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Abstract—This paper describes a novel monitoring scheme to It has recently been proposed that forward body (F&8B)
minimize total active power in digital circuits deml on the demand be used for microprocessors in the active mode. ABB in
frequency, by adjusting automatically ~both suppiyitage and the active mode improves performance and redudesitisity

threshold voltages based on circuit operating d@rdi such as , yariations in i, gate length, oxide thickness, and channel
temperature, process variations, and desirableiérezy. The delay doi in th i de. But th timal bi it

monitoring results, will be control and apply sad@a®e maintained at oping In thé aclive mode. bu € optima |a§ . n
the minimum value at which the chip is able to aperfor a given (RBB, NBB, or FBB) for standby mode leakage miniatian

clock frequency. Design details of power monite examined using depends on the particular technology employed asd i
simulation framework in 32nm BTPM model CMOS praes sensitive to process variations [12]. Process tiaria are
Experimental results show the overhead of propasedit in terms  c|assified as die-to-die (D2D) variations and witkiie (WID)

of its power consumption is about 40V for 32nm technology: rjations. In D2D variations, all the devices be same die

moreover the results show that our proposed cidesign is not far dto h th t | |
sensitive to the temperature variations and alswgss variations. are assumed to have the same parameter valuesveio

Besides, uses the simple blocks which offer goatsisieity, high ~devices on the same die are assumed to behaveediffg in
speed, the continuously feedback loop. This degigvides up to WID variations [15]. Furthermore; it has been shawr15]
40% reduction in power consumption in active mode. that correctly applying body bias reduces the inhpéadie-to-
die and within die parameter variations. Thus, wgipgl the
Keywords—active mode, delay monitor, body biasingopV optimal body bias leads to both minimum leakageentrand
scaling, low power. improved yield [12].
In the active mode, forward biasing the source—body
junction, the transverse electrical field in theachel can be
UE to technology scaling, microprocessor performanagduced, thus improves the carrier mobility and ttia@sistor
has increased tremendously albeit at the cost gifiehi operation. On the other hand, in standby mode,rsevbody
power consumption. Energy efficient operation Haerdfore bias is applied to reduce the off-state leakageeour[6].
become a very pressing issue, particularly in neobilForward biased there will be excessive sub-thresteskage
applications which are battery operated [11]. Teeand for adding to the total leakage; if the body is revenisesed there
increased battery life will require designers tekseut new will be excessive BTBT, also increasing the toeglkage [5].
technologies and circuit techniques to maintain hhigFBB is also considered as a promising solutiorxtered bulk-
performance and long operational lifetimes [13]wBoDin  Sj CMOS scaling limit since short-channel behaviufr
modern digital CMOS integrated circuits has tradiélly MOSFET could be greatly improved under FBB [6].
been dominated by dynamic switching power, howeesr, The rest of this paper is organized as followsSéation 2,
technology scales leakage currents become incgipdrge presents a review of the previous works while SectB
and must be taken into account to minimize totalgro explains the main idea behind the proposed mongori
consumption. In nanoscaled CMOS devices, therema®y system. Experimental results are given and discusee
leakage sources such as gate leakage, subthrdgladlage, Section 4 with the conclusion in Section 5.
BTBT based leakage, GIDL, DIBL, etc., [2]. The {gp@wer
dissipation is given by the sum of switching dynarpower 1. BACKGROUND AND RELATED WORK
and subthreshold leakage power given by EquatipfiL@a]. Dynamic voltage scaling (DVS) is a popular approfmh

denamic:ceffv2DDf ener . . . .
_ 1a gy reduction of integrated circuits. Currerdgassors that
_ P'e_akage_VDDlOeXp[ln(lo)((nkaDD) ~Voo)/S]  se Dvs typically have an operating voltage ranmgenffull
P Piyram + Peatage Dto half of the maximum ¥o. Equation (2) explains

Hence most applications do not always_ require t@aakp propagation delay, power and energy dependence,giilX].
performance from the processor, Dynamic voltagdirgra Delay = 1/f = \bo/(Vop-Vri)-2

(DVS) was proposed as an effective approach toceegower
consumption, and is now utilized in a number of Joower
processor designs [11].

