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Fine Grain Seep Transistor Insertion for Leakage Reduction
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Abgtract : A fine-grain sleep transistor insertion technique based on our simplified leakage current and delay mod-
els is proposed to reduce leakage current. The key idea is to model the leakage current reduction problem as a
mixed-integer linear programming (ML P) problem in order to simultaneously place and size the sleep transistors
optimally. Because of better circuit slack utilization, our experimental results show that the ML P model can save
leakage by 79.75 %, 93.56 %, and 94. 99 % when the circuit slowdown is 0 %, 3%, and 5%, respectively. The
ML P model also achieves on average 74. 79 % less area penalty compared to the conventional fixed slowdown
method when the circuit slowdown is 7 %.
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1 Introduction

With technology stepping into the submicron
region, power issues have already reached a bot-
tleneck in the design of portable and wireless elec-
tronic systems. The total power dissipation con-
sists of dynamic power, short circuit power, and
leakage power, and can thus be expressed as

Pota =

denamic + Pleakage + Pshortcircuit
N
= »Z(éuifcivéo + 11.iVoo +0fQshort,i1Vop)

(1)
where f is the operation frequency, Voo is the
supply voltage, and N is the number of gates. O ,
Ci, h.,i, and Qsnort,i are the transition probability,
load capacitance, leakage current, and short cir-
cuit charge of the i-th gate, respectively. The be-
havior of the short circuit power dissipation re-
mains at around 10 % of the total power dissipa-
tion'” . With the development of fabrication tech-
nology, leakage power dissipation has become
comparable to switching power dissipation® . At
the 90nm technology node, leakage power may
make up 42 % of total power™ .
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Fig.1 Fine-grain versus cluster-based ST insertion
(a) Fine-grain gate level ST insertion; (b) Cluster
based block level ST insertion

New techniques are necessary to reduce leak-
age power. Leakage control methods can be
broadly categorized into two main categories:
process level and circuit level techniques'™. At
the process level, leakage reduction can be a-
chieved by controlling the dimensions (length,
oxide thickness, junction depth, etc.) and doping

* Project supported by the National High Technology Research and Devel opment Program of China (Nos. 2004AA1Z71050, 2005A A 1271230)
and the National Natural Science Foundation of China (Nos. 90207001, 60506010)

t Corresponding author. Email : yanghz @tsinghua. edu. cn
Received 26 October 2005

€ 2006 Chinese Institute of Electronics



2 Yang Huazhong et al. :

Fine-Grain Sleep Transistor Insertion for L eakage Reduction 259

profile in transistors. Here we talk about circuit
design techniques, namely, adapt body bias'® ,
DV TS, input vector control® | dual- V. assign-
ment ™! | and multi-threshold CMOS (ST inser-
tion) .

Among these, multi-threshold CMOS (M TC-
MOS) is a valuable technique f or reducing leakage
power in the circuit standby mode. The M TCMOS
technique consists essentially of placing a sleep
transistor between the gates and the power/
ground (P/ G) net in order to put them into sleep
mode when the circuit is in standby. The most
popular M TCMOS technique is gating the power
of sizable blocks using large sleep transistors
which assumes that all gates have a fixed slow-
(1 151 However, in recent years the use of
sleep devices at the gate level™ ™ (Fig. 1 (a)),
which has some advantages over the block level
design (Fig. 1 (b)), has raised some concern.

The existing literature on MTCMOS cir-
cuits!™ ™ present cluster based methods for sleep
transistor insertion and sizing. Reference [11]
first gives out a mutual exclusion method to re-
duce the area penalty. References[12] and[13]
present several heuristic techniques for efficient
gate clustering and try to mitigate the ground
problem by introducing an additional power pen-
alty. In Refs. [14] and[15], a distributed sleep
transistor network (DSTN) approach is proposed
which connects all the sleep devices to reduce the
area penalty.

