { MaX;¢ fanin(v) 11a(i) +d(i)}, otherwise (24)
where d(i) is the delay of vertex 4 shown in (15).

Furthermore, in a DAG, once a path p; is chosen in path set
from vertex v to PO, we can obtain a corresponding path p2 in
a reverse order by simply reversing the vertex sequence order.
p2 belong to path set from PO to vertex v, and Delay(p;) =
Delay(p2), Max(Delay(v, PO)) = Max(Delay (PO, v)).

Therefore, T},a¢n(v) can be expressed as

Tpath(V) = ta(v) + tpa(v) + du(v) (25)
where t¢,(v) is the arrival time of v; d,,(v) is the delay of gate
v with ST; ¢4, (v) is the reverse arrival time of vertex v, and
can be derived as ¢,(v) of a DAG in a reverse direction. The
arrival time and the reverse arrival time can be simply derived
by Breadth-first search (BFS) [27].

Theorem 1: Given a DAG G = (V, F) with timing informa-
tion, if Tpatn(v) < Treq» vertex v can be deleted in the DAG,
which means that v will not affect the performance constraints.

Proof: Assuming v will affect the performance constraints,
that means the delay of at least one signal path SP(4, j) contain
gate v is larger than T}..q

Delay(pw) + DelaY(pvj) + dw(v) > Trcq~ (26)
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DAG Pruning Algorithm
1. Set ST(v)=1,veV
2. Calculate Tpath(v) = ta(v) + tpa(v) + duw(v),
v € (V —PI - PO)
3. er’r = (Vker; Eker); Vk:er = {U|Tpath Z T’r‘eqav € V}

Fig. 6. DAG pruning algorithm.

Referring to (25)

Trcq >Tpath('U)
=Max(Delay(PI,v))+Max(Delay (v, PO))+d.,(v)
>Delay(p;, ) +Delay(p,;) +dw(v). 27

Thus, (26) and (27) are contradiction according the deduction
above, this fact demonstrates the theorem. [ |

Apparently, the vertex set V' can be divided into two parts:
V' = {v|Tpatn(v) < Treq,v € V'} and Vier = {v|Tpatn(v) >
Treq,v € V}.ST(v) = 1if v € V’. Therefore, the original
DAG G = (V,E) is pruned t0 Gxer = (Vier, Exer) in which
the ST condition of each vertex needs to be decided. The DAG
Pruning Algorithms is shown in Fig. 6.

B. Step II: ST Assignment

After DAG pruning, we should find a way to assign ST in
Glxer as many as possible while minimizing the LF gate number.
Every time ST(v) is switched from 0 to 1 or from O to 1, the
potential LF gate number should be recalculated, which will
greatly slow down the optimization procedure. Thus, it is rather
time consuming to optimize the LF gate number during ST as-
signment. One intuitional solution to tackle this difficulty is
to separate the optimization of ST gate number and LF gate
number. The ST assignment procedure is carried out first to as-
sign as many ST as possible to Gy, -

The ST assignment problem is how to minimize the leakage
current through assigning ST to gates in Gy., while satisfying
the performance constraints. During our ST assignment algo-
rithm, all ST(v)’s for gates in Gy, are first set to 1. The longest
delay path is then picked out; ST(v) for some typical gates in
this path are set back to zero in order to reduce the path delay.
This step iterates until all the signal paths in the Gy, satisfy the
performance constraints. A near optimal ST assignment solu-
tion can be derived from our algorithm.

Intuitionally, the LF gate is caused by the “1 — 0” mode
(which means a gate without ST is driven by a gate with ST,
1 and 0 are corresponding value for ST(v)). If the set of gates
with ST(v) = 0 and the set of gates with ST(v) = 1 only
have one single boundary, the LF gate number will be definitely
small. For example, on a certain path, the continuous ST (v)
pattern 1 — 0 — 1 — 0 — 1 (four boundaries, 2 LF gates)
orl - 0 — 0 — 1 — I1(two boundaries, 1 LF gate) cause
more LF gates than the pattern0 — 0 — 1 — 1 — 1 (single
boundary, without LF gate). Furthermore, there are two different
conditions for single boundary. For example, there may be two
continuous ST(v) patterns: 0 - 0 - 1 — 1 — land 1 —
1 - 1 — 0 — 0; both of them have only one boundary,
however, the LF gate number is not the same. The former one
will lead to no LF gate while the other one will cause one LF
gate. It can be inferred that, if a gate with ST(v) = 0 is placed

IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS

ST Assignment Algorithm
1. set ST(v) =1, v € Vier
2. Find a critical path p =< v1,v2,...vr > with delay
Tcrz‘tical
If Teritical > TT‘eq
AT = Teritical — Treq
/*Forward Selectionx/
1=1
While AT >0
If ST(U,) =1
ST(vZ) =0; AT = AT — dw(vi) + dw/o(vi)
t=14+1
/+End of Forward Selection=/
jump to step 2
Else
get ST(v) for v € Vier
3. Combine with ST'(v) =1¥Vv € v’

Fig. 7. ST assignment algorithm.

on the input node when there is only one boundary, there is no
LF; it enlightens us to place the gate with ST(v) = 0 close to
each other and close to the input vertex to reduce the potential
LF gates during the ST assignment step.

In ST assignment, Forward Selection method is used to select
gates from a longest signal path: assign gate with ST(v) = 0
close to input vertex. Fig. 7 shows the ST assignment algo-
rithm, the Forward Selection part can be easily changed into
other selection method, such as: random selection (randomly
select gates from the signal path).

The T,.¢n(v) distribution graph can give us an intuitional
evaluation about the percentage of gates that can be optimized
in a given circuit. For example, in Fig. 8, Tpatn(v) distribu-
tion graph for C432 shows that a high percentage of gates are
with large T¢n(v), it can be inferred that the total gates with
ST in the final optimal result will be small; on the contrary,
Tpatn(v) distribution graph for C880 shows that a small per-
centage of gates are with large Tpa¢n (), so that the total number
of gates with ST in the final optimal result will be large. These
deductions are well supported by the simulation results shown
in Section V.

C. Step Ill: LF Reduction

After we have the ST assignment information, an LF re-
duction algorithm is performed following the different weight
value: v in (16). First, we run a breadth-first search in DAG
from P1, for each vertex v with ST(v) = 1, if there is a fan-out
gate u of vertex v with ST(u) = 0, LF(v) is set to 1 and gate
v is add into queue Qpr. We examine each LF gate in QpF to
find out whether it is worth to change this LF gate back into
a gate without ST. The weight value v can be considered as a
kind of “leakage current overhead”. Thus, (16) is rewritten as

Heaw = Y (Tuyo(v) X (1= ST(v)) + (v + L ()
,UE‘/'

xLF(v) + I,(v) x (ST(v) — LF(v))). (28)
If one LF gate v is changed back into gate without ST, the
LF gate distribution in the area looking back from gate v to
P1I should be re-examined. There may be some gates with ST
should be changed back into gate without ST to avoid additional
LF gates in this fan-shaped part of DAG which connected with
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Distribution of Tpath(v) in C432
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Fig. 8. Thaen(v) distribution in C432 and C880.

gate v. This operation leads to additional leakage current. Mean-
while, some of these gates with ST are LF gates; the change of
LF gates back into gates without ST will also lead to “y” leakage
current saving. Therefore, we define another weight value for
each LF gate as

Y (Lupoli) = 1u(@)) =7 > LF(j) (29)

ieVi(v) JEV2(v)

AP(v) =

where Vi (v) is the vertex set in which should be changed back
into gate without ST due to the change of gate v; V(v) belongs
to V1 (v), and all gates in V(v) are LF gates. Notice that, gate v
belongs to both V;(v) and Va(v). Vi (v) and Va(v) are derived
by examining each gate during breadth-first search from v back
to PI. The LF Reduction Algorithm is shown in Fig. 9.

