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Off-State Leakage Power Reduction by
Automatic Monitoring and Control System
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Abstract—This paper propose a new circuit design whictsubstrates, in what is known as junction BTBT [1Bfgr

monitor total leakage current during standby moade generates the
optimal reverse body bias voltage, by using thepida body bias
(ABB) technique to compensate die-to-die parameftaiations.
Design details of power monitor are examined ussimgulation

increases exponentially due to increased sizegbflyi doped
drain region.
-Gate Oxide Tunneling Currentgft Reduction of gate

framework in 65nm and 32nm BTPM model CMOS IOrocessQxide thickness results in an increase in the fatdoss the

Experimental results show the overhead of propegedit in terms
of its power consumption is about 8V for 32nm technology and
about 12uW for 65nm technology at the same power supplyagat
as the core power supply. Moreover the results shioat our
proposed circuit design is not far sensitive to tieenperature
variations and also process variations. Besidess ube simple
blocks which offer good sensitivity, high speede tbontinuously
feedback loop.
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|. INTRODUCTION

oxide. The high electric field coupled with low dgi thickness
results in tunneling of electrons from substratgdte and also
from gate to substrate through the gate oxide ltireguin the
gate oxide tunnelling current [15].

-Subthreshold Leakage s(k): Subthreshold or weak
inversion conduction current between source anthdmaan
MOS transistor occurs when gate voltage is below,. V
Subthreshold Leakage is exponentially related[¥5].

leakage power monitor, body In terms of magnitude, the most important sourcés o

leakage are: gate oxide tunneling based leakagé.{9%),
subthreshold leakage (~44.5%), and Band-to-Bandi&ling
based leakage (~0.68%) for 45 nm Bulk-CMOS. Other

ECHNOLOGY scaling of MOSFET into sub-100 nmcomponents of leakage include Gate Induced Draimkage

region has resulted in significant increase in &gk
power consumption, due to reduction in thresholdtage,
channel length and gate oxide thickness [2]. Thecgss

(GIDL), Drain Induced Barrier Lowering (DIBL), etcThe
magnitude of each leakage component depends qurdlcess
technology used. Use of high-K dielectric gate kalpduce

variations can be classified as die-to-die (inte)-dariations gate oxide leakage current. However, when highé{ediric is
or within-die (intra-die) variations. In die-to-di@riations, all used, the channel mobility degrades leading to aedu
devices on the same die are assumed to have the sg@rformance [5]. The high dielectric constant witle same
parameters. However, devices on the same die augnad to gate capacitance allows a larger physical thicki@ssippress
behave differently for within-die variations [9]. the edge direct tunneling. However, high-k insulato
In nanoscaled CMOS devices, there are many leakagdroduce subtle capacitive coupling phenomena knas

sources such as gate leakage, subthreshold leaBadsT-
based leakage, GIDL, DIBL, etc., the total leakageent in
the off state n-MOSFET is given by [3]:

lieakage= Isu+ lgTaT * leioL + les+ loc
We briefly describe some important type of leakegeent in
this section.

-Gate Induced Drain Leakagesf.): gL is @ current from
the drain to the substrate caused by the high redefield
between the gate and the drain; thin gate-oxidktigiss and a
high supply voltage increase GIDL [13].

-Band to Band Tunneling Leakaggdr): In a high electric

FIBL that can lead to poor short channel perfornreawhich
makes the decreasegkt increase [11].

1. BACKGROUND AND RELATED WORK

Leakage reduction technigues can be charactenzedwo
classes: runtime techniques and design-time teabsif?]. To
minimize leakage power dissipation, researchers e hav
proposed several circuit techniques such as muléshold-
voltage CMOS (MTCMOS) and variable threshold-vodtag
CMOS (VTCMOS) using variable substrate bias voltage
Another technique with little or no overhead is timput

field (greater than TOvolts per centimeter), electrons tunnelattern control technique based on the stack efff@jt

across the reverse-biased PN junction of drainsandce

S. Abdollahi Pour, is now the M.S student of Depentt of Electrical and
Computer Engineering, Kerman Graduate Universityesfhnology, Kerman,
Iran, (phone: +98-3413222500; fax: +98-3426228018&-mail:
s_abdollahi_88@yahoo.com).

