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Domino Logic With Variable
Threshold Voltage Keeper

Volkan Kursun Member, IEEEand Eby G. Friedmariellow, IEEE

~ Abstract—A variable threshold voltage keeper circuit technique an important issue threatening the reliable operation of deep
is proposed for simultaneous power reduction and speed enhance-submicrometer (DSM) dynamic circuits [1], [3]-[5], [13]-[15].
ment of domino logic circuits. The threshold voltage of a keeper In a standard domino (SD) logic gate, a feedback keeper is

transistor is dynamically modified during circuit operation to re- | dt intain the state of the d . d st
duce contention current without sacrificing noise immunity. The ©MPI0y€d to maintain the state of the dynamic node agains

variable threshold voltage keeper circuit technique enhances cir- coupling noise, charge sharing, and subthreshold leakage cur-
cuit evaluation speed by up to 60% while reducing power dissipa- rent. The keeper transistor is fully turned on at the beginning
tion by 35% as compared to a standard domino (SD) logic circuit. - of the evaluation phase. Provided that the necessary input com-
The keeper size can be increased with the proposed technlquewhllebination to discharge the dynamic node is applied, the keeper
preserving the same delay or power characteristics as compared to d oulld twork t ist te to det i the |
a SD circuit. The proposed domino logic circuit technique offers _an pufidown networ rQnSIS ors Compe et _e ermine the 10g-
14% higher noise immunity as compared to a SD circuit with the ical state of the dynamic node. This contention between the
same evaluation delay characteristics. Forward body biasing the keeper and the pulldown network transistors degrades the cir-
keeper transistor is also proposed for improved noise immunity as cuit speed and power characteristics. The keeper transistor is
compared to a SD circuitwith the same keeper size. Itis shownthat 1 icaly sized smaller than the pulldown network transistors in
by applying forward and reverse body biased keeper circuit tech- S .

order to minimize the delay and power degradation caused by

nigues, the noise immunity and evaluation speed of domino logic .
circuits are simultaneously enhanced. the keeper contention current. A small keeper, however, cannot

Index Terms—Body biased keeper, contention current, domino proyide thg necesgary noise .immunit)_/ .for reliab!e ope.ration in
logic, forward body bias, keeper, IO\;v-power and high-s]oeed dy- @n mcreasmgly noisy and noise sensitive on-chip (.anvilr_onment
namic circuits, noise immunity, reliability, reverse body bias. [3]-[5]. There is, therefore, a tradeoff between reliability and
high-speed/energy-efficient operation in domino logic circuits.

A variable threshold voltage keeper circuit technique is pro-
posed in this paper for simultaneous power reduction and speed

OMINO logic circuit techniques are extensively applie&énhancement of domino logic circuits. The current drive of the

in high-performance microprocessors due to the superieper transistor is dynamically adjusted with the proposed cir-
speed and area characteristics of domino CMOS circuits as cafiit technique. The threshold voltage of the keeper transistor is
pared to static CMOS circuits [1], [2]. High-speed operation gfhodified during circuit operation to reduce the contention cur-
domino logic circuits is primarily due to the lower noise margingent without sacrificing noise immunity. The variable threshold
of domino circuits as compared to static gates. This desirali§itage keeper circuit technique is shown to enhance circuit
property of a lower noise margin, however, makes domino l0gi&,a|yation speed by up to 60% while reducing power dissipation
cwcun; h|glhly sensitive to noise as compared to static gaFes. &;35% as compared to a SD logic circuit. The keeper size can
_on—chlp_n0|se bec_omes more severe with technology scaling fmgincreased while preserving the same delay or power charac-
Increasing operating frequenme_s, error free operation of domlfé(?istics as compared to a SD circuit since the contention current
logic circuits has become a major challengg [11, [31-15] is reduced with the proposed technique. The proposed domino

Threshold voltage reduction accompanies supply volta%e ic circuit technique offers 14.1%, 8.9%, or 11.9% higher
scaling, providing enhanced speed while maintaining dynamr\'}\?ise immunity under the same.delr;ly 'povx,/er or bower—delay

power consumption within acceptable levels in each ne duct condit ivel d 10 2 SD logic ci
integrated circuit technology generation. Scaling the threshdjffduct conditions, respectively, as comparedto a ogic cir-

voltage, however, degrades the noise immunity of domino logféit tchnique. Forward body biasing the keeper transistor is

gates [1]. Moreover, exponentially increasing subthreshdﬂ_ﬁso proposed forimproved noise immunity as comparedto asD

leakage currents with reduced threshold voltages have becditiguit with the same keeper size. It is shown that by applying
forward and reverse body bias circuit techniques, the noise im-
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Fig. 1. Domino gates with standard keeper transistors. (a) Standard footed domino gate. (b) Standard clock-delayed footless domino logic circuit.
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forward body biasing the keeper transistor for enhanced notsansistor. The output transitions low, turning on the keeper tran-
immunity is proposed in Section V. Finally, some conclusiorsistor. When the clock transitions high, the circuit enters the
are offered in Section VI. evaluation phase. In this phase, provided that the necessary input
combination to discharge the dynamic node is applied, the cir-
cuit evaluates and the dynamic node is discharged to ground. If
Il. BACKGROUND the circuit does not evaluate in the evaluation phase, the high
Stpte of the dynamic node is preserved against coupling noise,

Performance critical paths in high-performance integrat .
circuits are often implemented with domino logic circuitsCh@rge sharing, and subthreshold leakage current by the keeper

Although domino logic circuit techniques are preferable iHansistorun_tiIthe pullup transistor is turned on at the beginning
high-speed circuits, the reliability of domino circuits is seri©' the following precharge phase. ,
ously degraded in DSM technologies. The operating principles ' N€ foot transistor (see Fig. 1) controlled by the clock signal
of domino logic circuits are reviewed in this section. ReliabilitfVides the operation of a domino logic circuit into two distinct
issues threatening the correct operation of domino logic circuf§2Ses independent of the timing of the input signals. The iso-
together with some promising solutions recently proposed ligfion of the pulldown .netvyor_k from grqund in the prech_arge
the literature are reviewed. The basic operation of a SD |qugase eases the. relative timing of .the I.npu.t and clock signals
circuit is described in Section II-A. The noise immunity, signdl” cascaded multistage footed domino circuits. If the necessary

delay, and energy dissipation tradeoffs in domino logic circuitdPut combination to discharge the dynamic node is applied
are discussed in Section II-B. during the precharge phase, the pulldown transistors cannot alter

the state of the dynamic node as the pulldown path to ground is
blocked by the foot transistor.
The foot transistor has a nonzero resistance and parasitic ca-
A standard footed domino gate is shown in Fig. 1(a). Domireacitance that degrades the evaluation speed of a domino cir-
circuits behave in the following manner. When the clock signalit. The foot transistor is typically sized significantly larger
is low, the domino logic circuit is in the precharge phase. Durirthan the pulldown network transistors to minimize this speed
this phase, the dynamic node is charged#g; by the pullup degradation. Increasing the size of the foot transistor, however,