V. IMPLEMENTATION AND EXPERIMENTAL RESULTS

A. Implementation

All ISCAS’85 benchmark circuit netlists are synthesized
using Synopsys Design Compiler and a TSMC 0.18-pm
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LF Reduction Algorithm
1. Run BFS, add each LF gate in Queue QrFp
2. For each LF gate v in Qrp,
If AP>0
LF(v) remains 0
Else
ST(i) =0,LF (i) =0,i € Vi (v)
3. Calculate Npr and Ijeqk

Fig. 9. LF reduction algorithm.

standard cell library. A leakage current look up table of all
the standard cells without ST is generated using HSPICE.
In addition, every A(v) in (2) for all the standard cells is
estimated using the HSPICE simulation results under different
(W/L),. The values of various transistor parameters have been
taken from the TSMC 0.18-um process library. Vpp = 1.8 V,
Vranigh = 500 mV, Vrgiew = 300 mV, and Ionx = 200 pA are
set for all the gates in the circuit. The timing constraints are set
up with a static timing analysis (STA) tool [10], and the MILP
and LP models for ST placement phase and ST sizing phase are
automatically generated. An LP solver named Ip_solve! is used
to solve the models. The heuristic algorithm for ST placement
phase is implemented using MATLAB. The simulations are
conducted on a 1.83 GHZ CPU, 1.5 G memory computer.

We assume 1 < (W/L), < 16, corresponding to a least delay
variance of 6% if ST is assigned to all the gates in the circuit.
We perform our two-phase FGSTI technique by first using the
MILP model to get value of ST(v) for all the gates in the cir-
cuit and then solving the LP model to get the optimal (W/L),
based on the results of ST(v). The MILP model to simultane-
ously determine ST placement and sizing are also solved using
the same LP solver under the same set of parameters in order
to compare the results with our two-phase FGSTI technique. At
last our heuristic algorithms for ST placement phase are per-
formed to show the runtime merit over MILP method with an
acceptable loss of accuracy.

B. MILP Model for ST Placement Phase

1) ST Placement Without Considering LF Gate: For 0%, 3%,
5% circuit slowdown, a valid solution can not be derived from
conventional fixed slowdown method. Thus, the leakage current
saving for 0%, 3%, 5% circuit slowdown are compared between
our two-phase FGSTI technique and MILP method [24]. As
shown in Table III, our two-phase FGSTI technique can achieve
78.91% leakage saving even if the circuit slowdown is not in-
fluenced. When the circuit slow down is 3%, 5%, the leakage
saving of our two-phase FGSTI technique is 92.55%, 97.97%,
respectively. Because of less approximation in MILP model
of ST placement phase, more leakage saving is achieved com-
paring with the simultaneous ST placement and sizing method
[24]. The leakage saving is about on average 2% more than the
MILP method.

In Table IV, we show that our two-phase FGSTI technique for
some circuits can achieve impressive runtime savings compared
with the simultaneous ST placement and sizing method [24].
The runtime saving is largely caused by two reasons: one is the
two-phase procedure of FGSTI technique and the other is less

I[Online]. Available: http://groups.yahoo.com/group/Ip_solve/
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TABLE III

LEAKAGE CURRENT COMPARISON BETWEEN TWO-PHASE FGSTI AND MILP METHOD [24] (pA)