Reverse Body Biasing (RBB) has widely been used to
reduce the leakage power of devices. However, mexstnt
research has shown that if RBB is too high, leakzmeer can
actually increase due to the contribution of thend3éo-Band
Tunneling currents. To prevent this problem a nemineal
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leakage with the BTBT leakage [7].
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References [3] and [7] introduce a leakage momitpri
circuit, by using the concept of Reverse Body BiggjRBB).
These circuits compare extracted sub thresholdafgmkurrent

monitored and controlled, without any extra monitamd
control circuits. Reference [8] is mentioned PVTiatons but
it is used the circuit with the high overhead tatcol PVT

(Isus) component with Band-to-Band Tunneling leakageariations.
current (ktgr) component simultaneously, then the optimal The proposed scheme in Fig. 1 consists of a tetidge

body bias is adjusted according to the temperatar&@tions
in the proposed approach. Reference [8] presentsoee
complete leakage monitoring circuit novel designthrod to
minimize the leakage power during standby mode gusin
novel
generating technique for nanoscale VLSI
process, voltage, and temperature (PVT) variati@ame
monitored and controlled. The other important typafs
leakage monitoring circuits are briefly describedeallow:

current monitor circuit, comparator and quantizend the
body voltage generator. The total leakage monitaruit is
used to monitor the leakage current during standinde
directly from a given load circuit. Fig. 2 showspexded

adaptive supply voltage and body-bias voltageower leakage (8kagd Monitor circuit with feedback loop, a
systemse Tlkey component of the pépy controller. Leakage monitor

circuit itself consist of two separate current wirrcircuit,
where the transistors M1, M2 and M3 are the replica
transistors to sample total leakage current. FigshBws a

Reference [12] proposed method to reduce the leakatming chart of the Raagemonitor circuit, transistors M4 and

current in nanometer CMOS circuits. The system ists1of
five stages; Leakage Monitoring Circuit, Voltage nBolled
Oscillator (VCO), Phase Detector, Decoder, and tBigo-
Analog Converter. The separated leakage compor{ésits
and krpr) are applied to the voltage controlled oscillato
(VCO) to generate pulse waveforms proportional he t
magnitude of each leakage.

References [1] and [4] present an in-situ (dirgubwer
monitoring scheme using the voltage drop acrosssthep
transistor acting as a power sensor. The power tomoni
measures power directly from a given load circpiérating in
active mode. Reference [10] discuses a leakageerdurr
monitor circuit for optimal body-biasing control igh
contains a symmetric pair of off-NMOS clusters. Tineposed
circuit determines without absolute leakage
measurement.

yODY

I1l.  PROPOSED LEAKAGE POWER MONITOR AND CONTROL

DESIGN

To reduce the standby leakage power, this papgroges a
new circuit design which determines the optimalerse body
bias voltage, by using the adaptive body bias (ABBhnique
to compensate die-to-die parameter variations.

For standby mode leakage minimization depends en t
particular technology employed and is sensitiveptocess
variations. Furthermore, applying body bias redubesmpact
of die-to-die and within die parameter variationBhus,
applying the optimal body bias leads to both minimeakage
current and improved yield [16]-[17].

Our new design technique automatically generates t
optimal body bias voltage during standby mode, loyitoring
the total leakage currente(l.ge and comparing the value of
licakage@t the time of t0 and t1 (t1 > t0). This systemréases
V4 by adjusting body voltage in the RBB direction, s
reduces total leakage current.

The proposed circuit is an in-situ (direct) powesnitoring
scheme using the current mirror circuit, which rBgtas a total
leakage current sensor. The leakage current momigasures
total leakage current directly from a given loactgit, therefor
the process, voltage, and temperature (PVT) variatiare

(0]

M5 was controlled with signals S.a and S.b.