A. Operation of SD Logic Circuits
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increases the power dissipation since the foot transistor switcl
every clock cycle. Provided that the clock signal is appropt
ately delayed, the foot transistors can be omitted in a cascat
multistage domino circuit [as shown in Fig. 1(b)], reducing bot
the circuit evaluation delay and the power dissipation. The clo
signal is intentionally delayed from one stage to the next stage
order to ensure that no short-circuit current path from the pow
supply to ground exists (formed by the pullup and pulldow
network transistors being turned on simultaneously). The clo
signal driving a footless domino gate is delayed to transition lc
only after the previous stage domino gates are all precharged.
the inputs to the footless domino gate are all low. Similarly, tt
inputs to a footless domino gate should transition high only aft No
the clock signal at the gate transitions high and the evaluati
phase begins [2]. Although more strict timing of the input an
clock signals is required, the overall delay and power charact
istics of a footless domino circuit are enhanced as comparec Normalized NML, Delay, and Power
a standard footed domino circuit. Footless domino circuits are,
therefore, increasingly popular in high-speed integrated circui*
[2]. Since the clock signal driving each domino gate is delaye
a multistage footless domino circuit is often categorized as
clock-delayed or delayed-reset domino circuit. Note that a fir
stage domino gate in a multistage clock-delayed domino circ
is typically footed as shown in Fig. 1(b).

Keeper Size (times pulldown)

Power 1 Four input standard footless
domino AND gate

1.00 1.50 2.00 2.50 3.00 3.50

B. Noise Immunity, Delay, and Energy Tradeoffs in Domino
Logic Circuits

Keeper Size (times pulldown)

As described in Section II-A, the keeper transistor is full
turned on as the output goes low during the precharge phe
When the clock signal transitions high, the pullup transist
turns off and the keeper transistor provides the only conducti
path between the dynamic node dngdp, preserving the log-
ical state of the dynamic node in the evaluation phase. Provic
that the necessary input combination to discharge the dynar
node is applied during the evaluation phase, the keeper transi: Notmalized NML, Deley, and Power
opposes the evaluation of the input signals, degrading the speed
and power characteristics of a SD logic circuit. The current pro- ®)

vided by the keeper transistor to charge the dynamic node whHile 2. Comparison of the normalized noise immunity, evaluation delay, and
th Id twork t ist t tina to disch IE(b)%\/er characteristics of standard footless domino logic circuits with different
€ pufldown network transistors are attempuing to discharge per sizes. (a) Effect of the increased keeper size on the circuit characteristics

dynamic node is called contention current. of a four input dominoanD gate. (b) Effect of the increased keeper size on
The effect of the keeper transistor on the noise immunit?,e circuit characteristics of a four input domio® gate. NML 1, Delay 1,

. . . nd Power 1: only one input is excited while the other input signals are either
evaluation delay, and power characteristics of a domino Iogjg)unded (for th@R gates) or connected 8 » (for the AND gates). NML 2,
circuitis evaluated assuming a 0. & CMOS technology. The Delay 2, and Power 2: All four input signals are excited with the same input or
low noise margin (NML) is the noise immunity metric used irfoise signal.

this section. The NML is defined as

NML = Vi1 — Vor, 1)

ower 1 Four input standard footless
domino OR gate

1.00 1.50 2.00 2.50 3.00 3.50

depending upon the gate input excitation. The simulations of
the first group of circuits (NML1, Delayl, and Powerl shown
whereV;y, is the input low voltage defined as the smaller of tha Fig. 2) are based on the assumption that the input or noise
dc input voltages on the voltage transfer characteristic (VTGignals couple only at a single gate input while the other gate in-
at which the rate of change of the dynamic node voltage wighuts are connected either to ground (for tiregates) or td’pp
respect to the input voltage is equal to one (the unity gain poiffibr the AND gates). Additional simulations (NML2, Delay2,
on the VTC).Vy, is the output low voltage. and Power2 shown in Fig. 2) are produced assuming that all of
Simulation results for four input standard footless domintie gate inputs are excited simultaneously by the same input or
AND andoR gates are shown in Fig. 2. For comparison, simunoise signal.
lation results of domino logic circuits without a keeper are also As shown in Fig. 2(a), when the input or noise signal is ap-
included in Fig. 2. All of the transistors other than the keep@tied to only one input while the other gate inputs are connected
transistor are sized the same. The effect of the keeper transistdrp p [NML1, Delayl, and Powerl shown in Fig. 2(a)], the ad-
on the circuit delay and noise immunity characteristics varigtion of a keeper whose size is a quarter of a pulldown transistor
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degrades the evaluation speed and power by 16% and 14%, re Voor  Vop2
spectively, as compared to a four input domimm gate without ? ?

a keeper. Increasing the keeper size from 0.25 to 1, the NML1
is increased by 163%. The increased keeper size, however, als
increases the delay and power dissipation by 190% and 132%

Body Bias Generator

respectively. When all of the gate inputs are excited [NML2, Clock Body Bias Proposed
Delay2, and Power2 shown in Fig. 2(a)], the NML2, delay, and Body Biased Keeper
power are increased by 104%, 177%, and 125%, respectively. Vbp1 Vo4
by increasing the keeper size from 0.25 to 1. /

