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Abstract— This paper proposed a novel method to size the slegpres that have a pre-defined speed degradation afterimgsert
transistor by considering the slack time of the gates in ootieal  sleep transistors, the area of the sleep transistors canther
path in delay profile. The circuit topology was considereddttulate gqyed.

the switching factor, which consequently gave us a morerateesti- . . _— .
mation of gates’ discharge current. We implemented our aietn a !N this paper, we have made the following contributions:

4-bit adder. The proposed switching factor calculation Idoprovide ~First, the slack time has been considered to size the sleep
a more accurate estimation of switching current. In consilen transistor to save area. Second, the topology of the gates
of the slack time based on the delay profile, the equivalenstwoin the circuit has been considered to find the switching

case discharge current can be reduced, so that the numbef®d actor Thus the discharging current can be calculated more

total size of sleep transistors can be dramatically redud¢edheory, : .
the size of sleep transistor can be saved by up to a factor of @Curately. Finally, we extend the proposed sleep trasist

depending upon the design. In this paper, we also extendedléep SIZing techniques into general multicore architecture gaeh
transistor sizing techniques into general multicore atebiure. As core could have different speed to accommodate different
an example, we modeled nine cores in design. Each core isn@ssu yworkloads requirements.

with different speed degradation aliowed to process wosldiowith —— Thg rest of the paper is organized as follows: In Section
various performance requirements. Thus, a balanced ddsigmeen 2, we briefl introdgcg the tradgthionaI method to célculdtte t
power dissipation and circuit performance can be maintdirfe ) y . . . )
) ) ) size of the sleep transistor. Section 3 discusses how toHmd t
Index Terms — Low Power, Sleep Transistor, Slack Time, Mulitore  gischarge current for each gate. The algorithm used to fiad th
I. INTRODUCTION slack time as well as sizing the sleep transistor consigderin

. . slack time and gate clustering technique are presented in
As the technology scaling trends continue and beco 9 9 q P

d ve. the leak il b ction 4. Also in Section 4, we present the concept of sizing
more and more aggressive, he leakage power Will BECOMR glaep transistor in multicore processor based on wadklo
the dominant factor of the total power consumption, th

; . X . ing constrains. Section 5 shows the experimental result
leakage power reduction techniques have been mtenswg}‘a”y, we conclude the paper in Section 6.
studied in the past decade. Several component level leakage
power reduction techniques have been proposed in the past Il. SIZING THE SLEEP TRANSISTOR
a few years such aBual Threshold Voltage Partitioninff],

Variable Threshold CMOS (VTCMOR] andMulti-threshold 1" gate delay time in CMOS digital circuits with the

CMOS (MTCMOS or Sleep transistd8] presence of sleep transistor can be approximated by:
The concept oMTCMOSproposed in [3] is to insert extra . Cr.Vpp

HVT (High Threshold Voltage) transistors as sleep transist TP o 7 v e 1)

between the functional blocks and the ground to minimize (Vbp = Vitcep) = Vin)

the Ieakage currents. In the functional blocks, the ciscuit where ‘/sleep is the V0|tage drop on the 5|eep transistor,

are implemented with LVT (Low Threshold Voltage) devicegyhich can be modeled as a resistor during active mode.

that guarantee the circuit speed. The sleep transistors argh previous works [4][5][7], the sizing of the sleep trareis

controlled by a "sleep” signal, which is generated based @s been done by assuming 5% performance degradation in the

the workload of the function blocks. How to properly size thghole circuit due to the decrease of gate’s driving capabili

sleep transistors is becoming a challenging task for des&gyn |t also assumes that the velocity saturation indexw 1.
Various sleep transistor sizing techniques have been prherefore, the above relationship can be expressed as:

posed in past years[3][4][5][6][7]. Generally speakiniirg

the sleep transistor is based on an estimation of discl@rgin

current of the gates. Thus, by assuming that a 5% speed? _ (Voo = Viteep) = Vin)® —1_ Visteep = 95%
degradation could be tolerated by the circuit, the size ef thys/e? (Vbp — Vin)“ Vbp — Vin
sleep transistor can be calculated. However, it is importan (2)

to notice that the speed of the circuit is determined by its The discharge current flowing through the sleep transistor
critical path, thus those gates on non-critical paths maae hacan be approximated by [4][5][7]:
various slack time that can tolerate more performance loss -
without sacrificing the speed of the overall design. Therefo ~ w _
if the slack time has been considered, the size of the sleep Lstcep 7 pinCox( L )sleep(VDD Vra)Vatcep 3
transistor could be reduced. Another observation is that in . o : .

wherep,, is the mobility of electrons(,,,. is the oxide ca-

multicore processor, different tasks may have differantrig acitance)rg is high threshold voltage of the sleep transistor
requirements. If we can assign different tasks to desighat% W TH gn 9 X P
and (4 is the size of the sleep transistor.