I. INTRODUCTION

Powerw f VZDD

Energyx VZpp (2)
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Fig. 1 Diagram of proposed design for active mode

DVS is therefore an effective method to reducedhergy propose to use highq\ devices for synthesizing the circuit
consumption of a processor, especially under wialéations and then use forward body biasing to speed up ardet of
in workload that are increasingly common in mobilgates to achieve original timing, they do not congage for
applications. Hence, extensive work has been paddron timing variability. In [9,10] have been describedelay and
how to determine voltage schedules that maximigeetiergy power monitoring schemes for minimizing power
savings obtained from DVS. The optimal voltage fimiconsumption by means of dynamic control of suppitage
depends on the power /delay trade-offs at low djpgra and threshold voltage in active modes.
voltages [11].

Adaptive body biasing (ABB) works on the principbé 1.
applying reverse bias voltage (RBB)/forward biadtage
(FBB) to increase/decrease the threshold voltagdeofces.

PROPOSEDOMONITORING SYSTEM

To reduce leakage power in active mode, this paper
proposes a new circuit design which determinesobténal

This results in increasing gate delay while redgdeakage in
case of RBB and vice versa in case of FBB. Onetreatte-off
delay with leakage to achieve low leakage or hipbesl [4].
Forward bias reduces the BTBT current, but too nfoclard
bias will cause excessive PN junction leakage aguhction

reverse body bias voltage and optimal supply veltagy
using the adaptive body bias (ABB) technique to gensate
die-to-die parameter variations.

The proposed circuit is a delay monitoring schentgckv
consider the process, voltage, and temperature YPVT

becomes more weakly reverse biased. Reverse bidB#g \ariations, without any extra monitor and contrélcaits.

substrate to source junction of a MOSFET widens ki
depletion region. This increases the threshold agelt and
thereby reduces the sub-threshold leakage. Thisshibid
voltage increase with reverse body bias is knowthasody
effect. Forward biasing the substrate to sourcetjon has the
opposite effect on the depletion region and thuseases sub-
threshold leakage [12].

Reference [7] is mentioned PVT variations but iuged the
circuit with the high overhead to control PVT véioas.

Fig. 1 illustrates the diagram of proposed designictv
considered active mode. Here we briefly explaintesys
operation in the standby mode, then demonstratéthit more
details.

A number of previous works have used ABB for A.Standby Mode

compensating process variations to improve desigid Y1, 3,

In this mode are used a total leakage current mioaitcuit,

2, 7]. In [12], the authors analyze the effect ofip bias on comparator, and the body voltage generator. Tz lmdkage
leakage components and provide a methodology taimbt monitor circuit is used to monitor the leakage entrduring
optimal body bias voltage for leakage reduction gnocess standby mode directly from a given load circuit. rOnew
compensation in nano-meter devices. The work iny&s design technique automatically generates the optimody
forward body biasing to reduce active leakage poweey bias voltage during standby mode, by monitoring toel
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Fig. 2 Expanded proposed,¥V 4 monitoring circuit

leakage current |(lx.gd and comparing the value Qfakageat
the time of t0 and t1 (t1 > t0). This system ineesa\fy by
adjusting body voltage in the RBB direction, souees total
leakage current [14].

B.Active Mode

Depend on the demand frequency of the load cirénit,
many cases the peak performance from the proceissont

clk signal with the desirable frequency, and sigidalwith

half of the clk frequency(period timegTfed to the test chip,
Fig. 3 shows a timing chart of the control and atigignals of
delay monitoring circuit. If signal d pass the tektp during

T4, as shown in signalduring first period of d) in Fig. 3, it
means that test chip speed is faster than clk &gy in this
step we can precisely reduceppy to reduce power
consumption. For activatepy controller block, the D flip flop

necessary to use, so we can management the engigy heen applied which works with signal ‘d’ asckloSwitch

consumption by reducing supply voltage insofar aesirdble
speed, with considerate to the demand frequency.

As Fig. 1 illustrates the diagram of proposed desig
active mode, we exploit 34/Vry control system to control
power and speed in active mode. This diagram cbobistest
chip, which is a critical path replica circuit teflect the delay
characteristics of the critical paths under proceskage, and
temperature (PVT) changes, with beneficial of tigist chip
we can monitor if the circuit works fast or slowdatnen The
Vppo/Vty control switching block decided to utilize py

block selects either 34 control or 4y control, will be active.
Table | summarizes truth table for thgpV/1y control circuit
for each states which delay monitor encounters baire to
Fig. 3. In the case,zl, Vpp control mode will start to work,
which helps to maintain the desirable circuit speed to
minimize switching power consumption. This blocknsists
of n-bit counter, analog to digital circuit and thie end, a
regulator to amplifier the output current. Eightflip flops

constitute 8-bit counter, we can set the numbesugply
voltage steps by the value of n, whatever the value is

control or \fy control system. In the case it works faster thaareater, supply voltage steps will be more accuratdast a

needed we reducepy to prevent extra power consumption.gimple D/A converter have been introduced to denote

and if it works slower than needed speeg, ¥ontrol will be
active to compensate delay by using FBB techni@ieuit
propagation delay is high sensitive tgpWariation so if the
circuit works fast, we should precisely reduce $yppltage.
Fig. 2 shows expanded proposed,pW+ty monitoring
circuit in active mode, with feedback loop, a keynponent

desirable supply voltage.