When only one input signal is excited while the other three 2 d[Putlup p———

sistor degrades the power and delay by 18% and 16%, respec | — =2  -----------
tively, as compared to a SD circuit without a keeper [as shown in
Fig. 2(b)]. Increasing the keeper size from 0.5 to 2 increases the
noise immunity, delay, and power by 119%, 104%, and 118%, IFoot

respectively. When all of the gate inputs are excited by the same i

noise or input signal, the effect of the keeper current on both

the circuit performance and reliability is reduced. Increasirfdg- 3. AX input dominoor gate with a variable threshold voltage keeper.
the keeper size from 0.5 to 2, therefore, improves the NML by

only 24%. The delay and power are increased by 40% and 67 reducing the delay and power of domino logic circuits de-
respectively. pends upon an accurate estimate of the worst case evaluation
As displayed in Fig. 2, from a circuit performance and energjelay [4]. Provided that the worst case evaluation delay is un-
efficiency point of view, the keeper should be sized as small ggrestimated, the conditional keeper can be turned on before the
possible (or preferably omitted as in earlier domino logic Cikevaluation is completed (the dynamic node is fully discharged),
cuits). On the contrary, from a noise immunity and operationgloducing a contention current on par with the current produced
reliability point of view, the keeper size should be as large &y a SD keeper transistor. Alternatively, if the worst case evalu-
possible while guaranteeing functionality for a worst case del@yion delay is overestimated, the circuit is exposed to noise with
input signal combination. There is, therefore, a tradeoff betweptfle noise immunity for an extended amount of time, thereby
high noise immunity and high-speed/energy-efficient operati@egrading the reliability of the circuit.
of domino logic gates [3]-[5]. A variable threshold voltage keeper circuit technique is
In order to manage these conflicting requirements (a stropgoposed in this paper for simultaneously reducing power, en-
keeper for high noise immunity and a weak keeper for highancing speed, and improving noise immunity in domino logic
speed), a variable strength keeper scheme was first proposgéuits. The current drive of the keeper transistor is adjusted
by Alvandpour [3]. Two keeper transistors are employed in thg dynamically body biasing the keeper. The threshold voltage
proposed scheme. One of the keeper transistors is sized smadffinhe keeper transistor is modified during circuit operation
order to reduce the contention current while the other keepér reduce the contention current without sacrificing noise
transistor is sized larger for high noise immunity. The largéfmunity. Similar to the conditional keeper and high-speed
keeper transistor is conditionally turned on if the dynamic nod®mino techniques, it is assumed that the worst case evaluation
is not discharged during the evaluation phase. The weak keegelay of the domino circuits can be accurately predicted. The
offers limited noise immunity, improving the evaluation speeg@peration of the proposed domino logic circuit technique with
during the worst case evaluation delay while the strong keepevariable threshold voltage keeper is described in Section Il
offers good robustness to noise and leakage during the rest of
the evaluation phase [4]. The primary drawback of this tech- || DomiNO Locic WITH VARIABLE THRESHOLD
nique is that a delay element and a conditional keeper control VOLTAGE KEEPER
circuit are required for each domino gate, increasing the area . . . ) )
and energy overhead of the conditional keeper circuits. A sim- 1 € DVTVK circuittechnique is introduced in Section llI-A.
ilar technique with a single keeper transistor which is cutoff 4'¢ threshold voltage of the keeper is dynamically modified
the beginning of the evaluation phase has been proposed in gg'ng circuit operation by changing the body bias voltage of
The dynamic node, without any conductive path to the pow k_eeper. Operation of the body bias generator is described in
supply, floats at the beginning of the evaluation phase. AIthou&H‘?Ct'on Ii-B.
the contention current is reduced with the technique proposed in
[5], reliable operation cannot be maintained in an increasingfy Variable Threshold Voltage Keeper
noisy and noise sensitive on-chip environment. It is assumedA K input domincorgate based on the proposed circuit tech-
with the domino circuit techniques proposed in [3] and [5], thatique is shown in Fig. 3. A representative waveform that char-
the timing of the clock and input signals driving the domin@acterizes the operation of the circuit is shown in Fig. 4.
gates are well known, permitting the worst case evaluation delayT he operation of the DVTVK circuit behaves in the following
to be accurately estimated. The effectiveness of both techniquasnner. When the clock is low, the pullup transistor is on and the

input signals are grounded in a four input domiwgate, the {>C Output
addition of a keeper half the size of a pulldown network tran- | H‘ | H‘ Dynamic H‘ .
L — -
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Fig. 4. Waveforms that characterize the operation of the proposed variable threshold voltage keeper circuit technique.
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dynamic node is charged 16, ;. The substrate of the keeper
is charged td/pp> (Vpp2 > Vppi) by the body bias gener-
ator, increasing the keeper threshold voltage. The value of tt

I

I
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Delay !
1
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I

1

tention current when the evaluation phase begins. A reductic
in the current drive of the keeper does not degrade the noise ir b o o e oo __ 4
munity during precharge as the dynamic node voltage is main-

tained during this phase by the pullup transistor rather than Big- 5. Body bias generator circuit.

the keeper.

When the clock goes high (the evaluation phase), the pullyp,s gitage is increased t, p». When the clock goes high, the
transistor is cutoff and only the high keeper current con- 4oming circuit enters the evaluation pha¥ede; is discharged
tends with the current from the evaluation path tran5|stor(§pTrougth, turning onP, and P,. P, and P are cutoff. The
Provided that the appropri_ate @nput combina_tion that dischargﬁﬁtage aNode; is maintained atp »; throughP,. During this
the dynamic node is applied in the evaluation phase, the cQ5ge, the DBBG must ensure that the keeper current is increased
tention current due to the high- keeper is significantly re- 1, he |ow threshold voltage (Iow;) current level to maintain
duced as compared to SD logic. After a delay determined Ryyher noise immunity if the dynamic node is not discharged by
the worst case evaluation delay of the domino gate, the bogl, e\ ajuation path transistors. After a delay determined by the
bias voltage of the keeper is reducediop., zero biasing the ot case evaluation delay of the domino gate, the body bias
source-to-substrate p-|_1 junction of the keeper. The ,threShQHtage is reduced t&pp1. Hence, with a time delay, after
voltage of the keeper is lowered to the zero body bias levghe clock edge, the threshold voltage of the keeper is reduced to
thereby increasing the keeper current. The DVTVK keeper hgg, ;6o body bias level, increasing the keeper current. During
the same threshold voltage of a SD keeper, offering the Safig remaining portion of the evaluation phase, the noise immu-
noise immunity during the remaining portion of the evaluatiogi, characteristics of the SD and DVTVK circuit techniques are
phase (assuming the SD and DVTVK keepers are the same S'ﬂ?gntical.

The proposed dynamic body bias generator assumes two
supply voltagesVpp1 andVpps, whereVpp: < Vpps. The

The proposed dynamic body bias generator (DBBG) delay and power savings can be improved by increagings
shown in Fig. 5. The DBBG produces an output signas compared td/pp;. This change, however, also degrades
swinging betweenVpp; and Vpps from an input signal the noise immunity characteristics of a domino circuit at the
swinging between ground and, p;. The DBBG generates the beginning of the evaluation phase. The appropriate reverse body
proper body bias voltages for the keeper with an appropridi@as voltage applied to the keeper is determined by the target
delay, ensuring that the contention current is reduced withalglay/power objectives while satisfying the lowest acceptable
sacrificing noise immunity. noise immunity requirements during the worst case evaluation

The operation of the DBBG is controlled by the clock signalelay of a domino gate. The highest bias voltages that can be
that also controls the operational phases of the domino logipplied across the source-to-substrate p-n junction and the gate
circuit. When the clock goes lowode, is discharged through oxide of a MOSFET for a specific technology are other factors
Ns, turning onP; and P;. P, and P, are cutoff and the body that determiné/pps.

