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Abstract

Prevailing CMOS design practice has been very conservative with
regard to choice of transistor threshold voltage, so as to avoid the
difficult problems of threshold variations and high leakage currents.
It is becoming necessary toscale threshold voltages more aggressively
in order to obtain further power reduction, performance improvement,
and integration density. Substantial leakage reduction can be achieved
in single Vt designs by stacking low Vt transistors. We have derived a
simplified theoretical model which predicts the quiescent |eakage cur-
rent and the worst case time required to settle to quiescent levels in
asingle stack of transistors. This model can be used in a design en-
vironment to make quick estimation of leakage with respect to design
changes. Model results are compared to circuit simulation. Leak-
age current predictions were found to match simulation results very
closely for a wide random selection of design parameter values and
temperatures. Transistor stacks with multiple transistors turned off
were found to have anywhere from 2 to 30 times|lower |eakage current
than stack with only one transistor turned off. The time required for
a transistor stack to settle to quiescent current levels varied from a
few microseconds up to tens of milliseconds.
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1 Introduction

An accurate estimate of standby |eakage power must consider circuit topology
as well as signal levels when the circuit is idle. Kawahara [5] clemonstrated
thisin the design of a low power decoded-drivers for a DRAM. An extra tran-
sistor was placed between the supply line ancl the pull-up transistor for the
driver. This causes a slight reverse bias between the gate and source of the
pull-up transistor when both transistors are turned off. Because subthresh-
old current is exponentially dependent on gate bias, a substantial current
reduction was obtained. This phenomenon is referred to as the "stacking
effect”.

In this paper we derive a more general model of the stacking effect with
respect to subthreshold current reduction and the timerequired to settle to
quiescent current levels. This model considers the general case of transistor
stacks with an arbitrary number of transistors. It takes into account both
body effect and drain induced barrier lowering (DIBL). DIBL (retluction of
threshold voltage as Vps increases) is especially significant for sub-micron
devices. The leakage of a transistor stack is shown to be directly tlependent

on the magnitude of the DIBL effect.

1 Sour ces of leakage

In current and near future MOS technologies, the dominant component of
leakage current is subthreshold current [6]. Shrinking transistor size has
greatly increased subthreshold current while reducing junction diode leakage

which was a dominant leakage component in earlier technologies. As di-




mensions continue to shrink. other causes of leakage may become significant.
At present, gate induced drain leakage (GIDL) poses the greatest threat to
leakage control by means of transistor stacking. GIDL is largest when Vps
is largest and Vs is strongly reverse biased. The stacking effect relies on
reverse biasing of V55 to achieve leakage savings. Consequently, GIDL may

become a lower bound on leakage in the future.

1.2 Simple example of leakage behavior

VDD

ﬁ:ii[ J« lvpp

Vo, e—L
Vo, ——[ |
leGND

Figure 1. Simple NAND gate

Before presenting the leakage model in detail, let us examine a very simple
case where the stacking effect becomes significant. Figure 1 depicts a sim-
ple static two input NAND gate. We would like to understand the leakage
behavior of this gate for various inputs. In the case where both PM OS tran-
sistors are turned off, the leakage is simply the sum of the off currents of

each PMQS device. However, the situation for series connected transistors

[SW]




is more complex. Figure 2 demonstrates what happens to the internal node
voltages ancl currents when only the bottom NMOS transistor is initially off
and then the upper NMOS transistor is turned off. A logarithmic time axis
is used to make it easier to compare initial and final conditions which are
separated by a wide timeinterval. Initially, the supply ancl ground line leak-
age current's are equal to the off current of a single transistor. As soon as
the gate of the top transistor is switched off, there is an immediate drop in
internal node voltage due to capacitive coupling (bootstrapping). After boot-
strapping, the internal node voltage is discharged only very slowly since the
only discharge mechanism is the off current through the bottom transistor.
Notice that while the internal node is discharging, leakage from the supply
voltage lineis negiligible. This is due to the strong reverse bias between the
gate and source of the top transistor. Once the internal node voltage reaches
its quiescent level, then the supply and ground currents reach equilibrium
at a reduced quiescent current level. In the remainder of this paper, we will
derive expressions which model the leakage behavior of stacks consisting of
an arbitrary number of transistors. The model will predict quiescent current'
and voltage levels and the worst case "settling" time required to fransition

to new quiescent levels after switching off one or more transistors.
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2 Effect of stack height on quiescent leakage

2.1 Theoretical Model
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Figure 3: Schematic and notation for stacking effect analysis

Let Figure 3 depict a transistor stack to be analyzed. Steady sta'e leakage
values can be estimated as a function of the number of transistor; that are
turned off. Details of the derivation can be found in the appendix. The
general approach is to equate the subthreshold current through each tran-
sistor and then solve for the quiescent voltage (Vps,, ) across each transistor.
Throughout this paper, a “q” in a subscript indicates a quiescent value.