Vsopy
generator
N
Comparator
and quantizer

Fig. 1Block diagram of the proposeds¥oy control system

r

Toral leakage
moniftor

Here we explain the functionality of proposed citcwith
an example for better clarity. Fig. 4 illustratée tcurve that
should be scan byBagemonitor circuit, to find the optimum
body bias voltage, Assume that minimum leakage ecuirr
occur at point P5, the power monitor operates iiaglphases.
First, when signal S.a is high, so M4 is on an#tdga current,
sampled and replicated to M2, this sampled curckatges C1
capacitor, and will be held until next measuremewntle.
Second phase, when signal S.b is high, duringdperation
M5 is on and leakage current, sampled and repticateM3.
|lqzinally timing control signals turn off M4 and MBhen the
value of VG and VG inject to sense amplifier block. This
block offers good sensitivity, high speed, and [mower
dissipation. The leakage current at point P2 iallemthan
point pl, so VGVC,;, and signal O5 order to reverse the
body bias voltage more. Table | summarizes outpfitthe
Ignain node in the circuit for each states which éegkpower
monitor encounters for this example.

The key signal in this circuit is O5, which ordéet\Vgopy
generator block to forward or reverse the body b@tage. In
fact there are four modes of operation of thisugirc
1) If VC; > VG, (0O1=1) and O3 = 0, then O5=0 angdo¥y
goes to reverse direction.

2) If VC; < VG, (01=0) and O3 = 1, then O5=0 ango¥y
goes to reverse direction.

3) If VC, < VG, (01=0) and O3 =0, then O5=1 ango¥y
goes to forward direction.
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Fig. 2 Schematic of the proposedsdby control system

4) If VC, = VC,, then 01=02, and O4 = 0, maintaining the This power monitor and control circuit automatigaddjusts
body-bias voltage. this Vgopy Vvalue, according to the process variations of the
D flip flop helps to have Q; and Ol (Ol = O3) devices, to apply the optimal body bias. This bdags
contemporaneous, when S.p changes from 0 to 1, @t to improves the nominal and worst-case total leakagesed by
D flip flop, to over write on O3. Therefor the ingwf XNOR the process variations and is applicable to diffetechnology
gate will be ready, to generate O5. The body bifages for generations. Thus proper monitoring of the totadkéme
transistors are automatically set by the contretesy to ensure results in lower leakage currents and higher yields
that the chip dissipates minimal power in standmden The

proposed scheme uses the simple blocks which dffer A
advantages, such as good sensitivity, high speedeedback T jeakage
loop continuously works and the most important ofoes- i
power dissipation. Pl/
P
P4
s.al Pé P3
P5
\Y body 0
s.b1
Reverse
P \_ L L L 1 L Fig. 4 Leakage states which activating by leakageitar circuit
— r —
sa TABLE |
OuTPUTSOF THE MAIN NODE IN THE CIRCUIT FOR EACH STATES
" shh sa sb W Vo O O O O Os  Vbody
H L H P1 P2 H L L H L Reverse
05 f L H L P3 P2 L H H H L Reverse
_ _ T H L H P3 P4 H L L H L Reverse
Fig. 3 Control signals for power monitor
L H L P5 P4 L H H H L Reverse
H L H P5 P6 L H L H H Forward
L H H P5 P5 H H L L x Hold

IV. EXPERIMENTAL RESULTS

In this paper we propose a simple circuit to deteenthe
optimal off-state body bias which has the minimuverbead
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TABLE Il
THE RESULTSFOR THE PROPOSEDAPPROACHAT 32NM TECHNOLOGYAND A TYPICAL CORNER

leakage power (32nm)

% leakage power reduction

(32nm)
Circuit # of Function Non optimized (uw) Optimized (nw)
gates
T=25% T=50c  T=100c T:C25° T30 r_jofc =28 T=50c  T=100c
27-
caz2 160 °Shamnel - oo6p 1509 16.60 107.6  109.8 117.4 98.7% 2299 99294
interrupt %
controller
cage 202 %Dt 4549 233 34.39 1285 1312 140.7 99.15%  99.4% .5999
SEC circui
ci3s5 546 _SZ bt o581 313 41.59 1707 1738 183.5 99.18% 2 99550
SEC circui %
16- bit
C1908 880 SEC/DED 2250  27.88 37.38 3126 3201 345.9 98.61%  98.85 .0798
circuit

to compare with the other present circuits. We Betkeley
Predictive Technology process models (BPTM) to grenfall
experiments for 65nm and 32nm BPTM technology noEes
the technology bellow 90nm the ITRS road map pteditat
leakage power easily wins over dynamic power. Toeee it
is important to have efficient and accurate esiiomabf total
leakage currents from all sources.