I
high threshold voltage (highz) of the keeper is determined X Vooz  Vooz
by the reverse body bias voltag€p> — Vpp1) applied to o= e | ] N Body Bias
the source-to-substrate p-n junction of the keeper. The curre ! !
sourced by the high4 keeper is reduced, lowering the con- clock ! Voor Voo !

B. Dynamic Body Bias Generator
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Fig. 6. A four-bit multiple-output domino carry generator of a carry lookahead adder implemented with the proposed variable threshold voltagekiéepe
techniqueWxo = 2Win1 /3, Wz = 2Wa1 /4, Wiy = 2Wiai1 /5, Whs, Wae, War, Was, Wao = 2Wh.

IV. SIMULATION RESULTS presented in Section IV-A. The proposed DVTVK circuit tech-
As discussed in Section Il, the worst case evaluation delay flue 1S also applied to a chain of footless_ domi gates.
a wide dominoor gate occurs when only one input is excite |_mu|at|on results of the cloc_k d(_elayed c_iommagates CoR) .
while the other inputs are grounded. Similarly, the worst ca: th .the proposed DVTVK cwcmt. tgchmque are presented in
evaluation delay in a domino gate with stacked pulldown tral ection IVB The effect of gate sizing on th? delay.and power
sistors €.g, anAND-OR Or anAND gate) occurs when all of the charactgrlstlcs _of the proposed DVTVK circuit technique is dis-
inputs in the critical pulldown path are excited by the same inpﬁ?ssed in Section V-C.
signal while all of the other inputs are grounded. The worst case ) ) ) )
evaluation delay determines the clock speed of a domino circflit Multiple Output Domino Carry Generator With Variable
while the target clock speed determines the size of a keeper. THEeshold Voltage Keeper
speed and power characteristics of the domino logic circuits areA four-bit multiple-output domino carry generator (CG) im-
evaluated for the set of worst case input vectors. While evalplemented with the proposed variable threshold voltage keeper
ating the noise immunity, the same noise signal is applied to altcuit technique (CG-DVTVK) is shown in Fig. 6. A descrip-
of the test circuit inputs as this situation represents the wotiin of the multiple-output domino circuit technique is presented
case noise condition. in [11]. The CG circuit has four dynamic nodes. Each dynamic
The SD and DVTVK circuit techniques are evaluated for twoode of the CG can be discharged independently by asserting
different test circuits assuming a 0.8 CMOS technology. the generate(§) input of the corresponding node. The critical
Simulation results of a multiple-output domino carry generat@ath of the CG circuit is along th¥5-Ng path. The worst case
implemented with the proposed DVTVK circuit technique arevaluation delay of the CG occurs while discharging the fourth
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TABLE |
A COMPARISON OF THEEVALUATION DELAY, POWER DISSIPATION,
PowER-DELAY ProODUCT (PDP),AND NML (FORMAXIMUM REVERSEBODY
BIASED KEEPER OF SD AND DVTVK CIRCUIT TECHNIQUES FORKPR = 2.2

ODelay N Power O NML

Evaluation Delay Power PDP NML
s) (uW) () (mV)
SD 291 2625 764 478
DVTVK 116 1717 199 427
Reduction 60% 35% 74% -11%

PDP, Delay, Power, NML (normalized)

munity offered by the DVTVK technique under the same delay,
sD 24 24 27 3 power, or power-delay product conditions as compared to SD is
Vooz (V) presented in Section II.
Fio 7 Variation of h el ; PO del 1) Improved Delay and Power Characteristics With Compa-
T e o ey, Bt (PO, et ¥hble Noise Immunity:The keeper width is a mulple of the
are normalized to those of a SD carry generator circuit with the same sguivalent width of the pulldown critical path and is varied to
transistorsKPR = 2.2). evaluate the delay, power, and noise immunity characteristics.
The evaluation delay, power, power-delay product (PDP), and
dynamic node IDynamic,) through the critical path. During NML of the SD and DVTVK circuits as a function of the keeper
evaluation of the delay and power characteristics, the propageteritical path effective transistor width ratio (KPR) are shown
inputs (P;-P;) andC;, are asserted while the generate inputis Fig. 8. Provided that the input vector combination that pro-
(G1-G4) are grounded. While evaluating the noise immunitguces the worst case evaluation delay is applied, the fourth dy-
all of the inputs are excited by the same noise signal. A 1-Ghiamic node of the SD circuit cannot be fully discharged during
clock with a 50% duty cycle is applied to the circuits. All ofthe entire evaluation phase for KPR values above 2.2 due to the
the common transistors in the SD and DVTVK test circuits at@gh contention current in SD logic circuits. A KPR of 2.2 is,
sized the same. therefore, the largest value that is considered in this analysis.
In order to determine an appropriate reverse body bidbe gain in delay, power, and PDP achieved by the proposed
voltage to be applied to the keeper, the delay, powegechnique is listed in Table I.
power-delay product (PDP), and noise immunity characteristicsThe proposed variable threshold voltage keeper circuit tech-
of CG-DVTVK are evaluated by varyin§pp2 (for a keeper nique is effective for enhancing the evaluation speed of domino
to critical path effective transistor width ratio (KPR) of 2.2)logic circuits. The enhancement in circuit speed of DVTVK as
The normalized delay, power, PDP, and NML of CG-DVTVKcompared to SD is 8% for a KPR of 0.6. As shown in Fig. 8(a),
as compared to the SD carry generator (CG-SD) are showrthie effectiveness of the proposed technique increases with larger
Fig. 7. The evaluation delay and power dissipation are redudegkper size as the degradation in circuit speed becomes more
by increasingVpps. as compared t&'pp;. IncreasingVpps, severe due to increased contention current. As listed in Table |,
however, also degrades the noise immunity characteristicsfTVK improves the evaluation delay by 60% as compared to
the domino circuit at the beginning of the evaluation phasgD for a KPR of 2.2. As shown in Fig. 8(b), the proposed circuit
As shown in Fig. 7, the degradation in noise immunity is 2%echnique also lowers the power consumption for a wide range
for a reverse body bias voltage of 0.3 V while the delay araf keeper sizes. As listed in Table |, DVTVK reduces the power
power savings are 4% and 1%, respectively. Increasing the 35% as compared to SD (forl@PR = 2.2). As the keeper
reverse body bias voltage of the keeper transistor to 1.8size is decreased, the effect of the keeper contention current on
(Vbp2 = 3.6 V), the delay and power savings are increasdte power dissipation becomes smaller. The reduction in power,
to 60% and 35%, respectively, while the degradation in noiieerefore, diminishes with decreasing keeper size. Due to the
immunity at the beginning of the evaluation phase increasesergy overhead of the dynamic body bias generator circuit, the
to 11%. It is assumed that applying a supply voltage of up fmwer consumed by DVTVK is 13% greater than SD when the
3.6 V to the body bias generator does not create any MOSFEPR is reduced to 0.6.
gate oxide related reliability problems in the target CMOS The power-delay product (PDP) of the circuits is also illus-
technology. It is also (arbitrarily) assumed that a degradatitrated in Fig. 8 to better compare the effect of the proposed
of the noise margin by 11% at the beginning of the evaluatiamariable threshold voltage keeper circuit technique on circuit
phase is acceptable. In the following analy$is,p1 andVpps  performance and energy dissipation. SD has a higher PDP as
are 1.8 and 3.6 V, respectively. compared to DVTVK for values of KPR greater than 0.8. As
Simulation results characterizing the delay and power gailisted in Table |, DVTVK lowers the PDP by 74% as compared
achievable with the DVTVK circuit technique for a same sizto SD for a KPR of 2.2.
keeper as compared to SD are analyzed in Section I. Since thénother important metric for domino circuits is the noise im-
contention current is significantly reduced with the proposedunity. The proposed circuit technique degrades the noise im-
variable threshold voltage keeper circuit technique, the sizerafinity as compared to SD, although only at the beginning of the
the keeper transistor can be increased to improve the noise avaluation phase. This degradation occurs for a brief amount of
munity without degrading the delay and power characteristicstase until the threshold voltage of the keeper is lowered for in-
compared to a SD logic circuit. The improvement in noise inereased noise immunity. The time delay ) at the beginning
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Fig. 8. SD and DVTVK simulation results for different keeper to critical path equivalent transistor width ratios (KPR). (a) Evaluation delay R&s(y) K
Power dissipation versus KPR. (c) Noise margin versus KPR. (d) Power delay product versus KPR.