These voltages can then be used estimate the magnitude of the leakage cur-



rent. The following analysis is done for an NMOS pull down stack, but is
ecually applicableto a PMOS stack.
The subthreshold current of the :** MOS transistor in a stack can be

modeled as

L (Vo-Vs—Vrg, —v' xVs+nxV,
Ioupin, = A x e"”T( 6—Vs—Vra,—7'xVs+nxVps) (1)

-V,

x (1—e )

where A = uoC;x%ﬁ(§)2e"8e_—%fﬂ. Equation 1 is adapted from the
BSIM 2 MOS transistor model [8,3]. Vrg, isthe zero bias threshold voltage.
vy is the thermal voltage % The body effect for small values of Vs is very
nearly linear. It is represented by the term +'Vs, where ' is the linearized
body effect coefficient. n is the DIBL coefficient, representing the effect of
Vs (Vps = Vp — Vs) on threshold voltage. C,, is the gate oxicle capaci-
tance. o is the zero bias mobility. n is the subthreshold swing coefficient of
the transistor. AVrg accounts for variations in threshold voltage from one
transistor to another. For the conditionsillustrated in figure 3, all transistors
are turned off with Vo = 0.

First weequate the currents of thefirst and second transistors in the stack.
We obtain equation 2 by solving for Vps, in terms of Vpp, as described in
the appendix. It is assumed herethat Vpp >> Vs, so that we can calculate
Vibsq, Using Vpp rather than Vpg,, -

nvr A, nv¥pp

mln(——e e 4+ 1) (2)

Vbsq, = 4




One can similarly equate the current through the (i — 1) and ** tran-
sistors, solving for Vps,, in terms of Vps,_,. This results in equation 3.
Equation 3 can be used iteratively to find Vpg, for each transistor, starting
with the third in the stack. Finally, Vps,, can be determined by subtracting

the sum of Vps,, through Vps,, from Vpp.

ny A =Ly ga
= Gyl S ) ®

The voltage offset at the source of each transistor is given by Vs =

Vps.

Z:,-V:m Vps,. If weareonly interested in the magnitude df the leakage current,
we can use Vps,, in equation 1 to compute the leakage through the bottom
transistor. To verify this computation, one could compute the leakage of
other transistors in the stack.

Once we have Vps, for each transistor, the voltage offset at the source
of each transistor is given by Vs, = =N, Vps,,. Vbs, and Vs, are now
known for each transistor, so we can compute the steady state leakage current
using equation 1. Now let us determine the leakage savings obtained by
turning off multiple transistors in a stack rather than a single transistor
turned off. Dividing the leakage of a single transistor by the leakage of a
stack of transistors turned off, we find the savings ratio as a function of the

number of transistors (N) to be:

1 ’ N
S(N) — ein(1+"I+’Y )Z;=2 VDSq,‘ (4)

Take note that this analysis only considers transistors that are turned

off. Transistors that turned on can be treated as if they were a short circuit.




Thanks to the very small currents involved (on the order of nA or smaller),
the voltage drop across transistors that are turned on will he orders of mag-
nitude smaller than the voltage drop across transistors in the subthreshold

region.

2.2 Sensitivity to process and other variations

The magnitude of subthreshold current is sensitive to many parameters. but
threshold voltage and temperaturevariation are of particular interest because
the dependence is exponential or greater. Inspection of the subthreshold
current equation reveals that a small relative change in other parameters
(length, width, C'ox) will cause an equal relative change in subthreshold
current. Device climensions variations can also indirectly affect leakage by
influencing thresholcl voltage.

In the subthreshold current equation, one might not initially expect an
exponential increase with respect to temperaturesince T appears asa% term
in the exponent. However, for typical operating temperatures (on the order
of 300 or 400°A’) the current approximately doubles for every 8K increase
in temperature. This is the same as the temperature sensitivity of silicon
bipolar devices.

