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Abstract. Dual threshold voltage and forward body bias power gating reduces the standby leakage power at the cost of
techniques are effective ways to optimally balance theperformance through traditional static CMOS logic circuits.
standby leakage power and performance. In this paper, w®n the other hand, in case of pass logic circuits an additional
propose a novel fine-grained forward body biasing schemeénput gating is required at both ends of the customized pass
for monotonic static logic circuits. In the proposed scheme,logic blocks to reduce the standby leakage powayépal et

the forward body bias is applied to high threshold voltageal., 20058. To overcome this delay penalty and to reduce
of either the pull-up or the pull-down network based on thethe transistor count, the high threshold voltage with forward
evaluation transition and the state of operation. This tech-body bias for improving the performance level has been in-
nigue improves the low skew NAND and NOR circuit per- troduced. The change in threshold voltage due to the bulk
formance by 7% and 11%, high skew NAND and NOR by source potential is given by

8% and 13% respectively. It reduces both active and standby

leakage power as compared to monotonic static CMOS with
dual-Vr technigue. The simulations are carried out using
130 nm mixed mode process technology to validate our pro-
posed technique.

AV, =y 20p + Vi — /20F 1)

wherey = body effect paramete® r = Fermi potential and

Vs» = SourceBulkpotential. Recent research reports indicate

1 Introduction that the optimal forward body bias (FBB) value of 400—
500 mV provides 13% and 37% performance improvement at

In nanometer era, leakage power becomes gradually a majok30 nm and 90 nm triple well procedsdrenda eta] 2003 v.

portion of the total power consumption in battery powered Arnim et al, 2004. This clearly suggests that the efficiency

embedded systems. This increase in leakage power reduce$ body bias depends on process technology.

the battery life time in such applications as wireless sensors \1onotonic Static CMOS circuits provide noise immu-
with high standby to active time ratiddyapal et al20053. nity low power and high performanc&glomatnikov et a.
To best utilize the battery source, both the active and standbzooq and differ from traditional static CMOS in the way
leakage power has to be minimized while meeting the peryansition are made. In order to have monotonic transitions
formance demands. _ at the gate outputs, the concept of pre-charge and evalua-
Modern CMOS process offers different types of thresh-tjon mode resembles domino circuits. During the pre-charge
old voltages and oxide thickness devices to meet the lownode each gate output is either chargedvisp or dis-
power and high performance demands. The low and higheharged tovgs. In the evaluation mode, the output either

threshold device provides high performance at the cost o&ays at its present value or makes a transition depending on
high leakage and low leakage with low performance respeciye inputs.

tively. Depending on the application requirements, the de- o o
signers can make optimal power performance trade-offs. For The rest of the paper will discuss the limitation of global

low standby power applications, dual threshold voltage with body bias, the essentials of transition based fine grained FBB
and simulation results using monotonic static low and high
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| Fig. 2. The variation of threshold voltage and on-current of low and

The application of global forward body bias using traditiona ;
gh threshold NMOS and PMOS devices.

static CMOS improves the performance at the expense of!
very high active leakage power. Applying forward body bias
to high threShOIQ device !ncreases active leakage Power fronﬁfable 1. Threshold voltage variations and leakage currents for dif-
the non-evaluation transistors. On the other hand, it becomegyent supply voltages

challenging to place low and high threshold transistors in tra-

ditional static CMOS circuits depending on evaluation tran-

sitions. To overcome this, we chose monotonic static logic | Device | A Vr AVrp AV o AV o
circuits in which placement of dual threshold devices based | under | @1.2V | @400mV | @1.2V | @400mV
on evaluation transition becomes easier. However, this tech-| test VDD VDD VDD VDD
nique increases both active and standby leakage power be-

cause of static low threshold evaluation transistors. Simi-

larly, applying FBB to the high threshold monotonic static NI-Il\;gS 33.7mV | 37.8mV | 12.62nA| 41.4nA
CMOS logic causes more active leakage power similar to the

monotonic static CMOS with dudly technique Thorp et

al, 1999. As a result{ thg increase in active leakage power | |\ 22mvV 28mvV 0.54UA | 0.268UA
makes global body bias inadequate for low standby power | Nvos

applications.