of the evaluation phase, after which the keeper current drive is TABLE I

increased to the low level. is determined by the worst CaSeACHlEVABLE IMPROVEMENT IN NML WITH THE DVTVK CIRCUIT TECHNIQUE
t ! AS COMPARED TO SD WHILE MAINTAINING EQUAL DELAY, POWER

_evaluat_ion delay of the domino gate. The degradation_ in noise DISSIPATION, OR PDP (KPROF DVTVK IS 2.2)
immunity changes between 8% and 11% under maximum re-
verse body bias conditions as the KPR is increased from 0.6 t Noise margin improvement as compared to SD
2.2. As shown in Fig. 8(c), the noise immunity of DVTVK is SD-KPR 7 NML NML
: f . . i ero Body Bias Reverse Body Bias
identical to the noise immunity of SD whenever a zero body ~“Same Delay | 1.34 14.1% 1.9%
bias is applied to the keeper. Same Power | 1.63 8.9% -2.7%

Same PDP | 1.45 11.9% 0.0%

2) Improved Noise Immunity With Comparable Delay or
Power Characteristics:The DVTVK circuit technique is
shown to offer significant delay and power savings for the same
size keeper as compared to SD. Because of the high contentioBince the contention current is significantly reduced with
current in SD logic circuits, the circuit evaluation delay anthe proposed variable threshold voltage keeper technique, the
power increases significantly with larger keeper size. As ewidth of the keeper transistor in a DVTVK circuit can be in-
plained in Section II, the significant speed and energy penaltieased without degrading the delay and power characteristics
incurred to increase the noise immunity in SD logic circuits i8s compared to a SD logic circuit. DVTVK, therefore, offers
due to the static strength of the keeper current during the entiigher noise immunity as compared to SD under the same
evaluation phase. As shown in Fig. 8, the NML of SD and zexelay, power, or power-delay product conditions. The KPR of
body biased DVTVK increases by 34% as the KPR is increasB¥TVK is fixed at 2.2 (the highest value considered during the
from 0.6 to 2.2. The adverse effect of increased keeper sizeamalysis). The SD keeper size is reduced to lower the contention
the delay and power characteristics is significantly lower faurrent, offering the same delay, power, or PDP as compared
DVTVK as compared to SD. As shown in Fig. 8, the evaluatioto DVTVK. The improvement in the NML of DVTVK as
delay and power dissipation of SD (DVTVK) are increasedompared to SD (both under the maximum reverse body biased
by 3.8 (1.6) times and 2.6 (1.5) times, respectively, for a 34&hd zero body biased DVTVK keeper conditions) are listed in
noise immunity improvement as the KPR is increased from OT@ble Il. The KPR of SD required for the same delay, power
to 2.2. The PDP of SD (DVTVK) increases 10 (2.5) times for dissipation, or PDP characteristics as compared to the DVTVK
KPR of 2.2 as compared to a KPR of 0.6. circuit technique is also listed in Table 1.
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Fig. 9. Clock delayed domino logic with the proposed variable threshold voltage keeper circuit technique.

As listed in Table 11, the NML of DVTVK (zero body biased three-stage chain of eight input domioa gates with a fan-out
keeper) is 14.1% higher as compared to SD when the SD keepkthree COR) is investigated.
is sized for comparable evaluation speed. Since the keeper trarA body bias signal that swings betweEpp;, andVp po from
sistor in the CG-DVTVK circuit is sized 64% larger than thea clock signal that swings between ground ansh, is gen-
keeper in CG-SD, the noise immunity of CG-DVTVK is higheerated in the first stage of a clock-delayed domino circuit. The
as compared to CG-SD even at the beginning of the evalsabstrate of the keepers within the domino gates in the following
tion phase when the keeper threshold voltage is increasedstgges are driven by cascaded inverters supplietfy; and
reverse body biasing the keeper. Under the same power disp2 (as shown in Fig. 9). The delay and drive strength of these
sipation conditions, the NML of DVTVK with zero body bi- inverters are adjusted in each domino stage to maintain the cor-
ased keeper improves by 8.9% as compared to SD. When thet timing of the body bias signals. The clock and body bias
power-delay products of DVTVK and SD are maintained theignals are delayed at each footless domino stage, maximizing
same, the DVTVK (with zero body biased keeper) offers ahe savings in the delay and power with the proposed variable
11.9% higher NML as compared to SD. threshold voltage keeper circuit technique.