Sensitivity with respect to threshold voltage variation (dueto variations
in doping and channel length) is equal to the subthreshold slope, for which
current increases by a factor of 10 given a change in threshold voltage on
the order of 80 to 100mV. Supply voltage only indirectly affects leakage
through the DIBL effect, for which the Vpp/log(Ids) slope can he obtained




as subthreshgld slope[V/decade].
The leakage savings ratio, given in equation 4, exhibits very little sensi-
tivity to variations in threshold voltage or dimensions dimensions, provided
that the variations are uniform for all transistors in a stack. In our model,
the effect of a uniform shift in threshold voltage or dimension disappears
in the derivation of the predicted savings ratio. For a stack of two 3u/0.5u
transistors? HSPICE simulations showed only a 5% drop in savings ratio if
threshold voltage was swept from approximately 0.6V down to 0.2V.
Temperature variation has a significant effect on theleakage savings ratio,
however substantial savings are still observed for a wide range of tempera-
tures. For a stack of two 3u/0.5u transistors, equation 4 predicts that the
leakage savings ratio will drop from 14.8 to 3.8 for a temperature sweep from

—30 to 150°C'. HSPICE simulation predicts a drop in savings ratio from 10.8

to 4.2, over the same temperature range.

2.3 Simulation and theoretical model results

In this section. we will compare theoretical rnodel predictions to simulation
results for steady state leakage conditions. The simulation result:; were ob-
tained using HSPICE with the BSIM 1 model for a 0.5u MOSIS process. The
available MOSIS models do not include measured subthreshold characteris-
tics, so we have estimated the subthreshold swing and related parameters
from threshold voltage parameters, using the technique derived by Kang et.
al. [4]. A subthreshold slope of approximately 80mV /decade was estimated

and incorporated into the0.5u BSIM model. In order to approximate the be-




havior of low threshold high leakage devices, we modify the flat hand voltage
parameter (VFBO).

Each of the following figures compare model predictions to simulation
results for 64 sets of randomly selected design parameters that describe a
transistor stack. The parameters that were alowed to vary were the follow-
ing: temperature (—50 to 150°C'), number of transistors in the stack turned
of (2 to 4 transistors), Vry, (from approximately 0.26V to 0.56V), supply
voltage (from 1.2V to 1.8V), and transistor width (from 3y to 10u). Each
transistor in the stack was treated as having identical characteristics for pur-
poses of validating our simplified leakage model. The horizontal axis of each
graph corresponds to a range of model predictions. The vertical axis corre-
sponds to the range of values extracted from simulation results. Each data
point identifies a model prediction and the corresponding simulation result.

Figure 4 compares model predictions of steady state leakage to simulation
results. Figure 5 compares model predictions of leakage saving ratios to
sirnulation results. The savings ratio was obtained by dividing the leakage
of a single transistor by the leakage of the transistor stack. In both graphs,

a very close correlation is observed.

2.4 Sensitivity of model to transistor characterization

Subthreshold slope, the DIBL coefficient (1), and the linearized body effect
coefficient (y') are by far the most critical parameters to the estimation of
leakage current and leakage savings. Zero bias threshold voltage is critical

to leakage estimation, but has no effect on the savings ratio unless threshold
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Random design parameters

10_ 3 A Tor Ty TororTTT LA TrrTTToT TorrTTTaT LML | T """‘:'
, +
107 F i 3
f &
10° | ¥ ¥ .
+H+
fh‘
-9 +
107 F N $f 4
g ++++ p
o ++
8 -10 _'+’*’++
w10 F + +F E
o ¥ 3
& +¥ ]
T AII_
10 F L E
-12
10 E
:E ++
L +
13. +
107 3
- + 1
10_14 14 13 . 12 e 11 S 10 — . 9 I o T 7 6
10 107 10 10 10° 10 107° 10 10°
Model Idsq [A]

Figure 4. Correlation of simulated and estimated |eakage

variations from one transistor to the next are considered. These parameters
all have an exponential influence on leakage and savings estimate:;.

