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Leakage currents are gaining importance as design parameters in nanometer CMOS technologies. A
novel leakage current estimation method, which takes into account the dependency of leakage
mechanisms, is proposed for general CMOS complex gates, including non-series—parallel transistor
arrangements, not covered by existing approaches. The main contribution of this work is a fast,
accurate, and systematic procedure to determine the potentials at transistor network nodes for
calculating standby static currents. The proposed method has been validated through electrical
simulations, showing an error smaller than 7% and an 80 x speed-up when comparing to electrical

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Leakage currents are one of the major design concerns in deep
submicron technologies due to the aggressive scaling of MOS
device [1,2]. Supply voltage (V,4) has been reduced to keep power
consumption under control. As a consequence, the transistor
threshold voltage (Vy) is also scaled down to maintain the drive
current capability and to achieve performance improvement
when reducing the technology node. However, the threshold
voltage reduction increases subthreshold current exponentially.
Moreover, short channel effects (SCE), such as drain-induced
barrier lowering (DIBL), are being reinforced when the technology
shrinking occurs. Hence, oxide thickness (to) has to follow this
reduction but at the expense of significant gate tunneling leakage
current. High-K dielectrics are being considered as a promising
way to control gate leakage [3], but even for high-K it is not
possible to neglect the gate leakage interaction with other
components. Furthermore, higher doping profile results in
increasing reverse-biased junction band-to-band tunneling
(BTBT) current, although it is expected to become relevant only
for technologies sub-25 nm [4].

Subthreshold leakage current occurs in off-devices (transistors
which are turned off), presenting relevant values in transistor
with channel length shorter than 180 nm [5]. In terms of
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subthreshold leakage saving techniques and estimation models,
the stack effect represents the main factor to be taken into account
[6-9]. Gate oxide leakage, in turn, is verified in both on- and off-
transistor when different potentials are applied between drain/
source and gate terminals [10]. In sub-100 nm processes, where
gate oxide thickness is smaller than 16 A, subthreshold and gate
oxide leakages tend to present the same order of magnitude [11].
As a result, the interaction among them in the total circuit leakage
computation should not be neglected.

This paper presents a new analytical method for total leakage
power estimation in CMOS logic gates, considering the interaction
of both subthreshold and gate oxide leakage mechanisms. The
paper is organized as follows. The motivation of this work is
pointed out in Section 2. Section 3 presents the leakage current
equations and the process for extraction of parameters applied in
the method. The leakage estimation procedure is then described
in Section 4. Experimental results, considering single gates and
benchmark circuits, are presented in Section 5. Finally, the
conclusions are outlined in Section 6.

2. Motivation

Analytical leakage estimators are quite useful to speed-up the
standby power consumption prediction in CMOS digital circuits,
once numerical simulations are time consuming even for such a DC
analysis. Several methods have been presented in the literature for
CMOS leakage estimation at gate level [5-10,12-16]. Subthreshold
current alone is well analyzed in [5-9]. These works treat only
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single transistor stacks, while parallel devices in the electrical
arrangement are primarily converted to equivalent single devices.
On the other hand, gate leakage current alone is predicted in [10]
by considering transistor biasing and full voltage swing at internal
nodes, compromising the accuracy of the method.

The interaction between subthreshold and gate leakage
currents is evaluated in [12-16]. In [12,13], the components are
pre-characterized through electrical simulations according to the
transistor biasing. The polarization patterns used in the pre-
characterization are identified in the logic gate topology under a
certain steady state condition, and the correspondent leakage
value is then included in the total cell leakage calculation. In [14],
Hertani et al. uses similar strategy of pre-extracted data to obtain
the subthreshold leakage in off-device stack arrangements. Such
information is used to assign the internal node voltages in order
to predict the gate oxide current for the total leakage computa-
tion. Yang et al. [15] uses similar methods proposed separately for
subthreshold [6] and gate oxide [10] leakages to estimate the total
static current by summing these partials. The actual leakage
mechanisms interaction at internal gate nodes is ignored. More-
over, notice that the estimation accuracy presented in [12,15] has
been demonstrated for the case when the gate current value is
significantly higher than the subthreshold one. Otherwise, some
assumptions in those works are no longer valid and the results are
compromised. In [16], an analysis considering detailed leakage
mechanisms interaction is presented by Mukhopadhyay et al.
MOS transistors are modeled as a combination of voltage
controlled current sources (SCS), and a numerical solver is used
to estimate leakage in logic gates by solving the Kirchoffs Current
Law (KCL) system at intermediate nodes.