The keeper width is a multiple of the width of a pulldown net-
work transistor (all of the nMOS transistors in a pulldown path
are sized the same) and is varied to evaluate the delay, power,

As discussed in Section I, footless domino logic circuits hawend noise immunity characteristics of a chain of domino logic
enhanced speed and power characteristics as compared to fooit@diits with variable threshold voltage keepertog-DVTVK)
domino logic circuits. Cascaded footless domino logic circuitand a chain of domino logic circuits with standard keepers
however, require careful control of the relative timing of thécor-SD). A 1-GHz clock with a 50% duty cycle is applied
clock and input signals. When the DVTVK circuit techniqueo the circuits. All of the common transistors in the SD and
is applied to a clock-delayed footless domino circuit, the bodyVTVK test circuits are sized the same. Each domino gate at
bias signals should be delayed with respect to the input signtiie third stage drives a 10 fF load. The savings in evaluation
at each footless domino stage. Appropriate timing of the bodglay, power, and PDP abr-DVTVK as compared te¢orR-SD
bias signal is crucial for maximizing the savings in the delay aridr different keeper sizes are listed in Table IlI.
power without sacrificing noise immunity with the proposed cir- As listed in Table Ill, DVTVK improves the evaluation delay,
cuit technique. The proposed DVTVK circuit technique is agpower, and PDP by 6.9%, 0.6%, and 7.5%, respectively, as com-
plied to cascaded footless domiorgates as shown in Fig. 9. A pared to SD for & PR = 0.6. The effectiveness of the proposed

B. Clock-Delayed DVTVK
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TABLE Il inverters have been adjusted to appropriately delay the body
SAVINGS IN DELAY, POWER, AND PDPOF CORDVTVK AS COMPARED TO  hiag signals. The DVTVK circuit technique increases the
COR-SD WITH DIFFERENT KEEPERSIZES .
required area by 2.3% to 2.8% and 2.6% to 3% as compared

Percentage improvement as compared to SD to CG-SD andcor-SD, respectively, fof.6 < KPR < 2.2.
KPR | Delay | Power | PDP | NML For increasing keeper size, the delay elements (the inverters)
0.6 6.9 0.6 7.5 -6.1 . R .
08 9.0 32 2.8 59 are resized to strengthen the body bias signal while most of the
1.0 12.3 5.7 17.3 5.9 transistors forming the DBBG are minimum size. The energy
}i :5-8 1828 §3§ 28 savings due to the reduced contention current as compared to
L6 2?? 16:; 322 o1 a SD circuit typically exceeds the additional energy dissipated
1.8 28.6 21.9 44.2 6.2 by the body bias generator.
2.0 35.0 28.5 53.5 6.5 The affect of reducing the output load capacitance on the
22 | 434 372 64.4 -6.4

delay and power characteristics of the proposed DVTVK cir-
cuit technique is evaluated in this section for a four-bit mul-
TABLE IV tiple-output domino carry generator (CG) and a cascaded three

ACHIEVABLE IMPROVEMENT INNML WITH THE DVTVK CIRCUIT TECHNIQUE ; ; _ ;
AS COMPARED TO SD WHILE MAINTAINING EQUAL DELAY, POWER Stage elght mput clock delayed domia® gates COR)' The

DISSIPATION, OR PDP (KPROF DVTVK 15 2.2) load capacitance is scaled from 2_—10_fF while maintaining a
clock frequency of 1 GHz. The savings in the delay, power, and
R Noise lﬁﬁr improvement as C?\]ﬂ;ﬁred to SD PDP of the CG-DVTVK andctor-DVTVK circuits varies with
Zero Body Bias Reverse Body Bias the load capacitance as shown in Fig. KPR = 2.2).
Same Delay | 145 8.1% 0.0% The DBBG is used to only drive the substrate of the keeper
Same Power 1.61 6.1% -1.8% i H i i H H H
S Db 152 T2 o transistors in the domino logic circuits. Most of the transistors

in a DBBG are, therefore, sized minimum even for a high output
load capacitance. The energy overhead of DBBG becomes more
technique increases with larger keeper size as the degradagigmificant as the pullup, pulldown, and the output inverter tran-
in circuit speed and power characteristics becomes more sewitgors of the domino logic circuits are scaled together with the
due to increased keeper contention. The enhancement in kiad capacitance. As shown in Fig. 10, the power savings are
cuit speed, power, and PDP of DVTVK as compared to SD areduced for a smaller output load capacitance. The degradation
43.4%, 37.2%, and 64.4%, respectively, for a KPR of 2.2. Thethe power savings of the CG is more significant as compared
degradation in noise immunity (NML) changes between 5.9% cor at small load capacitances. This behavior is explained
and 6.5% as the KPR is varied between 0.6 and 2.2. by the same DBBG being shared by several OR gates in the
Similar to CG-DVTVK, the keeper transistors in asecond and third stages 0brR-DVTVK, reducing the overall
CORDVTVK circuit can be sized larger, offering higherenergy overhead of the DBBG circuits. At high loads, however,
noise immunity with the same delay and power characteristitg power savings of CG-DVTVK antbr-DVTVK are similar.
as compared to a SD logic circuit. The keeper transistoTéie speed enhancement by the proposed DVTVK technique is
of CoOrRDVTVK and cor-SD are sized for the same delayprimarily dependent on the relative size of the pulldown network
power, or PDP characteristics. The improvement in the NMiransistors and the keeper. The effectiveness of the DVTVK cir-
of cor-DVTVK as compared tocor-SD (under both the cuit technique for improving the delay characteristics as com-
maximum reverse body biased and zero body biased keepared to SD is relatively insensitive to the load capacitance as
conditions) are listed in Table INcORDVTVK offers 8.1% shown in Fig. 10 (for the same keeper to pulldown network tran-
higher noise immunity as compared to SD with the sam#stor width ratio).
evaluation speed. The larger size of ther-DVTVK keeper
compensates for the reduced gate driféégg — Vtp|) of the
keeper transistor at the beginning of the evaluation phase
when the keeper is reverse body biased. The noise margins of
COrR-DVTVK with a reverse body biased keeper a0dRSD  Reverse body biasing the keeper at the beginning of the
for the same evaluation delay are, therefore, equal. evaluation phase is effective for simultaneously improving
the speed and power characteristics of domino logic circuits.
Zero body biasing the keeper transistor after the worst case
evaluation delay is proposed in order to not sacrifice noise
It is assumed that each of the carry generator outputs {inmunity with the proposed variable threshold voltage keeper
Section IV-A) and the third stage footless domioe gate circuit technique. Alternatively, forward body biasing (FBB)
outputs (in Section IV-B) drive a 10-fF load. The transistorthe keeper after the worst case evaluation delay is proposed
in the domino logic circuits are sized to operate with a 1-GHp improve the noise immunity characteristics as compared to
clock with a 50% duty cycle. In Fig. 6lWn1 = 25Wy.;,  SD. The threshold voltage of a forward body biased MOSFET
and Wyuilup = 8Wmin. In Fig. 9, Wpundown = 10Wiin and is reduced, increasing the conduction current as compared to a
Woullup = 9Wmin. In the body bias generator®;, P», P3, zero body biased transistor with the same physical dimensions.
P,, N1, N>, and the transistors withify, are minimum sized FBB the keeper, therefore, improves the noise immunity char-
(L = Ly, andW = W) while the size and number of acteristics as compared to a standard domino logic circuit with