Simulation results in this paper, for proposed utrand
also benchmark circuits has been implemented inl&SFor
65nm and 32nm BTPM model.

Our monitor power leakage circuit has been implesn
and evaluated using ISCAS’85 benchmark circuitsgies in
the both technologies. Overhead of proposed ciiouierms
of its power consumption is about @/ for 32nm technology

As shown in the last partition of Table Il and Tail, our
new design for the minimal standby leakage powewiges
98.6% up to 99.6% reduction in leakage power coeghdo
the cases where any leakage reduction technigeesoaused
at all, for the same benchmark circuits. In oraeishow the
efficiency of the proposed methodology for tempematthe
ISCAS’85 benchmark circuits are simulated at three
temperature conditions (28, 50 C, and 108 C).

The results show that when the proposed technigue i
applied, the leakage power dissipation is not &nsgive to
the temperature variations; because the circugnsin-situ
(direct) power monitoring scheme and optimal bodgsb
voltage are changed adaptively according to the new
temperature.

and about 12:W for 65nm technology at the same power Process variations are gaining an increasing irapogt with
supply voltage as the core power supply. This powehe ever scaling technologies, as they directlpaffeakage

dissipation is very small compared with
consumption of the general digital cores.

The proposed system increasesy Wy adjusting body
voltage in the RBB direction so as to reduce tid¢akage
current. When the optimum body bias is detected, dbdy
voltage adjustments are stopped to avoid excessiverse
body bias.

Table Il shows the summary of the results for theppsed
approach at 32nm technology and a typical corndi).(The
average leakage power has been measured usingmangot
test vectors at 0.9 V supply voltage. Our leakagevey
monitor circuit has the capability to work accuramy65nm
technology as well as 32nm; Table Il indicates shpulation
results of the benchmark circuits at 65nm technplagd a
typical corner (TT), by using random input testtees at 1 V
supply voltage.

the powecurrent, power performance and system reliabilgy. |t is

observed that as the supply voltage is reducedsehsitivity
of the circuit parameters to the process variaiimreases
[14].

The most important process parameters consideredasir
follows: (1) Toxn: NMOS gate oxide thickness (nm), (2)F
PMOS gate oxide thickness (nm), (3) Lna: NMOS agces
transistor channel length (nm), (4).LPMOS access transistor
channel length (nm), (5) WW NMOS access transistor channel
width (nm), (6) W. PMOS access transistor channel width
(nm), (7) L,¢: NMOS driver transistor channel length (nm), (8)
Wng NMOS driver transistor channel width (nm), (9):L
PMOS load transistor channel length (nm), (10):WMOS
load transistor channel width (nm), (11),N NMOS channel
doping concentration (ct¥), (12) Ny PMOS channel doping
concentration (cii). Amongst these parameters some are
independent and others are correlated which is ¢ b
considered during the simulation [14].
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TABLE Il
THE RESULTSFOR THE PROPOSEDAPPROACHAT 65NM TECHNOLOGY AND A TYPICAL CORNER
leakage power (65 nm) % leakage power reduction
(65nm)
Circuit # of Function Non optimized (uw) Optimized (nw)
gates
_ _ _ _ _ _ _ _ T=100
T=25c T=5Fc T=100c T=28c T=5Fc T=100c T=25c T=50c R
27- channel
C432 160 interrupt 3.839 4.13 7.480 81.92 84.79 105.6 98% 98% 98.6%
contioller
C499 202 Széi?(':tuﬁEc 4.876 6.651 12.65 84.25 102.7 117.5 98.4%  98.46% % 99
C1355 546 32;:it:étu§EC 7.721 10.53 18.08 154.1 194.4 337.1 98% 98.15% 798.1
16- bit 99.15 o o
C1908 880 SEC/DED 13.79 17.21 23.14 177.9 186.4 220.8 % 98.95% 99%
160 - _
140 -
B
B 120 - _
E 100
g 80 Oc432
2 60 Ec499
=]
e
E 40 Oc1355
- |
20 c1908
0
process corner- temprature
(@)
700
600
_—
3
£ 500
)
= 400
g_ Oc432
g, 300 B c499
=
= 200 Ocl1355
=
~ 100 1908
0

process corner- temprature

(b)
Fig. 5 Standby power dissipation of the ISCAS’'8% it in different
Process-corner and temperature conditions (s: stower, f: fast corner), in 32nm technology
(a) without optimization; (b) with optimal 3oy