ISCASS8S Original Total 0% circuit slowdown 3% circuit slowdown 5% circuit slowdown
Benchmark Licak Gate | Two-phase FGSTI | MILP Two-phase FGSTI | MILP Two-phase FGSTI | MILP
Circuits Num. Ileak ST Ileak | ST Ileak: ST Ilealc | ST Ileak: | ST | Ilealc | ST
C432 4609.4 169 1759.3 130 1964.9 127 463.7 151 463.7 151 205.5 157 205.5 157
C499 21374.9 204 14479.8 97 14587.3 101 805.9 189 1451.8 164 105.3 200 757.4 189
C880 9261.3 383 619.2 352 619.2 352 2322 370 364.9 365 126.1 375 126.1 375
C1355 11874.5 548 6417.4 308 6712.3 287 5099.4 402 5220.4 386 945.2 535 4382.8 417
C1908 23418.2 911 2498.8 830 3177.8 831 590.0 878 1296.4 882 224.5 900 258.2 900
C2670 35191.3 1279 1356.6 1235 1382.0 1235 364.8 1264 667.6 1260 161.9 1274 269.8 1270
C3540 40369.7 1699 2060.4 1617 2251.2 1612 1020.4 1658 1558.7 1637 270.4 1690 611.1 1675
C5315 56292.2 2329 1660.9 2253 1841.9 2254 788.6 2293 1025.5 2283 433.8 2312 593.6 2305
C6288 40968.8 2447 7427.8 1948 8083.8 1903 2545.6 2282 3042.1 2248 977.7 2385 1088.5 2382
C7552 85523.9 3566 3012.4 3415 4190.7 3385 1320.2 3504 2004.9 3471 682.4 3539 975.9 3519
Saving N/A N/A 78.91% N/A 77.49% N/A 92.55% N/A 91.24% N/A 97.97 % N/A 94.55% N/A
Additional Leakage Saving:
(MILP - Two-phase)/MILP 6.31% 14.95% 62.75%
TABLE 1V
RUNTIME COMPARISON BETWEEN TWO-PHASE FGSTI AND MILP METHOD [24] (TIME IN SECONDS)
ISCAS85 0% circuit slowdown 3% circuit slowdown 5% circuit slowdown
Benchmark Two-phase FGSTI | MILP Two-phase FGSTI [ MILP Two-phase FGSTI | MILP
Circuits Placement | Sizing | Total | Placement | Sizing [ Total | Placement | Sizing | Total |
C432 0.49 1.23 1.73 32.05 1.50 1.59 3.10 1905.09 0.55 1.63 2.18 635.02
C499 3.86 1.45 5.31 75.0 2400.80 2.39 2403.19 154825.17 23.30 2.94 26.24 99610.59
C880 0.35 7.62 7.97 134.11 0.50 6.58 7.08 2973.73 0.321 6.34 6.67 958.77
C2670 43.61 107.80 15141 22121.92 42.53 221.73 264.27 27438.11 4.25 176.45 180.70 | 57462.64
TABLE V
COMPARISON BETWEEN MULTI-OBJECTIVE ST PLACEMENT (M-STP) AND ST PLACEMENT WITHOUT CONSIDERING THE LF GATE (STP-WO)
ISCASS85 0% circuit slowdown 3% circuit slowdown 5% circuit slowdown
Bench Licak LF/ ST licak LF/ ST Licak LF/ ST
Circuits | M-STP | STP-WO | M-STP | STP-WO | M-STP | STP-WO | M-STP | STP-WO | M-STP | STP-WO | M-STP | STP-WO
C432 2954.6 1759.3 10/59 37/130 1243.37 463.7 4/111 31/151 586.6 205.5 3/132 19/157
C499 15340.9 14479.8 25/71 78/97 1437.9 805.9 12/159 48/189 636.4 105.3 6/182 32/200
C880 1292.3 619.2 11/315 105/352 5414 2322 6/359 68/370 255.7 126.1 3/370 46/375
C1355 7827.5 6417.5 40/248 206/308 5604.5 5099.4 51/381 134/402 1570.5 945.2 8/512 64/535
C1908 4535.9 2498.8 24/782 261/830 1040.2 590.0 8/862 171/878 357.6 224.5 5/895 83/900
C2670 1900.8 1356.6 22/1214 293/1235 833.1 364.6 3/1248 193/1264 328.0 161.8 2/1265 98/1274
C3540 2680.0 2060.4 41/1588 368/1617 1686.9 1020.4 11/1628 | 246/1658 521.8 2704 4/1683 122/1690
C5315 7122.1 1660.9 14/2193 428/2253 5191.1 788.6 9/2270 294/2293 4284.5 433.8 7/2302 148/2312
C6288 10371.5 7427.8 170/1752 | 800/1948 3709.7 2545.6 81/2203 | 485/2282 1598.1 977.7 29/2350 | 213/2385
C7552 3877.0 3012.4 120/3378 | 937/3415 2067.8 1320.2 37/3461 577/3504 945.6 682.4 21/3524 | 256/3539
Average 71.0% 78.9% 9.3% 37.1% 88.2% 92.5% 3.3% 19.8% 95.2% 98.0% 1.1% 9.9%

variables and constraints used in MILP model for ST placement.
For example, in circuit C432, there are only 271 constraints and
338 variables in our MILP model for ST placement; however, in
[24], the MILP model has 2975 constraints and 1183 variables.
Although MILP problems need a long time to solve, some of
the benchmark, especially the small ones, at least 10X runtime
saving can be achieved using our two-phase FGSTI method. We
only list the results of four benchmarks, because other bench-
marks take hours to get the optimal results. The stopping time
criteria is set to four hours for larger circuits.