Although cluster based methods reduce the
area penalty, they induce a large ground bounce
inthe P/ G network which has adverse effects on
circuit speed and noise immunity"®. What is
more, the sleep transistor’ s size is determined by
the worst case current of the clustering block.
However , identifying the worst case is quite diffi-
cult without comprehensive simulation!. There-
fore, it is harder to guarantee circuit functionality
for large blocks with only one sleep transistor!™ .

The finegrain M TCM OS design methodol ogy
is discussed in Refs.[1] and[16]. In Ref.[1], a
fine-grain M TCM OS design methodology and sev-
eral design rules are proposed. The authors also
make a comparison between local and global de-
vices. Reference[16] presents a selective sleep
transistor insertion methodology with better utili-
zation of circuit slack. They first select where to

down

put the sleep transistors with a heuristic method
and then solve an L P model to optimize the sleep
transistor size. The second step can give an opti-
mal size, but the first step may lead to a local op-
timal point. Furthermore, in the second step they
assume the sleep transistor size is continuous,
which is not the real case.

This paper presents three contributions to
leakage reduction through fine grain sleep tran-
sistor insertion.

(1) Our newly developed leakage current and
delay models of asingle gate are proposed, which
are much simpler and more exact than the onesin
traditional fine grain sleep transistor insertion
strategies.

(2) A formal mixedinteger linear model of
the leakage current reduction problem provides
the designers with the relation between leakage
current and circuit constraints, and makes it pos-
sible to simultaneously select and optimize the
place to put the sleep transistors and the size of
the sleep transistors. The model can be solved
when the circuit slowdown is not long enough to
perform the conventional fixed slowdown based
sleep transistor insertion. Even if the circuit per-
formance is not affected, our model can save an
impressive amount of leakage. Furthermore, if
the conventional fixed slowdown method can be
performed, our method still leads to better leak-
age saving and a much smaller total sleep tran-
sistor size.

(3) The model can be solved with a discrete
sleep transistor size constraint which is more prac-
tical in real life.

2 Prédiminaries

First we define leakage current and the delay
model. A cell-based design flow with a given cell
library is used. We assume that sleep transistors
with variable sizes, which are determined by the
process technology, are used in our fine-grain
sleep transistor insertion design. A combinational
circuit is represented by a directed acyclic graph
(DAG) G=(V, G). A vertex v V represents a
CMOS gate from the given library, while an edge
(i, ) E, i, j V represents a connection
from vertex i to vertex j. We define I, (v),
D(v) as the leakage current and delay of gate v
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respectively.
2.1 Leakage current model

The average leakage power dissipation
Pleakage ( G) of the circuit can be expressed as the
product of the average leakage current and power
supply voltage.

Pleakage (G) = Voo X 1( G) (2)
The circuit average leakage current can be calcu-
lated as the sum of the individual gates’ average
leakage current. The leakage current of a CMOS
gate is determined by its structure and input pat-
tern. We define the probability of a gate v under
input pattern IN as PB(v, IN). Thus the leakage
current of a gate vin the circuit can be expressed
as:

Lh(v) = EIu(V,IN) x PB(v,IN) (3

where I (v, IN) isthe leakage current of gate v
under input pattern IN.

In our fine-grain sleep transistor insertion de-
sign, the leakage of a gateinthecircuit is also de-
termined by whether the sleep transistor is insert-
ed into this gate or not. For the gates without
sleep transistor, we create a leakage reference ta-
blefor I (v, IN) by simulating all the gatesin the
standard cell library under all possible input pat-
terns. Thus the leakage current 1Y ° (v) can be
expressed as

IMe(v) = zh(v,IN) x PB(v,IN) (4)

The subthreshold leakage currents with sleep tran-
sistors are given by Ref. [17]:
1T (v) =HMnCu (W L) VS e 1- e'_vvf)
(5)
wherel, is the n-mobility, Cu is the oxide capac-
itance, Vthngh is the high threshold voltage, Vris
the thermal voltage, n is the sub-threshold swing
parameter, ( W/ L) represents the size of the
sleep transistor inserted to gate v. As we will ex-
plain below, Vs is the voltage drop Vx which is
decided by (W/ L)., and thus the relationship
between It" and (W/ L) is complicated. Here we
present our simplified leakage current I7' (v)
model :

IPT = A(v) + B(v) x (W/L). (6)
where A(v), B(v) are constants that are decided
by the gate type.