To demonstrate the proficiency of the system, it idifferent temperatures. Fig. 5 (a) illustrates ldwkage power
implemented and simulated in 32nm and 65nm teclgyodd dissipation of each benchmark circuits at differpnbcess-
different process-corner conditions (SS, FF, SFR®gand at corner conditions and different temperatures in n32ry
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applying our proposed monitor and control body lolasuit to  bias voltage was changed, this in situ monitoringcuit
these benchmark circuits, as experimental resyfisession in automatically revolves according to the new temjpreeaand
Fig. 5 (b), the proposed system is very effectived a process.
practicable in reducing the standby power in thg dircuits Fig. 6 (a) shows the summary of the results for the
with the minimal hardware overhead of transistonsl he benchmark without optimization, and Fig. 6 (b) skothe
minimal power overhead (10-12 uW). summary of the results for the proposed approadiffarent
In the case of hanoscale circuit process variatiamtaining operating temperature ranges, from &5 to 100-C and
the circuit yield is the most important design tdade, when variation in process corner in 65nm technology. Ipsia of
the proposed technique is applied to the chip bestdes the the results shows that at least 98% up to the maxirof
circuit yield safeguard, the leakage power disgipatis 99.55% reduction in leakage power consumption esed
approximately insensitive to the temperature andcgss from the proposed method.
corner variations. As mentioned before, since thtinwal body

3
5
é Oc432
0 Ec499
]
§ Ocl1355
- Ecl1908
process- temprature
@)
600 -

500
£
g
= 400
z
2-300 Oc432
gﬂ 200 @499
= Oc1355
5]
~ 100 mc1908

0

process- temprature

(b)
Fig. 6 Standby power dissipation of the ISCAS'8% it in different
Process-corner and temperature conditions (s: stower, f: fast corner), in 65nm technology
(a) without optimization; (b) with optimal dépy
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Finally a briefly comparison has been defined ibl€aV,
which consider the overhead power of previous noonit
circuits which present in references, notice tleabtution and
power reduction percentage for each circuit is edéht.
However it is notable, the overhead of proposedudir
reduces at least about 75% to compare with sirtyilames.
For more information it is better to refer to tledated paper.

TABLE IV
COMPARISONOF POWER MONITOROVERHEAD

circuit technology  overhead power
Proposed circuit 65 nm 12N
Proposed circuit 32nm v
[B8-[7] 32nm 41uW
[8] 32nm 143w
[1]-[4] 90 nm 2444\
[10] 45 nm 3uW

V.CONCLUSION

The desire for higher transistor densities andefadevices
trend the technology scaling goes down. As thestiokl
voltage is reduced along with device dimensionslarge
standby or “off current is consumed even though logic
operations are being performed. Therefore, the oeguit
design technique is necessary to minimizing thiicet issue.
Reverse substrate bias in the standby mode is btie dest
technigues to overcome this problem.

In this paper we have described a monitoring schéme
minimizing power consumption by means ofo¥y control in
standby mode. Our approach considering the totakalge
components, moreover uses the simple blocks whiéér o
good sensitivity, high speed, the continuously Beetdk loop
and the most important ones low-power overhead,chvhi

[8] K. K. Kim and Y.-B. Kim, “A novel adaptive designethodology for
minimum leakage power considering pvt variationsnanoscale VLSI
systems,” |IEEE Trans. Very Large Scale Integr. (WLSyst., Vol. 17,
No. 4, pp. 517-528, Apr. 2009.

[9]1 H. Mostafa, M. Anis, and M. Elmasry, “Comparativeadysis of timing
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Computer society annual symposium on VLSI, pp. 1838, 2009.
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