L )sleep
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SubstituteV,;.., into Eq. 3 and solve fof% , the size cannot usé”,=Pg=P- =1/2 to calculate the switching factor.
P q L eep g

sl

of the sleep transistor can be expressed as: Instead, P4=Pp=Pc=3/4 should be used to findyitching-
In this case, for a 3-input AND gate, we have

W) o Isleep (5)
L sleep 0.O5uncow(VDD — VTH)(VDD — ‘/th) aswitching = [1 — (PA . PB) . Pc](PA ~PB . PC) ~ 024 (10)
Therefore, ifl .., is known, the size of the sleep transistor | the above example, the traditional method used to
can be calculated immediately. calculate asyitcning apparently underestimated the current

One important observation is that in these methods, a $¥4wing through the sleep transistor, which will in consenez
speed degradation is assumed for the whole circuit. In faghderestimate the size of the sleep transistor. In some othe
there are some non-critical paths with various slack tifge CASES (A switehing COUI also be overestimated. The proposed
that can tolerate more speed degradation without sacdficigschnique with the calculation Ofvquisening Will take the
the overall performance of the circuit. actual topology location of the gate into consideration.

For example, assume the propagation delay of the gates

it _riti critical
on the critical path and non-critical path argj;,,"  FgorEm 1 DISCHARGING CURRENT ESTIMATION

non—critical : non—critical — 0, -
and Tbelay respectively, WheréIDelay 90% Assign a level number to all gates

T, If again we assume there is a 5% speed degradatiorfin ILyear for all gates in the circuit using SPICE
for the gates on critical paths, then the degradation ofsgate for | gates ini,jlevel do

on the non-critical paths become: if the input is primary inputhen
Pilnput — 1/2
Tnzna—critical go%Tcreii;ical else.
Dl Te— = f’; Y —0.9x95%=286% (6) pirrut . powtput ( poutput s the probability that the
Tp Tp output of the previous gate is ope

which means 14% performance loss can be tolerable on end if it
non-critical path gates without changing the original glela  Calculatecwiicning based onP;™”* {As Eq. 10 for a
profile. Therefore, the size of sleep transistor can be saved AND3gatd .
if we treat the gates on critical paths and non-critical path ~ CalculateP”*™”" {Prepare for calculatingswitching Of
separately. gate in next Iev@l
Iezp — Olswitching X Ipeak
Ill. GATE CURRENT ESTIMATION end for

We improve the accuracy of the methods proposed in [5][7]

to estimate the worst case discharging current of the tircui |nstead of calculating the accumulated delay for gates as
Based on the previous methods, the expected dischargeturjig [5], we use static timing analysis tool to get a timing

can be obtained by: window that predicts the possible time when the high-to-
low transition occurs. For each gate, the previous caledlat

Tewp = Qswitching X Ipeak (7) Ie.p is bounded by its timing window. Finally, these current
where I...;, is the worst case discharging current of eacﬁr)(z:lllpeuia?iroentransferred to vector to facilitate the sucieed

gate.

The switching factotyswitcningfor €ach gate in the circuit. |y, proposED SLEEP TRANSISTOR SIZING TECHNIQUE
Qswitching 1S the probability of a gate’s output switches. It can

be expressed as: A. Identify Critical Path and Calculate Slack Time
In our proposed sleep transistor sizing algorithm, thekslac
Qswitching = Fo - Pr =Py - (1 — ) (8) time of the gates on the non-critical paths is considered, so

. that the sleep transistor can be sized "just enough” to make
It we assume that the input value has equal chance o bg{}e that when the sleep transistor has been inserted, tae de
or 1, then Eg. 8 can be rewritten as: of the non-critical path will not exceed the propagatioragel
N _ of the critical path.
Oswitching = w (9) In this section, we adopt the method used in [1] to find the
2 critical path(s) as well as the slack time for each gate on non
where N is the number of input)Vy is the number of zero critical path. During the preprocessing stage, a level rermb
entries in the output column of the truth table. will be assigned to each gate. The high-to-low transition
This method is based on the assumption that all the inpyopagation deIay]Q,HL) of the gate will be collected, because
are independent and uniformly distributed. But this is lsareonly during the high-to-low transition, there will be cunte
the case in actual circuit, where signal correlation exkibi flowing through the sleep transistor. It is important to oceti
Consider an example that the outputs of three OR2 gates Hrat the delay of the gate also related to the input vector
connected to the input of an AND3 gate. If we use the abogembination. Therefore, we choose the worst case a$
assumption, the switching factor for AND3 gate is 7/64 of the gate. Proceeding level by level from the primary input
0.11. However, we noted the inputs of the AND3 gate are thte primary output, three parameters associated with eateh ga
outputs of the OR2 gates. Thus, the assumption that thesnpcén be calculated, which includ?—\pHL, Tmaer  (the maximum