Consider two standard cells: a twoinput
NAND and afour-input AND with fixed structure
and size in the given library. We add high thresh-
old voltage sleep transistor to the gates, and com-
pare the leakage current of the gates with differ-
ent sleep transistor sizes. Referring to our model ,
we can give the A(v) , B(v) of the NAND2 and
AND4 respectively: 1.31774, 0.01128; 1.67104,
0.01514.

Table 1 L eakage current with different sleep transistor sizesin NAND2 and AND4

L eakage current in NAND2 / pA L eakage current in AND4 / pA

Hspice Our_model Error Hspice Our_model Error
w/ o ST 18.8938 N/ A N/ A 22.67189 N/ A N/ A
W/L=1 1.333825 1.32902 - 0.36% 1.692819 1.68618 -0.39%
W/L=1 1.33615 1.3403 0.31% 1.695831 1.70132 0.31%
Ww/L=1 1.3618 1.36286 0.08 % 1.730075 1.7316 0.09 %
Ww/L=1 1.407875 1.40798 <0.01% 1.791681 1.79216 0.03 %
W/ L=1 1.4988 1.49822 - 0.04% 1.914263 1.91328 - 0.05%

Notice IT' (v) is still sensitive to the input
pattern. The data shown in Table 1 are the aver-
age leakage currents assuming all the input pat-
terns have same probability. As shown in Table
1, the error is less than 0. 39 %, and the original
leakage current without sleep transistor is at least
15 times larger than I (v). We estimate every
A(v) and B(v) for all the standard cells and find
that, on average, the B(v)’ s are around 1 % of
A(v) , and thus the variation range of Ii" (v) is

about 15 % of A(V).

Thus we use alookup table to model the leak-
age current of gates with no sleep transistor, and
linear equations to model the leakage current of
gates with sleep transistors. As we can see, our
leakage current model for a single gate is very
simple and accurate.

2.2 Delay model

In our fine-grain sleep transistor insertion de-
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sign, we have to insert sleep transistorsinto the o-
riginal gates in the given library. As shown in
Ref.[18], the delay of the gate is aff ected by the
sleep transistor insertion. The load dependent de-
lay D °(v) of gate v without sleep transistors
can be expressed as

W o _ KC Vop
D (v) = (Voo - VTHIow)a )
where C., Vtuow,O, and K are the load capaci-
tance at the gate output, the low threshold volt-
age, the velocity saturation index, and the pro-
portionality constant respectively. The propaga-
tion delay D°" (v) with the presence of sleep tran-
sistors of gate v can be expressed as

ST _ KC Voo

DT = Ve - 2V - Vi) ©
where Vxisthe Vs of the sleep transistor, which
is the voltage drop from Voo to the virtual Voo as
shownin Fig. 1. We defineA D(v) as the differ-
ence between D" ° and D" (v)

AD(v) = D (v) - DY°(v) (9)
Referring to Egs. (6 8), we can get an approxi-
mateA D (v) with negligible difference using the
Taylor series expansion:

AD(v) = D (y) - D”°(v) =

[[1 - —ZH " 1 D"°(v)
Voo - Vrhion
A R L
- [a vV LR v vTHmW)ZJ *

DW/O(V)A= (er +GT+J|—2V2X) X DW/O(V)

(10)

We use a constant =2/ (Voo - VtHow) tO
simplify Eg. (9) since Vrthow @, Voo are all tech-
nology-dependent constants. We suppose lon (V)
is the current flowing through the sleep transistor
in the gate v during the active mode and can be

expressed as!™®
2

low (V) = o Coc (W/ L)« (Voo - Vreman) Vi - 12")

= Hn Cox(W/ L)V(VDD - VTHhigh) Vx (11)
Thus the voltage drop V« in gate v due to sleep
transistor insertion can be expressed as

V, = lon (V) 1
* M Cox (Vbop -V THhign) (W/'L)y
=W(v) x (W/ L)V (12)

Here we use W (v) tosimplify the equation. From
above we can getA D(v) as

AD(v) =
[rw(v) x (wr L)t + 2w 0 (wy L)'sz
x D" °(v) (13)

From Eg. (10) , we cansee that Visslightly
larger than the actual value, and thusA D(v) is a
little bit larger than the actual value, which
makes it more feasible for our model to maintain
the timing constraints of the circuit.