Other parameters (dimensions. Cox, and carrier mobilities) only have
a proportional effect on leakage estimates. and no effect at all on savings

estimates except for variations from one transistor to another.
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Random design parameters
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3 Leakage transients

In previous sections. we have shown that leakage can he greatly reduced by
stacking transistors to be turned off when a circuit is idle. The time for
a circuit to reach this quiescent low leakage state can be several orders of
magnitudegreater than the clock period or latency of most digital logic. This
delay is a result of charges trapped on internal nodes which can only charge

or discharge to quiescent levels by means of leakage currents that are very




srnall in comparison to normal switching currents. A long settling time is
not necessarily a disadvantage to the use of transistor stacking. However, let
us first examine the behavior of a transistor stack for best and worst case

settling time and then consider implications of the long settling time.

3.1 Theoretical model

Consider again the transistor stack illustrated in figure 3. A realistic worst
case settling timecorresponds to the case where all internal nodes are initially
charged to the maximum possible voltage {Vpp — Vrp) just before the node
is completely isolated by transistors that are turned off. This maximizes
the amount of charge that must be dissipated by means of leakage hefore the
circuit settles to quicscent levels. Theworst case condition can he achieved by
thefollowing sequence of events. All but the bottom transistor areinitially on
so that all internal nodescan chargeto Vpp— Vrg. Now turn off the transistor
next to the bottom. Becausethegate of this transistor iscapacitively coupled
to nodes above and below (dueto gate overlap capacitance), the voltage of
both nodes are pulled down somewhat (referred to as "bootstrapping”). Just
after bootstrapping, the voltage at the i'" internal node can be estimated as
—V7Co + (Voo — V1)

v'boot,' = C{, (5)

where C,, is the gate-source overlap capacitance of transistor i. Internal

node 7 corresponds to thesource of transistor ¢+ and thedrain of transistor 24-1.
C is the value of the internal node capacitance just before bootstrapping,

including the gate-drain overlap capacitance of transistor i + 1. (¥ is the

13




value of the internal node capacitance just after bootstrapping, including
the gate-source overlap capacitance of transistor 2 and the gate-drain overlap
capacitance of transistor ¢ + 1. Figure 6 identifies the capacitances and
transistors directly affecting internal node i. Typically each internal node
consists entirely of the diffusion that is shared by the source and drain of
acljacent transistors. Notice that only overlap capacitance is included in the
gate to diffusion coupling. Onemight expect that gate to channel capacitance
(C, W L) would produce additional coupling. However, the transistor being
switched is already on the edge of cutoff (Vos = Vpy). Simulation results
indicate that the degree of bootstrapping isclose to that indicated by overlap
capacitance alone.

This analysis assumes that all transistors in the stack are being turned off.
If we wished to consider a case where an internal transistor is not switched off,
we must consider that transistor in determining the total node capacitances
for bootstrapping and settling timecalculations. Unlike the quiesceut current
analysis, transistors that remain on can not be ignored. When determining
node capacitances, a transistor that remains turned on can he viewed as a
pieceof interconnect. Gate and diffusion capacitances must then be included
as a part of the internal node capacitance.

Within nanoseconds after bootstrapping, the node above the transistor
being switched will charge hack up to Vpp — Vrg. If the next transistor
up is then turned off, the bootstrapping process will repeat itself. Once all
transistors in the stack are off, we find all the internal nodes charged up to
approximately V4,,,, as given in equation 5.

Now if the circuit isidlefor a sufficiently long time, the internal nodes will

14
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Figure 6: Transistors and capacitances affecting internal node ¢

begin to discharge and eventually reach quiescent levels as illustrated for a
stack of four transistorsin figure 7. Initially only the node closest to ground
will discharge through the bottom transistor. All of the other transistors in
the stack are strongly reverse biased (Vi;s < 0) and will have leakage currents
that are orders of magnitude smaller than the bottom transistor. The next
node in the stack will not start to discharge significantly until the bottom
node has nearly reached the quiescent level given in section 2.1. 1 he third
node from ground will not discharge until the second node has nearly reached
its quiescent level. This process is repeated until all nodes in the stack reach
quiescent levels. This isillustrated in figure 7 where the current discharge is
displayed for each internal node in a stack of four transistors. Each current

waveform was obtained as the difference between the channel currents of the




transistors above and below the node being discharged.
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Figure 7. Discharge of internal node capacitances

We estimate the timefor each node to discharge as follows. During dis-
charge, the rate by which node voltage (V;) drops can be determined as a

function of the node voltage.