arrive

are uniformly distributed is no longer valid. In this casee waccumulate delay for each fan-in path) affl;: (which



defined asT™az  + THL ). The algorithm for identify the of the sleep transistor, not the discharge current of the.gat
critical path is shown in Algorithm 2[1]. But from Eq. 14, we know that by considering the slack time,
the equivalent discharge current could be reduced. We will
demonstrate how to relate the slack time to the reductioheof t
discharge current that could be used in the clustering tqakn
as follows.

The gate propagation delay without sleep transistor can be

expressed as:

Algorithm 2 IDENTIFY CRITICAL PATH

Assign a level number to all gates
Find T,/ for all gates in the circuit
CalculateTer ~ andT;.s; of each gate

Teritical < Mazx{Ties} {The largestli.s; of the primary

. L CLVi

output will be critical delay Tp = L’ DD (15)
Mark the primary output with the large§i.;. as the gate Io
in critical pathG? .. .. wherel is the discharge current. From Eq.11 and Eq.12 we
for eachG"~!, the fan-in gate oG’gml.afl do get that:

if (Tieri(n—1)=Tme && (G™~ " is not a primar

" |c()ult)jtth(gn )= Tarrive(n)) && ( primary seen _ To _ CuVop (16)

Mark the gate a&” . X% o x X%

end if Therefore, the equivalent discharge current after conisige

end for slack time isIy x X%. We defineX% as the slack factor.

Since it is always less than 95%, the smaller equivalent gate

After the gates on critical path have been identified, we c&fscharge current can be achieved, which in consequenee sav
calculate the slack tim@} for gates on non-critical paths bythe current capacity of sleep transistor.

going backward from output to input level by level.

B. Size Sleep Transistor Considering Slack Time

When the slack time has been considered, the new per
mance loss for gates on non-critical path can be defined a

T T
slee[; = sleepD (11)
TD—slack TD + T5

C. Gate Clustering Technique

We adopt the similar concept proposed in [5] to model the
ate clustering problem as "packing” problem. The idea is
@'group as many gates as possible without exceeding the
urrent limit of the sleep transistor, while keep the number
of sleep transistor minimum. It is a simple binary integer
programming problem that can be efficiently solved in ILOG

OPL environment.
However, we cannot usg,,, i.e. the results from Section

whereTs/“? s the delay that can be tolerated for a gatg
on non-critical path without changing the delay profile of th
circuit. In other words, after inserting the sleep tramsistthe
gates in critical path will still suffer 5% speed degradatio
while the gates on non-critical path can tolerate more perf
mance loss depending upon how many slack time they
have.

By solving Tgleep from Eq. 2, we can rewrite Eg. 11, so

that the new performance loss can be expressed as:
Tp ~TIp
THP + T oo+ T

Therefore, the size of the sleep transistor will be:

as the "weight” used in "packing” problem directly, becaus
the partially overlapped discharge timing windows have not
been taken into consideration yet. Therefore, a preprowgss
stage that groups gates based on their timing windows is
checessary in order to findgg. And then we uselgg of
M&Ych sub-cluster to further group them into final clustess th
supported by sleep transistors [5].

After we obtain/g¢ for each sub-cluster, the final clustering
process can be simplified to a "packing” problem.

D. Sleep Transistor Sizing In Multicore Scenario

The proposed sleep transistor sizing techniques could be
extended to multicore applications. Note that the size ef th
sleep transistors were calculated by Eq. 14, where unifdtm 5
performance loss is assumed for all critical paths. However

Lsicep in real world applications, some tasks require strict tignin
(1= X)unCow (Vbp — Vru)(Vbop — Vir) constraints, whereas some others may tolerate more delay
(13) without affecting the quality of service. Therefore, if we

If we incorporate the effect of slack time into the numerataran assort the tasks into different categories based on thei

of Eqg. 13, then Eq.13 can be rewritten as: timing requirements and assign them into different cores, t
W 0.05 size of the sleep transistors in each core could be calcllate
1-X

(=) _ independently. Hence, additional sleep transistor siziag
L sleep 0.05/anom(VDD — VTH)(VDD - ‘/th)

be saved for those cores, which are designated to process
- . . tasks with looser timing constraints. Fig. 1 demonstrales t
For gates on critical path-% is equal to 1. In this case 9 9
Eq.14 and Eq.5 should be the same. For gates in non-criti

'idea described above. Nine cores are modeled for different
1 - i . , B%iformance degradation. Note that core 1 and 2 are designed
paths, the various slack time will cause different X. SiHe& o, applications that are more sensitive to delay timingisth
is always equal or less than 1, the smallf), . can be additional sleep transistor sizing has been traded in fiebe
achieved. performance. However, the overall sleep transistor siziag
However, Eq.13 cannot be used for our cluster based methwmreduced compared with uniform 5% minimum speed degra-

directly, because we use one sleep transistor to suppataievdation sizing due to the compensation of the cores design for
gates. The.., in the above equation is for the current limitarger delay.