V. DOMINO LocGIc WITH FORWARD AND REVERSE
BobDy BIASED KEEPER

C. Impact of Gate Size on the Energy Overhead of the
Dynamic Body Bias Generator
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Fig. 10. Variation of the savings in delay, power, and PDP of the CG-DVTVKa@mRIDVTVK circuits with output load capacitance as compared to CG-SD
and COR-SD, respectivel[KPR = 2.2).

the same keeper size. The proposed DVTVK circuit techniq Forward Body Bias Signal = Vg
with a forward and reverse body biased keeper is applied Voos _
cascaded footless domirar gates. Simulation results for the Veor i}mm Body Blased Keeper
CcOorR-DVTVK with a forward body biased keeper are presenteciock [por diode1 /|
in Section V-A. Technology scaling characteristics of th Dynamic laiodes 'mem Jomput
reverse and FBB techniques applied to a keeper transistor DO
H H : Iny In, Ing Ing Ins In In7 Ing
discussed in Section V-B. e Ty e leu"down

A. Clock-Delayed Domino Logic With Forward and Reverse -

BOdy Biased Keeper Fig. 11. An eight-input footless domimor gate with a forward body biased

A three stage chain of eight input domia® gates with a keeper.
fan-out of three€oR) is simulated assuming a 0.18n CMOS
technology. The only difference in the dynamic body bias ge 110 1 . BNMLONEKPR-22 8 NML-ALL-KPR-22
erator (DBBG) of the domino circuit with a forward biasec
keeper is thal/pp; (as shown in Figs. 5 and 9) is replaced b
a smaller supply voltag€pps (Vpps < Vppi). A body bias
signal that swings betweér, p3 andVp po from a clock signal
that swings between ground ah@p; is generated in the first
stage of the clock-delayed domino circuit. The substrate of t
keepers within the domino logic gates in the following stage#
are driven by cascaded inverters supplied/yns; andVppo.

An eight input footless dominor gate with a FBB keeper is
shown in Fig. 11. 7 |

When a keeper transistor is forward body biased tI 095 ‘ T [
source-to-body and drain-to-body p-n junctions produce dio 800 700 600 500 400 300 0
currents as illustrated in Fig. 11. The forward body bias voltag. FBB (mV)
that can be apphgd to a MOSFET is limited due, to these dlog%. 12. Variation of the noise immunity of an eight-input domawrgate with
currents. The diode current through the drain-to-body pttward body bias voltage for KPR = 1 and KPR = 2.2. The noise immunity
e ot DR e T O e e aeto e atutie e ohe s e oo ML AL
transistor/g;oq.2 attempts to discharge the dynamic node whilg2i>€ ¢ouP \ -NML-ALL:
Tarain 1S charging the node. The drain-to-substrate currer%tc:Ise couples to all of the Inputs.
therefore, reduces the net current supplied by the keepergteater at forward body bias voltages where the improvement
maintain the state of the dynamic node. The noise marginiisthe keeper drain current due to the reduced threshold voltage
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Fig. 13. \Variation of the savings in delay, power, and PDB@#%DVTVK as compared t@or-SD with the forward body bias voltage for two different keeper
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dominates the increased drain-to-body junction current. For TABLE V

strongly forward body biased keepefs;,q.2 lowers (clamps) SA\QSSSNI&LDELFAY&() ';OISA’\/ETF‘VI'ZO‘/:VS'E%g;';i;g?gugggp)'

the voltage of the dynamic node. At room temperature, the dc (WITH THE FORWARD BODY BIAS VOLTAGE OF 0.6 V)
operating point of the dynamic node when all of the pulldown

transistors are cutoff (ideal noiseless condition) is reduc Improvement (%)

by more than 5% for forward body bias voltages higher the KPR | Delay | Power | PDP | NML-ALL | NML-ONE
700 mV. The noise immunity can, therefore, be reduce | 12.3 -89 45 2.4 6.8
provided that the body diode is strongly turned on at high FB 5 > 43.4 283 594 35 10.2
voltages.

The noise immunity criterion used in this section is similar to
the criterion described in [4]. The variation in the noise immuody bias voltage of 600 mV with two different keeper sizes is
nity characteristics of an eight input footless domino OR galisted in Table V.
with the body bias voltage applied to the keeper transistor isThe speed enhancement of the DVTVK circuit technique is
shown in Fig. 12, for two different noise coupling scenariogrimarily dependent on the reverse body bias voltage applied to
All of the values are normalized to the standard zero body lithe keeper at the beginning of the evaluation phase. Fopmna
ased keeper case. As shown in Fig. 12, increasing the forwaifd.6 V, therefore, the delay savings of the proposed DVTVK
body bias voltage towards 700 mV enhances the noise immaircuit is similar to the delay savings reported in Section IV. As
nity. For a forward body bias voltage of 700 mV, the enhancehown in Fig. 13, the improvement in the delay of the DVTVK
ment in noise immunity varies between 3.8% (noise couplesdcuit technique is approximately 43% under the 500 mV and
all of the inputs) and 11.2% (noise couples to only one input) 80 mV FBB conditions (KPR=2.2).
compared to a standard domino logic circuit with the same sizeThe power overhead of the DVTVK circuit technique
transistors (KPR = 2.2). As the forward body bias voltage is iftRcreases when the keeper is forward body biased due to the
creased beyond 700 mV, the body diodes are strongly turned pmction diode currents and the increased voltage swing of the
degrading the noise immunity. DBBG and keeper substrate (from VDB2 VDD2 to VDD3