In the case signal ‘d’ cannot pass the test chipnduT;
period as signal z1(during third period of d) ig.F8 shows, it
means that test chip speed is slower than clk &eqy so
2,=0, Vpp control will stop and V4 control mode will start to
compensate extra delay, this block utilize an itereand a

of this controller circuit. ¥p and \V,y are changed on the baSiScapacitor. By charging or discharging the outpyacitor the

of reference voltages by feedback control. In ih& &tep the
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adjusting body voltage in the FBB direction, sor@a&sing the IV. EXPERIMENTAL RESULT
device speed at the expense of increased leakagsr po In this paper we propose a new circuit to determtime
optimal supply voltage and optimal body bias vodtagith

CLKL I e e low overhead, in active mode. _ _
[ Simulation results in this paper, has been impldatein
d HSPICE for 32nm, we used Berkeley Predictive Tetimo
process models (BPTM) to perform all experiments3anm
BPTM technology node. For the technology bellow réGihe
ITRS road map predicts that leakage power easihsvaver
dynamic power. Therefore, it is important to haffeient and
accurate estimation of total leakage currents fatinsources.
Our monitor and control circuit has been implemensad
evaluated wusing chain inverter circuit designed.e Th
Vdd control Vdd control FBB [H;LD propagation delay of the chain inverter, replicatiécal path
of the main circuit. Table Il shows the summanthad results
for the proposed approach at 32nm technology apitdly
: : : ‘ corner (TT), for three desirable clk frequenciebe Taverage
Fig. 3 Timing chart of the control and output signa power consumption has been measured at 0.9V supply
o ] ) voltage; as shown Table II, this design providestapt0%
Switching block will automatically hold 86 and Vi yeduction in power consumption in active mode, careg to
values depend on current state and previous statg @hese the cases where any reduction techniques are adtatsall.
values are maintained by feedback control. D fiyp thelps to In order to show the efficiency of the proposed
have 2 value on current state and previous statgethodology against temperature variations, testuiti is
contemporaneous, when d changes from 0 to,allie on  simylated at three temperature conditions® (@550 C and
the previous state fed to D flip flop, therefor up of AND  10¢p C). Also, to demonstrate the proficiency of theteyn, it
gate will be ready, to generate. Zhe proposed scheme usess simulated at different process-corner conditi(®s, FF, SF
the simple blocks which offer the advantages, satgood ang FS). Fig. 4 (a) shows the experimental resiltee chain
sensitivity, high speed and the feedback loop cowtisly jnyerter circuit at different process corner coiuis, different
works. demand frequency and at two temperatures, for bates,
without optimization and by applying our proposeonitor
and control \p/Vty circuit to the test circuit in 32nm
technology. Fig. 4 (b) illustrates optimal valuek supply

e

z1

75

72

76

TABLE |
TRUTH TABLE FOR THE V50/V 1, CONTROL CIRCUIT

#Clk Z(Voo/V)  Zi(active/hold) Operation voltage and body bias voltage, for above caseis. dbvious
2 1 0 Voo control optimal VDD is lower than its nominal value.
4 1 0 Vo control For the designs which are slower than nominal dwe t
6 0 0 V1 control p_roce_,-ss, voltage, temperature variations and ¢ia_gjhg, thi§_
8 0 1 HOLD circuit leverage FBB to speed-up that, this cooditi

mentioned at for 100.

Overhead of proposed monitoring circuit in terms itsf
power consumption is about 48V for 32nm technology. This
power dissipation is very small compared with thawver
consumption of the general digital cores.