= X% (12)

w

)

sleep

Isleep

(14)
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Fig. 2. Calculation of switching factors
Fig. 1. Example of sleep transistor sizing in multicore processor
1
0.9t |
V. EXPERIMENTAL RESULTS o8l |
The proposed method has been implemented on a 4-bit ol |
adder. We use 4bn CMOS technology. The channel length '
of the sleep transistor is set to#m and the maximum current g 06| 1
limit for sleep transistor is set to 2001. £ sl |
In the experiment, all the gates in the circuit were matched g
with 45nm standard cell library which contains all the gate @ 04f 1
information including the propagation delay of each gate. 0.3} 1
Only one core (with 5% critical path speed degradation) was . |
simulated to demonstrated the efficiency of the algorithm. '
In Fig.2, the switching factors of all non-primary input gst 0.1F 1
are plotted. The "circles” represent the value calculatgd b 0
traditional method that assumes all inputs are indeperataht 0 5 0 15 20 25 30 35

uniformly distributed, whereas the "squares” denote the ga Gate number

switching factors found by the proposed method that take
the position of each gate into consideration. In Fig. 2, we
can see that the switching factors are either underestimate
or overestimated by certain degrees. The worst case soenﬁgri

Fig. 3. Calculation of slack factors

. . e multicore processor that each core has a specific speed
is that sevtTrthunderleac,ymr?ted gates are g:ll;]stered t:](!’gll?t &accommodage different tasks with different pzrformar?ce
consequently the total discharge currents might over thé li . ; . L :
of the sleep transistor. Therefore, by using the propos %gg'r?gﬁgiibfg;?nth;t cl}rcpuri(t)\g(ejgis naddmonal reduciién o
switching factor calculation method, we may lead to mo P 9 gn.
accurate estimation of discharge current.

We used the method introduced in Section 4 to find tI'LE

t

critical path and the slack time for each gate. Fig.3 shows Dual-Threshold Circuits for Low-Voltage Low-Power Appiions,|EEE
results for all gates in the circuit. The gates with slackdac Transactions on VLSI Systemal. 7, no. 1, pp. 16C24, March 1999.

equal to 0.95 are either on critical path or have zero slagk T-Kuroda, "A 0.9v 150mhz 10mw ksm” 2-d discrete cosine transform
. . core processor with variable threshold voltage schem&EE Journal of
time. The result proved that when the slack time has been sgjig-state Circuitsyol. 31, pp. 1770-1779, Nov. 1996.

considered, the equivalent worst case discharge curregris W3] S. Mutoh, T. Douseki, Y. Matsuya, T. Aoki, S. Shigematsand J.
dramatically reduced, while the overall circuit performan  Yamada, 1-V power supply high-speed digital circuit tedngy with

. . . . multithreshold-voltage CMOSIEEE Journal of Solid State Circuits,
constraints still maintained. 1995,

[4] J. Kao, S. Narendra, and A. Chandrakasan, MTCMOS hikieat
VI. CONCLUSION sizing based on mutual exclusive discharge pattBesign Automation
. .. . Conference 1998, pp. 495C500.
Sleep transistor sizing techniques have been proposed[fym. Anis, S. Areibi, and M. Elmasry, Design and optimizati of multi-

considering the slack time of the gate in non-critical patte }Ah[jesg%ld CMO§l(MTCM%5():_0"0}1itSEE%TranégggonS on Computer-
H H H H lae esign of Integrate ircuits an yste .

circuit _topc_)logy has also been considered when c_alcu_latl C. Long and L. He, Distributed sleep transistor netwodc power

the switching factors, so that a more accurate estimation Of reduction, in Design Automation Conferenc2003, pp. 181C186.

gate’s discharging current can be found. Experimentalltresiy] A. Ramalingam , B. Zhang ,A. Devgan ,D. Pan "Sleep trapsisizing

showed that the equivalent worst case discharge current cantsing timing criticality and temporal current€onference on Asia South

. Pacific design automatior2005
be reduced. Therefore, the number of sleep transistors&an b

saved. Furthermore, the proposed algorithm can be used to
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