2) ST Placement Considering LF Gate: As we mentioned
before, (W/L), = 16 corresponds to a delay variance of 6% if
ST is assigned to all the gates in the circuit [24]. Thus, when the
circuit slowdown varies in the range of 6% circuit original delay,
ST cannot be assigned to every gate in the circuit. The LF gate
should be used when a gate with ST is driving a gate without ST.
The results of our multi-object ST placement (M-STP) and the
ST placement without considering the LF gate (STP-WO) are
compared in Table V. The weight value -y is assumed to be 100.

In Table V, if the LF gate is not considered during ST
placement, on average 37.1% of the gates with ST should be
changed into leakage feed back structure if there is no circuit
slowdown. When circuit slowdown is 3% and 5%, on average
19.8% and 9.9% of the gate with ST should be changed into LF
gate, respectively. When the circuit slowdown is 0%, some of
the benchmarks, such as C499, C1355, need to change 80.4%
and 66.4% of normal ST gates into LF gates. This will lead
to a large area increasing due to large number of high Vg
feedback inverters and help ST’s. As the LF gate is considered
during the multi-object ST placement, the LF gate number is
about 9.3%, 3.3%, and 1.1% of the total gates with ST when the
circuit slowdown is 0%, 3%, and 5%, respectively. Meanwhile,
the difference of leakage reduction rate is only 7.9%, 4.3%, and
2.8%. For the two typical benchmarks mentioned previously:
C499 and C1355, the LF gate becomes 35.2% and 16.1% of the
gates with ST, respectively, when the circuit slowdown is 0%.

Furthermore, the weight value v can be used to control the
tradeoff between leakage reduction rate and the LF gate number.
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TABLE VI

DIFFERENT WEIGHT VALUE v FOR C880 (pA)

1111

€380 0% circuit slowdown 3% circuit slowdown 5% circuit slowdown
Tieak | ST | LF | Tjear | ST [ LF | Tieqw | ST | LF
¥=0 619.2 352 105 2322 370 68 126.1 375 46
vy =10 630.7 352 25 252.2 369 14 157.5 375 7
v =50 723.6 350 21 365.6 366 10 199.7 373 4
vy = 100 12923 | 315 11 541.4 359 6 255.7 370 3
v = 200 24159 | 263 2 1034.1 330 2 479.5 357 1
TABLE VII
RESULTS OF LEAKAGE AND LF GATE USING HEURISTIC ALGORITHM DURING ST PLACEMENT PHASE
ISCAS85 0% circuit slowdown 3% circuit slowdown 5% circuit slowdown
Benchmark Step I Step II: Step III: Step I Step II: Step III: Step I Step II: Step III:
Circuits v =0 ~ = 100 v =0 ~ = 100 v=0 ~ = 100
Npr Tjeqk | LF/ST Tleak LF/ ST Ngr Tleql | LF/ST Tleak LF/ ST Ngp Tleqk | LF/ST Tleak LF/ ST
C432 89 2304 35/120 4042 2/28 88 1847 23/134 2990 1/78 70 735 10/150 1304 3/134
C499 164 4038 34/157 6270 8/113 164 2971 17/173 4208 5/161 131 863 4/195 1250 1/192
C880 75 682 26/349 1951 3/297 55 396 17/361 1420 4/328 46 278 8/368 707 0/347
C1355 436 3607 55/348 5575 8/296 436 2422 30/376 3634 8/354 434 1422 8/447 1547 0/439
C1908 296 2914 52/809 5616 8/727 230 1302 28/848 2446 1/794 160 823 19/866 1491 0/832
C2670 217 1472 32/1321 3202 9/1198 126 675 13/1251 1349 4/1239 67 274 3/1267 406 1/1265
C3540 376 2543 80/1600 6152 11/1476 241 1158 40/1657 3444 10/1596 157 716 18/1675 1565 2/1641
C5315 339 2216 73/2220 4890 512124 192 1101 31/2273 2216 1/2230 109 525 15/2304 1205 1/2279
C6288 1565 9215 397/1828 17115 0/1374 1274 8068 333/1902 14396 0/1548 943 3782 156/2193 6818 0/2023
C7552 585 4115 107/3381 8233 8/3237 376 1725 42/3489 3448 3/3426 222 841 15/3533 1328 0/3510
Average 60.1% 83.9% 11.6% 70.7% 2.1% 65.4% 88.7% 6.7% 80.4% 0.9% 72.3% 94.8% 2.4% 91.3% 0.3%