A FBB voltage of 700 mV provides the highest enhancement VDD2). As listed in Table V, the power savings of the
in the noise immunity characteristics at room temperature. FO¥ TVK circuit technique is reduced to 28.3% as the forward
FBB voltages above 600 mV, however, the power overheadlwddy bias voltage is increased to 600 mV (KPR = 2.2 and load
the DVTVK circuit technique significantly increases due to the 10 fF). Similar to the analysis described in Section 1V, for
high diode currents. The variation of the savings in delay, powsmaller keeper sizes, the effect of the keeper contention current
and PDP ofcor-DVTVK as compared tacor-SD with 500 on the evaluation delay and power dissipation is less. The
and 600 mV FBB for two different KPR values is illustratededuction in delay is, therefore, lower and the power savings is
in Fig. 13. The improvement in delay, power, PDP, and NML admaller with decreased keeper size. As the KPR is reduced to 1,
the DVTVK circuit technique as compared to SD for a forwarthe savings in delay and PDP are reduced to 12.3% and 4.5%,
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respectively. Since the energy overhead of the DVTVK circulieeper can be reduced in future DSM technology generations.
technique increases when the keeper is forward body biasébe savings in delay and power of the variable threshold voltage
the power dissipation of DVTVK is 8.9% higher as comparekieeper circuit technique as compared to SD are reduced at lower
to SD for a KPR = 1 when the keeper transistor is forward bodkgeper reverse body bias voltages as discussed in Section IV-A.
biased by 600 mV. The effectiveness of reverse body biasing is reduced with
For a forward body bias voltage of 600 mV and KPR = 2.2echnology scaling due to increasing short-channel and de-
the enhancement in noise immunity varies between 3.5% (noeasing body effects [7], [8]. Forward body biasing has often
couples to all of the inputs) and 10.2% (noise couples to obeen proposed as an alternative to reverse body biasing [8],
input). For a KPR =1, the range of the enhancementin the no[9¢ FBB enhances body effect while reducing short-channel
immunity for a 600 mV FBB is between 2.4% and 6.8%. effects. FBB is expected to become more effective for control-
ling the threshold voltage of MOSFETs fabricated in future
B. Technology Scaling Characteristics of the Reverse and DSM process technologies as the supply to threshold voltage
Forward Body Bias Techniques Applied to a Keeper Transist@atio decreases with technology scaling [6], [8]. FBB, however,

Dynamically adjusting the current drive of the keeper trafroduces diode currents through the source-to-substrate and
sistors in a domino logic circuit is proposed in this paper. TH&#ain-to-substrate p-n junctions. These diode currents can
threshold voltage of a keeper transistor is modified during ciRecome comparable to the drain current of a keeper transistor
cuit operation by body biasing the keeper transistor. More gedf- low drain-to-source voltages provided the forward body
eral body bias schemes have been proposed in the literatur®igs voltage is increased beyond a specific value dependent on
order to enhance speed (by lowering the threshold voltagetBe junction temperature (700 mV at room temperature). The
the transistors), to reduce active power (by lowering both tigéode currents degrade the dc operating voltage of the dynamic
supply and threshold voltages while maintaining the same spéfle even when all of the pulldown transistors are turned off.
as compared to a high threshold voltage circuit), to decrease ¥tgreover, the diode currents increase the power overhead of
tive and standby leakage current (by increasing the thresh8TVK dircuit technique. The increased diode currents, there-
voltage of the transistors in the idle portions of a circuit), dere, limit the maximum forward body bias voltage that can be
to control the within-die and die-to-die threshold voltage vargpplied to a keeper transistor for enhanced noise immunity.
ations (by adaptive body biasing) [6]-[10]. In a circuit where
the body bias voltages of all of the transistors are modified, the
power and current demand of the body bias generator can be-
come significant [6]. A dynamic body bias generator is proposedA high-speed, low-power domino logic circuit technique is
in this paper to drive only the keeper transistors in a dominwoposed. The proposed technique dynamically changes the
logic circuit. The power and current demand of the body bidkreshold voltage of the keeper with a specific delay after the
generator for the proposed variable threshold voltage keeper bieginning of each operational phase (evaluation and precharge)
cuit technique is, therefore, small. of the domino circuit by varying the body bias voltage of the

Reverse body biasing is typically applied to reduce the sukeeper transistor. The keeper contention current is reduced by
threshold leakage curreni.g&) when a circuit is idle [7], [8]. increasing the keeper threshold voltage by applying a reverse
There is an exponential relationship between the subthreshbtatly bias to the keeper at the beginning of the evaluation phase.
leakage current and threshold voltage of a MOSFET [13]. R8imilarly, the degradation in noise immunity of DVTVK as
verse body biasing a transistor increases the threshold voltagg@mpared to SD is avoided by reducing the keeper threshold
thereby reducing the subthreshold leakage current. Increaswedfage to the zero body bias level after a delay greater than
the reverse body bias voltage, however, also increases the worst case evaluation delay of a domino logic circuit.
band-to-band tunnelling current in the source-to-substrate gdignificant enhancements in speed and reductions in power are
drain-to-substrate p-n junctions. At high reverse body bias vottehieved when the keeper is sized for increased noise immunity.
ages, the increased band-to-band tunnelling current becomeshe DVTVK and SD circuit techniques are compared in
comparable to the reduced subthreshold leakage current. THerens of the evaluation delay and power dissipation assuming
is, therefore, an optimum reverse body bias voltage (limitédde DVTVK and SD circuits have the same keeper size. The
by the increased band-to-band tunnelling currents) that canD¥TVK technique operates at up to 60% higher speed while
applied to a transistor to reduce the total leakage current [¢hnsuming 35% less power as compared to SD. DVTVK also
[8]. Reverse body biasing the keeper transistor is proposedréduces the PDP by up to 74% as compared to SD. A temporary
this paper in order to reduce the active mode conduction currelegradation in the noise immunity of DVTVK of less than 11%
({arain When the keeper is on) rather than the subthreshald compared to SD is observed when the keeper of the DVTVK
leakage currentl(z when the keeper is off). The maximumis reverse body biased.
reverse body bias that can be applied to a keeper transistor is5ince the contention current is significantly reduced with
therefore, not limited by the increased band-to-band tunnellitige proposed variable threshold voltage keeper technique,
current in the DVTVK circuit technique. the keeper transistor in a DVTVK circuit can be sized larger,

The maximum voltage that can be applied across the gafffering greater noise immunity with the same delay and power
oxide of a MOSFET is another factor that limits the reverseharacteristics as compared to a SD logic circuit. The DVTVK
body bias voltage. Due to the scaling of the gate oxide thickneasd SD circuit techniques are compared in terms of the noise
the maximum reverse body bias voltage that can be applied toranunity that the two circuit techniques offer with the same

VI. CONCLUSION
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