W (6)
dit Ci(V;)
14:5(V;) is the magnitude of the discharge current as a function of node

voltage. C(V;) represents the node capacitance formed by the shared dif-
fusion of the transistors above and below. (; could include interconnect
capacitance if the transistor stack is not implemented in a single contiguous
strip of diffusion. ('; may also include gate and diffusion capacitances of tran-

sistors which are not switched off. The inverse of equation 6, dth,, enables us

16
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to estimate the elapsed time corresponding to an incremental decrease of V;.
Integrating over the range by which the voltage drops, wefind the time taken
for the node voltage to discharge from V., clown to the quiescent voltage
level, V,,. To make the integral tractable, it was necessary to assume that
capacitance remains constant. Details of the derivation are deferred to the

appendix. Equation 7 gives the resulting expression for the discharge time

of internal node 7.

n C,’ Leff
o Cox Wrrel n
! ([1+’7’+TJ)VQ,+1+VTH0)

envrT

tais, =

X

~nVq; —"Vboo?L
(e TLI/T _ e TLVT )

vr isthe thermal voltage % Viot; 1S the voltage at the internal node just
after switching of the transistor above. taking into account bootstrapping.
Vi, is the quiescent level for the internal node voltage, as determined by the
leakage model in section 2.1. C, isthetotal capacitance of theinternal node.
Since (; decreases with voltage. we conservatively choose C, = C,(V,,). All

other terms have the same definition as given in section 2.1.

3.2 Simulation and theoretical model results

In this section, we will compare theoretical model predictions to simulation
resultsfor the settling time of leakage transients once two or more transistors
in a stack have been turned off. The simulation results were obtained in the

same manner as described in section 2.3.

17




Figure 8 uses a scatter diagram to compare settling time estimates for
random selections of transistor parameters and transistor stacks of various
heights. The vertical axis indicates simulation measurements of the time
required for supply voltage current to settle to within 10% of its quiescent
level. The horizontal axisindicates settling time derived from the theoretical
model. Correlation between the simulated and estimated leakage can be

observed by the clustering of points along the diagonal.
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Figure 8. Correlation of simulated and estimated settling time



3.3 Sensitivity to process and other parameters

Settling time varies by orders of magnitude in inverse proportion to the mag-
nitude of the leakage current which is also subject to wide variation. Con-
sequently, it is strongly dependent on the same parameters as discussed in
section 2.2 for leakage current.

Settling timeis proportional to the size of the internal node capacitance
since node capacitance multiplied by voltage is what determines how much
ckarge needs to be discharged. Consequently, it is essential to have an ac-
curate measure of node capacitance that includes the voltage dependence of

diffusion junction capacitance.

3.4 Energy cost associated with leakage transients

Circuit, level estimation of transient |leakage current costs is a complex task.
However, our preceding analysis offers someinsight into the problem. In the
worst case settling time analysis we see that very little leakage current is
drawn from the supply until the node furthest from ground (in an NMOS
stack) has almost completely discharged. If the next set of inputs to the
circuit were to discharge the pull down network, then leakage to ground did
not cost us anything. Charges on the internal nodes would be discharged to
ground regardless of whether or not leakage occurred. On the other hand,
if the next set of circuit inputs cause the internal nodes to be charged up
again, then the energy dissipated clue to leakage is a complete loss. In gen-
eral, leakage does not cost us anything if charge is being moved in the same

direction as it would during the next switching event. Conversely, leakage
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energy is completely lost if it flows opposite the direction of current in the

next switching event.

3.5 Exploiting the stacking effect

Several options are available to exploit the stacking effect for purposes of
leakage control. One obvious approach is to use a similar circuit topology
to that of MTCMOS [1, 7]. Insert leakage control transistors between the
power supply railsand therest of the circuitry, but rely on the stacking effect,
rather than an elevated threshold voltage to limit leakage current. Another
option is to select. some individual transistors and replace them by a pair
of transistors with the gates tied together. Whenever such a transistor is
turned off for a sufficiently long time, we will obtain a leakage reduction
due to stacking effect. A third and perhaps the most attractive option is to
make use of existing transistor stacks. Area penalties, performance loss, and
increased switching capacitance are avoided since this does not involveadding
transistors or increasing the size of pull up or pull down network;;. Except
for inverters and pass gates, primitive CMOS logic gates already possess a
transistor stack in either the pull down network, the pull up network, or both.
R'henever a circuit is going to be idle for some length of time. it should be
possible to select an input vector that maximizes the number of transistors
which are turned off in each available transistor stack. If a suitable “low-
leakage" input vector is not available, it may be worthwhileto alter the circuit
design slightly to facilitate selection of an input vector. Recently, I-lalter and

Najm [2] proposed the use of standby mode input vectors to control leakage,
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but they did not identify the stacking effect as the mechanism making the

|leakage savings possible.