We propose a transition based fine-grained forward body
bias using monotonic static CMOS to avoid unwanted active
leakage with performance improvement as shown in Eig. 3 Transition based forward body bias - comparison of
In the proposed scheme, body bias is applied to high thresh- power and performance
old transistors of either the pull-up or the pull-down network
depending on the evaluation transitions. In monotonic statidDual threshold 130 nm device measurement shows that ap-
circuits, the applied forward body bias increases the transiplying 450 mV body bias to the high threshold NMOS and
tion rate without resizing the evaluation transistors. During PMOS increases,, by 3% and 11% at high drain source
active mode, a chosen body bias of 450 mV is applied to thevoltage. At the same time, thg, of low threshold NMOS
evaluation transistors, which decreases the CV/I delay by inare virtually identical due to severe Drain Induced Barrier
creasing thd,,,. The non-evaluation pre-charge high thresh- Lowering (DIBL) and V7 rolloff effects as shown in FigR.
old transistor offers lower active leakage power and the bodyThus, the efficiency of body bias decreases with thinner ox-
biased low threshold evaluation transistor contributes perforide, shorter gate length and smallér. Tablel shows that
mance enhancement. During standby mode, the applied Zerte rate of change of threshold voltage with body bias at
Body Bias (ZBB) brings the body biased evaluation transis-lower drain source voltage is greater due to reduced DIBL
tor into high threshold state to reduce standby leakage poweandVy rolloff. Dual V high threshold PMOS measurement
Thus, the selective forward and zero body biased evaluatioshows that the threshold voltage shift with 450 mV FBB is
transistor reduces both active and standby leakage power ugbout 1.4x more than those of NMOS devices. As a result,
ing monotonic property. the largerl,,, from body bias increases robustness of leakage
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sensitive circuits such as domino logic and highly skewed
static logic gates.

Lower operating temperature improves performance, how+ig. 6. Evaluation delay of low skewed gates for three different
ever the leakage current increase due to 450 mV FBB is abouichemes.
3.2xand 4xat 1.2V and 0.4Vps. Higher temperature of-
fers 2.6 x and 3.1x increase in leakage current at 1.2V and

0.4V Vps. Thus, the leakage current increase due to FBBLOW (H-L) transitions. In general, there are two types of
at lower drain source voltage is slightly more than those of9at€S such as low skew (LS) gates which have faster H-L
higher Vs, irrespective of operating temperature. transitions and high skew (HS) gates with faster L-H tran-

To validate the proposed technique, the fan-out of 4 (FO4)sitions. Since monotonic logic is inherently non-invgrting, it '
inverter delay as shown in Fig, is designed to compute the must be mapped to a network that does not contain intermedi-

performance improvement for both evaluation transitions ate inversions. This is in contrast to traditional static CMOS
Fig. 4 shows that the transition rate due to PMOS body biaéWhiCh can allow intermediate inverters. To utilize the mono-

has larger CV/I delay reduction compared to those of NMOStoniF property for fine-grained FBB, four different types of
body bias. PMOS body bias provides the same CV/I de-Pasic gates like LS-NAND, LS-NOR, HS-NAND and HS-

lay with (1-2) x less skew ratio (the ratio between PMOS S?R were ﬁhoseni_kEaﬁh ﬁkﬁweii] gl?jte i_shanalyz_e_:d f%r thrze
and NMOS transistor widths) compared to without body biasfI eregtbs% ek;pes hl eh r']g thrﬁjs (')h W'tb ga?f'tlon dase
condition. On the other hand, the NMOS body bias offers the onward body bias, high threshold without body bias and MS-

same transition rate with almost 1 x less skew ratio. CMOS with dualvr (low Vr in critical paths and highr in
non-critical paths) Thorp et al, 1999 techniques.