In summary, most of the previous related works have their
applicability restricted to simple logic gates, with exception of
[16] where the complexity of the method and the computation
time are the main drawbacks. Hence, CMOS complex gates, as the
ones that implement the GenLib_44-6 library functions [17], and
non-series—parallel arrangements, like the ones proposed by
Kagaris et al. [18], cannot be treated by existing approaches.
Examples of such complex gates are depicted in Fig. 1.

Indeed, an effective modeling of the interaction between
different leakage mechanisms for the total standby current
calculation is necessary, since they affect the internal node
voltages in the logic gates, and the leakage currents are directly
related to those potentials. An example frequently found in the
literature to demonstrate leakage prediction methods is
illustrated in Fig. 2 [12-14]. On that, there is a conducting
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Fig. 2. Leakage currents in a three transistors stack.

Table 1
Total leakage current in the transistor stack depicted in Fig. 2, for 32 nm CMOS
PTM process [19]: bulk and high-K options.

32 nm CMOS PTM Bulk process (nA) High-K process (nA)

I5 19.76 7.09
I+, 45.48 9.23
Isand Iy 26.94 7.85

NMOS transistor T, between two off-devices T; and Ts. In this
case, the nodes N, and N, assume the same potential due to the
on-transistor T,. This potential is then found by computing the
subthreshold currents (I;; and Igs) and the gate current Igy,
increasing so the voltage value when compared to the analysis
considering only subthreshold currents. Table 1 presents the total
leakage current values obtained for three different situations:
taking into account only subthreshold component (Is), computing
separately subthreshold and gate oxide leakages (I;+I;), and
considering the leakage mechanisms interaction (I; and Ig). It
clearly shows that the leakage interaction must not be neglected
in the total leakage analysis even for high-K CMOS process.

Moreover, although several authors consider the on-transistors
in the off-plane of a CMOS gate as ideal short-circuit [6-10], this is
only acceptable when such conducting device is not connected
directly to the output node [12-14,16]. Otherwise, the voltage
drop across the on-device is quite significant for leakage
estimation, being approximately the nominal threshold voltage.
The leakage currents indicated in Fig. 3 illustrate this effect using
32 nm bulk CMOS PTM parameters [19] and temperature at 80 °C.
The resulting currents are: I;1=58nA and Ip=1.3nA;
I;1=768.8 nA and I;;=222.6 nA.

The major contribution of this work is a simple, fast, and
accurate analytical method for total leakage power estimation in
general CMOS complex gates, considering both subthreshold and
gate oxide leakage components. The interaction between these
two leakage mechanisms occurs during the determination of
internal node voltages at gate level. A systematic procedure has
been defined to determine the node potentials instead of applying
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Fig. 3. Leakage currents in two different off-transistor conditions: (a) single off-
device and (b) two stacked transistors.

a more time consuming numerical solver, without penalty in
accuracy.

3. Leakage mechanisms

For nanometer MOS devices, leakage current is dominated by
subthreshold and gate oxide tunneling currents. There are other
leakage components, like band-to-band tunneling (BTBT) leakage,
expected to become relevant in process sub-25 nm, gate induced
drain leakage (GIDL) and punchthrough current, which can be
neglected in normal operation mode [4]. This section describes
the formulation used to model subthreshold and gate currents, as
well as the extraction of technology parameters required in the
proposed equations.

3.1. Subthreshold current

As devices are shrinking, supply voltages have been scaled
down to keep dynamic power consumption in acceptable levels.
However, in order to maintain drive current capability and short
channel effects (SCE) under control, the threshold voltage has also
been reduced, but at penalty of increasing subthreshold current.
Such leakage component means a current flowing between drain
and source terminals when the device is operating in a weak
inversion condition. Thus, this leakage current depends on the
transistor threshold voltage, gate-to-source and drain-to-source
voltages, and operating temperature.