3 ML P mode construction

We now construct an ML P model for the sim-
ultaneous placement and sizing of sleep tran-
sistors. There are only two states for each gate v:
with sleep transistor and without sleep transistor.
We therefore define a binary variable ST(v) to
represent gate v’ s sleep transistor state, where
ST(v) =1for a gate v with a sleep transistor in-
serted and ST(v) =0 for a gate v without a sleep
transistor.

3.1 Objective function

We use Eq. (3) as a basis to construct the ob-
jective function. Note that the leakage current of
gate v, |, (v) , can be written as

h(v) = 1"°(v) x (1- ST(v)) + IFT xST(V)
(14)
Therefore we represent the total leakage current
by
1(GQ) =
Z(hw"’(v) x (1-ST(v)) + IF" xST(v))

(15)

Referring to Egs. (3) and (5), we can replace

Equation (13) with

1(G) = Z

{[ Zh(V,IN) x PB(v,IN)J x[1-ST(V)] +

[A(v) + B(v) x (W/L).] XST(V)}

(16)
where ST (v) and (W/ L), are the variables
which determine where to place and how to size
the sleep transistor respectively.

3.2 Timing congraints

First we consider the primary input (Pls) and
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output (POs) gates of the circuit. The arrival
times ta of all the Pls are set to zero, while the
required times of all the POs are less than the o-
verall circuit delay Treq.

ta(m) =0, m PI (17)

ta(n) + D(n) < Teg, n PO (18)

Then we notice that the sum of gate v’ s arrival
time and its delay must be less than or equal to the
arrival time of gate v' s fanout gates. That is to
say, V(i,j) E,i,j, V, we can derive the
constraint as:

ta(i) + D(i) = ta(j) (19)
Since we have already induced the definition of
ST(v) , we can rewrite the delay of gate v as

D(v) = DY°(v) +AD(v) xST(v)

= D"°(v) +TW(v) DY°(v) x (W/ L)' xST(v)

+QT+]|_2LP(V)2DW’°(V) x (W/ L)32 x ST(v)
(20)
3.3 Linearization condraints

First we define variable W (v) for each gate,
where WL (v) = (W/ L)y =2"", WLN (v) =
(W/L)et =2"  WLN2(v) = (W/L):? =
272" and W(v) [0, Wm]. We use a similar
piecewise linear approximation technique in Ref.
[19] to linearize these exponential expressions
with inequalities:

WL (v) =2 x W(v) + (1- k) x2%,
k=0,1, , Wma
WLN(v) =- 2 x W(v) + (1- k) x2°,
Kk =- Wmnax, - Wmx +1, ,0
WLN2(v) =- 2" x2W(v) + (1 - k) x2°,
K=-2Wmax, - 2(Wmax +1), ,0

Secondly, in Egs. (15) and (19) , aset of itemsto
be linearized is
WS(v) = (W/ L)y xST(v) = WL (v) XxST(v)
WSN (v) = (W/ L)' xST(v) =
WLN(v) xST(v)
WSN2(v) = (W/L)y* xST(v) =
WLN2(v) xST(v)
where WL (v), WLN (v), WLN2(v) are real
variables while ST(v) is binary. Asin Ref.[19],
C=BA where A is a binary variable and M is an
upper bound of B, islinearized as follows:
0=C=B
C = MA
C=B- M(1- A)

Since W(v) [0, Wmax], WL(V), WLN(V),
and WLN2(v) all have upper bounds. This com-
pletes our ML P model for leakage minimization.
The general form of our ML P model is given in
Fig. 2.
Minimize:

(e =3,
(31 (v N xPB(v.IN)) x[1-ST(W)]

+ A(v) XxST(v) +B(v) XWS(V)}

Subject to:
{ Timing constraints}
ta(m) =0, m Pl

ta(n) + D(N) <Twq, n PO
ta(i) + D(i) <ta(j), V(i,j)) E,i,j V
D(v) = D" °(v) +FT'¥Y(v) DY °(v) x WSN (V)

O%JFZLP(V)ZDW"’(V) x WSN2 ( v)

{Linearization constraints for WL (v) ,WLN (V) ,
WLN2(v) ,WS(v) ,WSN (V) ,WSN2(Vv)}
{Variable bounds}

0=<W(V) <Wmx, VvV V

ST(v) are binary variables

Fig. 2 ML P model for leakage minimization

3.4 ML P modd with discrete size constraint

In our ML P model presentedin Fig. 2, W(v) is
treated as a continuous real variable, which is not
the real case. Therefore we add a constraint that
the W (v)'s must be integers, which means the
sizes of the sleep transistors are powers of two. It
is clear that we can change the constraints to fit
other discrete conditions of the sleep transistors’
sizes. We name the ML P model with continuous
size constraints ML P-C, and the ML P model with
integer size constraints as ML P-D.

4  Implementation and experimental
results

We use ISCAS85 benchmark circuits to evalu-
ate our ML P model. The netlists are synthesized
using the synopsys design compiler and a TSMC
0. 181 m standard cell library. The leakage current
reference table is generated by HSPICE with a
TSMC 0.18 m CMOS process and a 1.8V supply
condition. The values of various transistor param-
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eters have been taken from the TSMC library.
For all the gates in the circuit, V rhnign = 500mV ,
Vrhow =300 MV, lon =200 A. The experiments
are set up with a specialized static timing analysis
(STA) tool™ to automatically generate the tim-
ing information. The ML P models can be solved
by various L P solvers. Here we use an L P solver
named Ip_solve®™ . We assume Wmx =4, that is
tosay:1 <(W/ L), <16 , corresponding to a least
delay variance of 6 %. Thusfor 0%, 3%, and 5 %

circuit slowdowns, we cannot get a valid solution
through the conventional fixed slowdown meth-
od. On the other hand our ML P model can save
leakage current by an impressive amount. When
the performance slowdown is 7% and 9 %, the
conventional fixed slowdown method is imple-
mented with alarger area penalty and less leakage

current is saved compared with our ML P-C mod-

el.