Figures6 and 7 show the evaluation delay and average
4 Monotonic static gates - design considerations switching power for LS-NAND and LS-NOR in three dif-
ferent techniques. Like FO4 inverter, the LS-NAND and LS-
Figure5 shows the monotonic static CMOS logic gates, eachNOR achieves the same CV/I delay with reduced skew ratio
gate is biased to make faster Low to High (L-H) or High to (SR =1). The parallel connected high fan-in LS-NOR gains

www.adv-radio-sci.net/4/269/2006/ Adv. Radio Sci., 4, 2B583- 2006



272 J. Senthilkumar and Y. Manoli: Monotonic transition based forward body bias

10 T

T
DVT NAND
DVT NOR

= 0O = HVT NAND FBB

=—O— HVT NAND ZBB

= O = HVTNOR FBB
— —O—HVTNORZBB -
2 -
5 2
H 5
< z
2 a
= o
S £
= <
= 2
3 =

2
14 2]
= [}
51 =
< B
<
DVT NAND
DVT NOR
= O = HVT NAND FBB
=—O— HVT NAND ZBB
. = O = HVTNOR FBB
10° ! ! ; ! | . ! ! —O— HVT NOR ZBB
1 2 3 4 5 6 7 8 9 10 10 i i i i i i
Skew Ratio 1 2 3 4 5 6 7 8 9 10

Skew Ratio

Fig. 7. Average switching power of low skewed gates for three

different schemes. Fig. 9. Average switching power of high skewed gates for three

different schemes.

— T T T T T T
] | DVT NAND
| | DVT NOR
| = O = HVT NAND FBB
ISkew Difference ~ 2.3 =—O— HVT NAND ZBB
= H = HVT NOR FBB
=—O— HVT NOR zBB

) . .
= W - LS HVT NAND zBB
—37— LS DVT NAND

= W = LSHVT NOR zBB

LS DVT NOR

= A = HS HVT NAND ZBB
—A— HS DVT NAND

— A - Hs HVT NOR zBB
—&A— HS DVT NOR

y--N--V "

High Skew Evaluation Delay (S)
Standby Leakage Power (W)

Skew Ratio Skew Ratio

Fig. 8. Evaluation delay of high skewed gates for three different Fig- 10. The worst case standby leakage power of low and high
schemes. skew gates.

0.67 times more delay reduction than the serial connecte@verage switching power of HS-NOR is increased by a factor
LS-NAND gate. The transition based body bias increasesf 2 when compared to HS-NAND. Transition based forward
the switching power by 13.6% and 7.6% of LS-NAND and body biased high skew gate consumes lower switching power
NOR gates, which is lower than that of MS-CMOS with dual than the MS-CMOS with dudly skewed gates.
Vr technigues. Thus, the LS-NOR attains substantial perfor- The standby leakage power for both low and high skew
mance gain with marginal increase in switching power usinggates are computed with worst case input patterns inlfig.
transition based body bias. On the other hand, the switching\pplying Zero Body Bias (ZBB) during standby mode,
power increase due to body bias in LS-NAND is greater thanbrings the body biased skew gates to high state. In
that of LS-NOR gate. MS-CMOS with dualVr technique, the high dynamic and
Like low skewed gates, the large fan-in HS-NAND PMOS standby leakage power consumptions are mainly due to par-
body bias reduces the evaluation delay by 0.6 times tharallel connected lowV/; evaluation transistors. Series con-
those of HS-NOR gate as shown in FB. High skewed nected LS-NAND and HS-NOR consumes lower standby
gates with PMOS body bias achieve the same CV/I de-eakage power than that of parallel connected LS-NOR and
lay at reduced skew ratio (SR=2.3). Thus, PMOS bodyHS-NAND gates. Thus, the worst case standby leakage
bias gates achieve additional performance improvement witlpower for the proposed scheme is far below the MS-CMOS
lower skew ratio than low skewed gates. From Figthe  with dual vV technique.
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