From BSIM MOS transistor model [20], the subthreshold
current for a MOSFET device can be expressed as:

I = IyeWVes—Vin/nVr) [] _ef(VAS/Vr)] 1)

being I = (WuyCoxVZe'®)/L, Vr is the thermal voltage, Vy, is the
threshold voltage, Vg is the drain-to-source voltage and Vg is the
gate-to-source voltage. W and L are the effective transistor width
and length, respectively. C,, is the gate oxide capacitance, ug is the
carrier mobility, and n is the subthreshold swing coefficient.

The threshold voltage, in turn, can be expressed by:

Vin = Vio—1Vas—) Vbs )

where Vg is the zero bias threshold voltage, V,, is the bulk-to-
source voltage, # is the DIBL coefficient, and 7y is the body effect
coefficient that can be linearized for small values of V.

Since the proposed method uses the internal potentials at the
logic gate topology (transistors arrangement) to estimate the cell
leakage, Eq. (1) has been re-written in order to represent the
subthreshold current in terms of these circuit voltages (Vgs, Vs,
and Vp), transistor sizes (W and L), and fixed parameters
(empirical constants), as following:

w )
=l Vas +1Vas +7Vs/nVr) [1 _e 7<vds/vr>] 3)

where Iy = 11gCoxVZe!8V0/MVr_ Considering n ~ 1.45 for nanometer
technologies [6], the remaining parameters of the equation (I, 7,
and y) are extracted from electrical simulations, as described
later.

3.2. Gate oxide tunneling current

As mentioned before, aggressive device scaling in nanometer
regime increases SCE. In order to maintain a reasonable immunity
to such effects, the oxide thickness must also become thinner at
each new technology node. However, it gives rise to high electric
field, resulting in direct tunneling current through transistor gate
insulator. This gate leakage current depends on the potential
across the oxide (V,y) and the oxide thickness (t,x). It can be
modeled by [1]:

2 “B(1—(1— 32
IgZWLA<¥> exp( B(1—(1—(Vor/ dox)) )> @

ox Vox / Lox

being A=q3/16n2h,, and B=4my2me¢2?/3hq. m,y is the
effective mass of the tunneling particle, ¢,x is the tunneling
barrier height, h is 1/2n times Planck’s constant, and q is the
electron charge.

Similar to Eq. (3), as the proposed estimation method explores
the transistor network internal voltages to calculate the leakage
values, the gate current formulation can be re-written in a
simplified way, emphasizing the gate voltage (Vg) and transistor
geometry dependence, as follows:

Iy = IgWLe~®/IVs) ®)

where Iy is the gate leakage current for Vs equal to Vgg, and K'is a
calibration constant, based on the difference between gate
leakage currents when Vgs=Vyg and Vg=0.9V,4. Such empirical
formulation presents good correlation to HSPICE simulation data,
as demonstrated in Fig. 4, for 32 nm bulk CMOS PTM technology
[19].

3.3. Extraction of parameters

The parameters Iso, 17, and y as well as Iy and K, required in
Egs. (3) and (5), are extracted from electrical simulations taking
into account single MOS device. The circuit used in the simula-
tions to extract the parameters is illustrated in Fig. 5. The
simulation and extraction procedure has to be done only once for
each technology process before applying the estimation method.

K, n, and 7y constants are obtained by taking into account four
pre-simulated currents, according to the voltage sources biasing
indicated in Table 2. The subthreshold reference (Is rer) and the
evaluation (Is gyar) currents are used to compute the # and y
constants, as described in Eqgs. (6) and (7). The gate leakage
reference (I; ger) and the evaluation (Ig gyar) currents are used to
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Fig. 4. Gate leakage current correlation of Eq. (5) to HSPICE data.
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Fig. 5. Test structure for parameters extraction.

Table 2
Source biasing of test structure in Fig. 5 for parameters extraction.