Four different weight values: 10, 50, 100, 200 are used in our
MILP model for C880. Table VI shows the leakage current and
LF number under different weight value. As in Table VI, when
the circuit slowdown is 0%, a larger weight value -y should be
chosen to reduce the LF gate number; when the circuit slow-
down is becoming larger, the original LF gate number without
any optimization reduces to a low level, thus a smaller weight
value «v can be used to get a larger leakage reduction rate with
an acceptable LF gate number.

The runtime for solving the previous MILP model of ST place-
ment is not stable, it will be time consuming for many circuits;
hence heuristic algorithms are needed to get near optimal results
with a very fast speed. However, the heuristic may lead to local
optimal and can not guarantee the optimality of the result; thus,
the results of MILP models can be used as a reference.

C. Heuristic Algorithm for ST Placement Phase

Our three-step heuristic algorithm is developed to accelerate
the computation speed within acceptable loss of accuracy. As
shown in Table VII, after Step I, DAG pruning, when the circuit
slowdown is 0%, 3%, and 5%, about 60.1%, 65.45%, and 72.3%
of total gates are deleted from the original circuits, thus, problem
size is greatly reduced. Ng in Table VII represents the gate
number in Vi,,. The second step ST Assignment can be consid-
ered as the MILP method without considering LF gate and is
explained in Section ITI-A 1. Our second step can achieve similar
leakage reduction rate compared with the results of two-step
MILP method shown in Table V. For C499 and C1355, our algo-
rithm leads to even smaller leakage, especially when the circuit
slowdown is 0%; meanwhile the average difference of leakage
reduction rate for other circuits is about 4% of original leakage
current. The MILP models for C499 and C1355 may not converge
well using the MILP solver. Furthermore, because potential LF
reduction is considered by using Forward Selection during ST
Assignment Algorithm, the LF gate number is much less than the
MILP method in Table V. When the circuit slowdown is 0%, 3%,

and 5%, the LF gate is only 11.6%, 6.7%, and 2.4% of total
gate with ST.

In Step I1I, the weight value + is also assumed to be 100. The
LF gate number is reduced to below 3% of the total gate with
ST while the difference of leakage reduction rate is only 13.2%,
8.3%, and 3.5% when the circuit slowdown is 0%, 3%, and 5%,
respectively.

As shown in Table VIII, the computation time of our heuristic
algorithm is linear with the circuit size. As the MILP method is
very time-consuming, our heuristic algorithm appears control-
lable and promising for a larger circuit design.

Finally, as discussed in Section IV-B, the leakage reduction
rate of each circuit relies on its Tpatn(v) distribution, which
gives us an intuitional evaluation about the percentage of gates
that can be optimized. For C432, because of a high percentage of
gates are with large Tp,a¢n(v), only 50% leakage current can be
reduced when the circuit slowdown is 0%; on the other hand,
C880 shows that a small percentage of gates are with large
Tpatn(v), so that the leakage reduction rate can achieve 92%
which is very high when the circuit slowdown is also 0%. There-
fore, the Tpath(v) distribution shows the potential of leakage re-
duction rate in a certain circuit to the designers.

D. Linear Programming Model for Optimal ST Sizing

When the circuit slowdown is less than 6%, ST sizing phase
is performed using the ST information of each gate decided in
the ST placement phase. The optimal ST sizing method is used
to get all the leakage current values in Tables III-VII.