4 Conclusions

We have presented a theoretical model that predicts the quiescent leakage
current and the settling time required to reach quiescent levels in transistor
stack. The model is shown to correlate well with more detailed simulation
results for a wide range of randomly selected design parameters. 'We antici-
pitte that the model will be useful in leakage power estimation as well as for

optimizing the design of low leakage circuits.
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Appendix: derivations

Leakage of a stack of N transistors

In the steady state, the current isthe same through each transistor of a stack.
This assumes that other leakage currents (excluding subthreshold current)

are negligible in comparison to subthreshold current. The subthreshold cur-
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rent through the top transistor (furthest from ground, denoted with the

subscript 1) can be expressed by equation 8.

INERNTUUWIS o b f B N
Ips,y, = AlenuT( (43, (VDse)=Vrrg+1(Vop=3 1, (Vbsq,))) (8)

(1 N e#(VDD—Z;i2(VDSqJ)))
A; represents the following expression.

—_AV
kT 2,15 —AvVry

e ™ (9)

Weff(
Less ¢
Vru, is the zero bias threshold voltage. vr is the thermal voltage

A; = poClx
5T,
q
The body effect for small values of Vs is very nearly linear. It is represented
by the term ~'Vs, where ~' is the linearized body effect coefficient. 7 is the
DIBL coefficient, representing the effect of Vps (Vps = Vp — 15) on threshold
voltage. C,; is the gate oxide capacitance. yq is the zero bias mobility. n
is the subthreshold swing coefficient of the transistor. AVry accounts for
variations in thresholcl voltage from one transistor to another.

The subthreshold current through the :** transistor in the stack (where
¢ > 1) is expressed by equation 10. The only difference between equations 8
and 10 is in the expression for }ps,,. For the top transistor, Vpge, can be
expressed as the difference between the supply voltage and the total voltage

drop across transistors lower in the stack.

! (—(1+1')Z;\=,‘+1 (Vb sy )_VTHO""’)VDSq,')(l

L Vpe,.
Ipsg, = Are™r - e”T‘D“q‘) (10)
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We can determine the voltage across the second transistor by equating
the expressions for /ps,, and Ips,,. Vru, and al Vps,, terms for : > 2 drop
out. We are left with the following expression for Vps,,. This derivation

assumes that Vpp >> V, , which proved to he true for the variety of test
cases studied in this report. The derivation also takes advantage of the fact

1y,
that Vps,, >> vr so that the (1 - e*r VD:‘“) term can he ignored.

nuvr Ay oo
Vige, = ———1 | | 11
DSq, (1 + 277_*_7/) n(‘426 T + ) ( )

The steady state voltage drop (Vps) across the i transistor can be ex-
pi-essed in terms of the (i — 1‘)”Z voltage drop. Equate /ps,, to Ips,_, and
solve for Vps,,. In so doing, we obtain equation 12.

, nvr Ao, Ly
Vps, = ————In(1 + ——(1 — e¥r P%-1 12
DS, (1 n ,.y/) n( + Ai ( €T )) ( )

Equation 12 can he used iteratively to find the voltage drop across each
transistor in the stack. Vps, can then be obtained as Vpp — 2?’22 VDqu.
Each internal node voltage can be found as the sum of voltage drops across
transistors lower in the stack.

If Vs, were to become large enough to invalidate the assumption in equa-
tion 11, then the Vpp term in equation 11 must be replaced by Vps,, . In
this case, an iterative successive approximation approach would he required
to obtain a consistent solution for Vps,, through Vps,, .

The magnitude of the steady state current can be determined using the
guiescent voltagelevelsand the subthreshold current equation for any transis-

tor in the stack. We choose the N** transistor (bottom) for this calculation.
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For the bottom transistor, Vs is equal to 0, so the current depends only upon
Vbsqen- This makes the calculation simpler. Furthermore, the subthresholcl

current is relatively insensitive to Vpgs (in comparison to V).