In the case of nanoscale circuit process variation
maintaining the circuit yield is the most importagésign
challenge, when the proposed technique is apptietid test
chip besides the circuit yield safeguard and demand
performance compliance, power dissipation is reduck
previous study has shown that a critical path ceplionsists
of gate delay, RC delay, and rise/fall delay congms, and
that it can track well, with good voltage accur§@ly

The proposed circuit is an automatically ppV1H
controlling scheme using the critical path replicacuit,
which reflect the delay characteristics of the icait paths
under process, voltage, and temperature (PVT) tiams
conducted to reduce delay margin and to achieveld@ower
consumption.
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TABLE I
RESULTS FOR THE PROPOSED APPROACH AT 32NM TECHNOLO@ND TYPICAL CORNER (TT
Without optimization ) N . Optimal Vbod»- Optimal Vbody-
(aw) With optimization (uw) Optimal Wp (V) — nmos (v)

Frequency

25 5Cc 100¢ 25 5Cc 100c 25¢c 50c 100c 25c 50c 100c 25c 5Cc 100c

1GHZ 120.67 139.9 155 108.2¢ 1281 16157 0.8 0.85 .9 0.7 0.7 .6 0.2 0.2 3

.5 GHzZ 80.2 97.12 120.37 55.20 66.43  79.58 0.7 0.75 0.8 0.7 0.8 .8 0.2 0.1 1

.25 GHZ 56.8 60.69 65.38 32.8 3641 3742 065 0.65 0.7 0.8 0.8 .8 0.1 0.1 1

3 250 -+
2
c 200
.0
s
g 150
2
S 100
(8]
()
$ 50
2
0
PN R PN R &g 8P
NCAEENC RN C NG <?(o <?(9 ‘?6 {,)Co ’f)Co ’f?(o ’f)(a ’f)b
frequency - process
B without optimization-25 ¢ O with Vdd/Vbody optimization- 25 ¢
@ without optimization-100 ¢ B with Vdd/Vbody optimization- 100c
@)
1 -
—~ 0.8 A
2
o 0.6 -
<
2 04 4
4
0.2 A
0 % T T T T T T T
I = R IS SO R S L
NCAENCENCAIINC <?(0 (?(9 <?(9 <?(> ff,’>® qﬁo(o ’f?(o ’f?(o

frequency - process

W optimal vdd-100 ¢ Ooptimal vbody-pmos-100 ¢ @ optimal vbody-nmos-100 c

(b)
Fig. 4 (a) Active power dissipation in different Proc-corner(s: slow corner, f: fast corner) and différd@amancfrequency for 2% and 56c;
(b) optimal values of supply voltage and body hiakage for 2°c
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V. CONCLUSION [15] H. Mostafa, M. Anis, and M. Elmasry, “Comparatiweadysis of timing
. . . . . yield improvement under process variations of flgps circuits,” IEEE
Low power considerations are becoming increasingly Computer society annual symposium on VLSI, pp. 1833, 2009.

important in modern integrated circuits. As poréabhttery-
powered devices become more complex and prevaleet, Somaye Abdollahi pourwas born in Shiraz, Iran, in 1984. She received

demand for increased battery life will require desirs to seek the B.S. degree in electrical and electronics exgging from Shiraz Industrial
out new technologies and circuit techniques to ta@inhigh University, Shiraz, Iran, in 2007. She is currentigrking toward the M.S.
performance besides achieve minimum power Consomptidegree with Department of Electrical and Computegiieering, Kerman

. e . . . Graduate University of Technology, Kerman, Iran.Hesearch focuses on
and long operational lifetimes. In this paper weendescribed pigh.speed low-power analog and digital VLS| citcuilesign and

a monitoring scheme for minimizing power consumptimy methodology.
means of Vody control in standby mode andyMVy control Mohsen Saneeireceived the B.S. degree in electrical engineefiog

. . de. Th d . ffectind Sharif University of technology, Tehran, Iran, iB92. The M.S. degree in
In active mode. € proposed system Is very elecan electrical and electronics engineering from the lcniversity of science and

practicable in reducing the power dissipation i& iy circuits technology, Tehran, Iran, in 1995, and the Ph.Oyrele in electrical and
with the minimal hardware overhead of transistongl #he electronics engineering from Tehran University, feeh Iran, in 2008. He is

inimal head th i back currently an Associate Professor with the Departmeh Electrical
minimal power overhead, moreover the continuousgdbac Engineering, Shahid Bahonar University, Kermann.lis research focuses

loop control and adjusted optimal pyY and Mg on low-power analog and digital circuit design aslivas high-speed low-
automatically, depend on PVT and frequency vanetio power VLSI circuit design and methodology, and #86A and HDL
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