When the circuit slowdown is larger than 6%, ST can be as-
signed to all the gates in the circuits, the two-phase procedure of
FGSTI technique is reduced into one phase: ST sizing. The LP
model for ST sizing can be solved to get the same result as op-
timal sizing method in [25]. We compare the area penalty with the
fixed slowdown method and the MILP method in Table IX. With
7% circuit slowdown, our ST sizing LP model causes 75.48% ST
area saving compared to fixed slowdown method and the result
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TABLE VIII

RUNTIME OF HEURISTIC ALGORITHM FOR ST PLACEMENT PHASE (TIME IN SECONDS)

ISCAS85 0% circuit slowdown 3% circuit slowdown 5% circuit slowdown
Benchmark | Heuristic Algorithm v = 100 Heuristic Algorithm v = 100 Heuristic Algorithm v = 100
Circuits Step I Step II Total Step I Step II Total Step I Step II Total
C432 0.016 0.328 0.422 0 0.297 0.36 0.016 0.14 0.219
C499 0 0.875 0.969 0 0.828 0.922 0 0.375 0.469
C880 0.015 0.422 0.765 0 0.39 0.703 0.016 0.359 0.688
C1355 0.016 12 12.672 0.016 15.375 16.047 0.032 14.406 15.094
C1908 0.047 4.016 5.891 0.046 2.563 4.437 0.047 2.141 4
C2670 0.078 4.172 7.781 0.062 3.86 7.422 0.063 3.703 7.313
C3540 0.109 9.578 15.937 0.125 7.359 13.703 0.125 6.75 13.079
C5315 0.204 15.156 27.079 0.203 13 24.906 0.204 12.312 24.204
C6288 0.391 103.437 116.844 0.391 90.641 103.953 0.375 34.656 47.906
C7552 0.407 47.828 75.579 0.406 32.782 60.484 0.422 29.36 57.078
TABLE IX
ST S1ZING RESULTS COMPARED WITH MILP AND FIXED SLOWDOWN METHOD
ISCASS8S 7% circuit slowdown 9% circuit slowdown
Benchmark ST MILP Fixed ST MILP Fixed
Circuits Sizing Slowdown | Sizing Slowdown
C432 714 714 2317.72 596 597 1802.67
C499 1146 1146 2797.72 959 959 2176.01
C880 876 876 5252.58 780 780 4085.35
C1355 3365 3364 7515.44 2719 2720 5845.35
C1908 2355 2355 12493.73 2081 2081 9717.36
C2670 2087 2088 17540.59 1937 1937 13642.71
C3540 3371 3371 23300.60 3160 3160 18122.72
C5315 4292 4293 31940.60 3917 3918 24842.74
C6288 11733 11733 33558.89 9610 9611 26101.41
C7552 8980 8981 48905.19 8197 8197 38037.45
Area saving 75.48% N/A N/A 73.0% N/A N/A

is almost the same with MILP method. In Table IX, ST area is
calculated using (18), just summing up all the (W/L),, since
the transistor channel length of ST is a constant.

VI. CONCLUSION

In this paper, we present a novel two-phase FGSTI technique
to reduce the leakage current. Simple leakage current and delay
models for our two-phase FGSTI technique are proposed and
analyzed to prove the rationality of our method. ST placement
and sizing are modeled using MILP and LP models respectively.
The LF gate number is reduced during the ST placement phase.
Both LP-solver and heuristic algorithms are used to solve the
MILP model. Our experimental results show that our two-phase
FGSTI technique leads to 2% more leakage saving and at least
10x runtime saving compared with simultaneous ST placement
and sizing method using MILP. The LF gate number can be re-
duced and controlled using our multi-object model when the cir-
cuit slowdown is below 6%. Our heuristic algorithm is much
faster and more stable than the MILP method. When the circuit
slowdown is larger than 6%, the two-phase FGSTI can achieve
75.48% ST area saving comparing with fixed slowdown method.
In conclusion, two-phase FGSTI technique is reasonable from

our results. For the future work, the detailed comparison be-
tween the FGSTI and BBSTI techniques should be carefully ex-
amined in the physical level, such as place and routing penalty.
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