L eakage savings ratio

If one is considering the use of a transistor stack, it may be interesting to
compare the leakage current of a single transistor to the leakage current of a

stack of transistors turned off. It is convenient to express this as a ratio:

{
S(N) = ZDSa (1) (13)
Ipsq, (v

Ips, (1) represents the quiescent leakage current of the transistor stack
if only the top most transistor is turned off. In this case Vgs, = 0. Ipg,, (N)
represents the quiescent. leakage through the top transistor if all N transistors
in the stack are turned off. V; = 0 for each transistor, but Vs may be greater
than zero due to the stacking effect. We use equation 8 to express Ipsg 1)
and Ips, (N) and then plug the expressions into equation 13 to give us
the savings ratio equation 14. For the transistor stack as well as a single
transistor, Vps,, >> vr. Consequently, the (1 - eﬁvﬂ’sl) is very nearly
equal to one and can be dropped from the expressions for Ips,. Also, since
both current expressions refer to the same transistor, the A; terms drop out

(assuming that the temperatureis the same in both cases).

S(N) = emr 1+, Vos, (14)
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Settling time of leakage transients

Section 3.1 describes the conditionsfor estimating the settling time of leakage
trensients. In the current section, we will clarify some of the details and
assumptions made in the derivation.

We estimate the timefor each node to discharge as follows. During dis-
charge, the rate by which node voltage (I/;) drops can be determined as a

function of the node voltage.

dVi s (Vi)
PTG

I45(V;) is the magnitude of the discharge current as a function of node

(15)

voltage. C;(V;) represents the node capacitance formed by the shared dif-
fusion of the transistors above and below. C; could include interconnect
capacitance if the transistor stack is not implemented in a single contiguous

strip of diffusion. €'; may also include gate and cliffusion capacitances of tran-

dt

+7» enables us

sistors which are not switched off. The inverse of equation 15,
to estimate the elapsed time corresponding to an incremental decrease of V;.
Integrating over the range by which the voltage drops, we find the time taken
for the node voltage to discharge from V;,.;, down to the quiescent voltage

level, V,,.

Yoo Ot Vo,  Ci(V5) Vioor,  Ci(Vi) o
dis, /‘ o BV dV; /‘ Idz-s,(v;)“z /V i) i (16)

Inserting expressions for C;(V;) and I, (1/;), the last integral for i,
takes the form,

o
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t /x (Cio/ (L + V™) +(Chaun/ (1 + 2)™)
dis; —
V

—(V;=Vg;4 1)
vt \‘

dvi (17)

7 Al e—n—i?(—(l-i"‘rl)vq,'_*_l _"ITH0+77(‘/;_‘/;1i+1 ))(1 — e

To makethisintegral tractable, some simplifying assumptions are needed.
We assume that the node capacitance is constant with respect to the node
voltage V;. In reality, the node capacitance (madeup o diffusion or diffusion
and interconnect capacitance) increases as the voltage on the node drops. To
be conservative in our settling time estimate, we compute the capacitance

S ViVag )
corresponding to quiescent voltage levels. We ignore the (1 —-¢  *7 )
term. Thevalueof thisterm isalmost exactly one until (V;—V;,,,) approaches
vr. Theintegral for ¢4, now simplifies to:

CilVa) Voo

e, = — et dV; (15)
e Ale“_‘l'T~(_(1+’yl+n)‘/q‘+‘_‘/THO) Vq,‘

Evaluation of theintegral in equation 18 leads to equation 19 for the time

it takes to discharge node i.

n Ci Leff
poCor Wrrel®n

€ ml/T (' +m) Vg +VTH,)

tais, =

X
—1Ve ~Voot,
(6 nVT _— e TLVT )

vr is the thermal voltage L. Vi, is the voltage at internal node 7 just
after switching of the transistor above, taking into account bootstrapping.
V,, is the quiescent level for the internal node voltage, as determined by the

leakage model in section 2.1. C, isthe total capacitance of the internal node.
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Since C'; decreases with voltage, we conservatively choose C; = Ci(V,,). All
other terms have the same definition as given in section 2.1.
The total settling time is the sum of the discharge times for each of the

internal nodes of the transistor stack.

N-1

tsettle = Z tdis, (20)
=1
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