Table 2 L eakage current saving through ML P-C model and fixed-slowdown method

ISCAS85 Origina 0% 3% 5% 7% 7 % fixed 9% 9 % fixed
benchmark circuits lieak/ pA MLP-C/pA  MLP-C/pA MLPC/pA MLPC/pA slowdown/pA MLP-C/pA slowdown/pA
C432 5874.30 2177.01 541.24 302.50 251.97 284.04 249.617 273.74
C499 24680. 41 10295. 4 698.04 376.29 367.28 400. 314 363.54 387.88
C880 11636. 60 1237.92 765.195 633. 96 591.67 679.20 589.75 655. 85
C1355 14793.67 5625. 89 1149.33 856. 96 834.85 917.86 821.95 884. 46
C1908 28369. 39 3199.31 1558.53 1344.22 1334.86 1537.64 1329.39 1482.11
C2670 43212.81 3382.23 2124.93 2000. 58 1995.78 2304.83 1992.74 2226. 86
C3540 51098. 54 4326.21 3078.78 2627.25 2619.62 3018. 22 2613.9 2913.15
C5315 71369. 01 5142.03 4127.72 3759.77 3633.8 4186.75 3626. 29 4044.78
C6288 53758. 63 10760 5011.99 3957.93 3606. 19 4042.71 3563. 75 3893. 56
L eakage saving N/ A 79.75% 93.56 % 94.99 % 95.24 % 94.61 % 95.28 % 94.80 %
Table 3 Comparison between ML P-C and fixed-slowdown
ISCAS85 7% MLPC 7 % Fixed slowdown 9% MLP-C 9 % Fixed- slowdown
ber?chn'\ark |ead pA ST area lead pA ST area leae! pA ST area lead pA ST area
circuits (W/'L) (W/'L) (W/'L) (W/'L)
C432 251.97 714.27 284.04 2317.714 249.617 596. 4515 273.74 1802.67
C499 367.28 1146.2072 400. 314 2797.714 363.54 959. 1344 387.88 2176
C880 591.67 876.1366 679.20 5252.571 589.75 780.1343 655. 85 4085. 333
C1355 834.85 3364. 689 917.86 7515. 429 821.95 2719.648 884. 46 5845. 333
C1908 1334.86 2354.592 1537.64 12493.71 1329.39 2081. 361 1482.11 9717.333
C2670 1995.78 2088. 2674 2304.83 17540.57 1992.74 1936.51 2226.86 13642.67
C3540 2619.62 3370.65 3018. 22 23300.57 2613.9 3160. 092 2913.15 18122.67
C5315 3633.8 4293.24 4186.75 31940.57 3626. 29 3917.95 4044.78 24842.67
C6288 3606. 19 11732.626 4042.71 33558. 86 3563.75 9610. 65 3893.56 26101.33
Average saving 95.24 % 74.79 % 94.61 % N/ A 95.28 % 72.40 % 94.80 % N/ A
Asshown in Table 2, the ML P-C model can save not as large as that mentioned in Ref. [16]. In

leakage by 79. 75 % without affecting the circuit
performance is not. When the circuit slowdown is
3% and 5 %, then 93.56 %, 94.99 % of the leak-
age is saved respectively through our ML P-C mod-
el. As we can see, our ML P-C model can save
more leakage in the 5% circuit slowdown condi-
tion than the fixed slowdown method can with a
7% or 9% circuit slowdown. However, the
difference of the saved leakage between our mod-
el and the conventional fixed slowdown method is

our experimental results, the difference of leak-
age saved between our ML P-C model and the
fixed slowdown method under the same circuit sl-
owdown condition is within 11 %. That is caused
by the different leakage current models. When
the perf ormance slowdown is larger than 6 %, our
ML P-C model can get an optimal result with all
the ST(v) =1, which leads to the same result as
optimal sizing with sleep transistors placed every-
where'*® .
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In Table 3, we compare the area penalty be-
tween the ML P-C model and the fixed slowdown
method. As we mentioned above, the difference
in leakage saved is not very large. However, our
ML P-C model can achieve a much smaller sleep
transistor area penalty. With a 7 % circuit slow-
down, our ML P-C model saves sleep transistor ar-
ea by 74. 79 % compared to the fixed slowdown
method.

When the circuit slowdown is below 6 %, not
all the gates in the circuit can use the sleep tran-
sistor scheme, and thus a MTCOMS gate may
drive a traditional CMOS gate, which can put the
output of the MTCMOS into a floating gate. We
also use a leakage f eedback gate structure'™’ in or-
der to avoid floating states. Meanwhile the results
for the area penalty imposed by the fine-grain
sleep transistor in Ref. [16] show that the area
penalty is just around 5 % through a standard cell
placement methodology.

5 Conclusion

We have presented a mixed integer linear
programming model to simultaneously place and
size the sleep transistor in our fine-grain sleep
transistor design to minimize the leakage current.
Novel leakage current and delay models of the
fine-grain sleep transistor design are presented in
order to build up the ML P model. Our ML P mod-
el can minimize the leakage current to about
79. 75 % without affecting the circuit perform-
ance. Our experimental results show that the
ML P-C model can achieve save leakage by
93. 56 % and 94. 99 % when the circuit slowdown is
3% and 5 %, respectively. The ML P-C model also
achieve on average an area penalty 74. 79 % less
than the conventional fixed slowdown method
when the circuit slowdown is 7 %.
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