Constant Current Vs Ve Vp Vg
Kon_N I GND Vaa GND GND
Kon_N - GND 0.9%Vq GND GND
Koff N Ig_Rrer GND GND Via GND
Koff N i GND GND 0.9%V44 GND
n_N Is_rer GND GND Viaa GND
NN [y GND GND 0.9%V,4 GND
7N Is_Rer GND GND Viaa GND
J_N I, rer GND GND Vs 0.1%Vq
Kon_P I lg_REF Viaa GND Viaa Via
Kon_P Iy rer Vad 0.15Vaa Vad Vaa
KOff_P I lg_REF Vdd Vdd GND Vdd
KOff_P I&REF Vaa Vaa 0.1%Vyq Vaa

n_pP Is_rer Vad Vaa GND Vad

n_pP Is_reF Via Via 0.1:4Vga Via

y-_P Is_Rer Vad Vaa GND Vad

y_P Is rep Vaa Vad GND 1.1%Vyq

compute the K constants, as described in Eq. (8). These constants
are then calculated as follows:

n— 10nVrIn(s_ger/Is_gvar)

6
Vag (6)

. —10nVrIn(s_ger /Is_gvar)
Y= Vg (7
K =10In(Ig_ger/Ig_gvar) 8

Table 2 presents the voltage biasing for both transistor types,
NMOS (_N) and PMOS (_P). Since the gate leakage occurs in
conducting (on-) and non-conducting (off-) transistors, Iy, and K
parameters must be extracted for both cases.

Io and Iy parameters are then obtained from electrical
simulation considering the previous extracted parameters and
Egs. (3) and (5), respectively.

4. Leakage estimation method
From previous sections, it is evident that the interaction

between the leakage components is crucial to accurately estimate
the total standby power dissipation in CMOS digital circuits.

In the scope of this work, a general CMOS logic gate
corresponds to the static design style composed by two planes
or networks, the pull-up PMOS plane, which connects the cell
output node to power supply (Vgg), and the pull-down NMOS
plane, which connects the output node to ground (GND) terminal,
as shown in Fig. 1. ‘On-plane’ and ‘off-plane’ terms indicate the
conducting and non-conducting planes, respectively, according to
the steady state condition. From the off-plane is derived the
‘off-network’ that represents, in fact, the actual transistor
arrangement responsible for isolating the output node voltage
to the opposite power supply (V44 or GND). The extraction of the
off-network arrangement is important since the subthreshold
leakage currents are observed only in the off-devices present in
that plane.

The proposed algorithm is a unidirectional procedure, i.e., it
does not present any feedback or loop. Algorithm steps are
depicted in Fig. 6, and described in the following:

(1) Identification of the off-plane (pull-up or pull-down), accord-
ing to the input logic value.

(2) Extraction of the off-network from the off-plane considering
the on/off static condition of devices. On-devices are short-
circuited and replaced by current sources, representing the
gate leakage current contribution from such removed tran-
sistor. In this step, two situations may be identified and
treated:

(2.1) When on-device connects two internal nodes, parallel
off-devices and transistor clusters (sub-networks) are
eventually removed. In this case, each removed device
from this sub-network must be replaced by a respective
current source connected at this node, in order to keep
the influence of its gate leakage contribution at the node
potential, and to be considered in the total leakage
calculation.

(2.2) When on-device (in off-plane) is connected to the
output node, it is removed but a differential voltage
AV must be considered at the gate output voltage. It

NETLIST
EXTRACTED PARAMETERS
INPUT VECTOR

Step 1 OFF-PLANE IDENTIFICATION

ra

Step 2 OFF-NETWORK EXTRACTION

/s

Step 3 | TRANSISTOR BIASING IDENTIFICATION

e

UNKNOWN INTERNAL NODE VOLTAGE

Step 4 CALCULATION ORDERING
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Sten 5 VDS CALCULATION FOR EACH
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Step 7 TOTAL LEAKAGE ESTIMATION

¥
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Fig. 6. Steps of leakage estimation method.
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means, the output terminal assumes ‘Vyy—AVy value
instead of V4 one in the case of the pull-down NMOS
off-plane, and ‘GND+AV)' value instead of GND refer-
ence for the pull-up PMOS off-plane. This differential
voltage AV can initially be considered as the transistor
threshold voltage (V). However, this value is directly
related to the transistor network topology. The tradeoff
of the AV value is discussed in Section 5.3.1.

(3) Identification of DC polarity (biasing) of each off-device
present in the off-network. It is a straightforward task for
purely series—parallel transistor arrangements, by just evalu-
ating the distance of transistor nodes to the off-network
terminals. The ‘distance’ is defined here as the number of off-
devices present in the shortest path to reach the network
terminals (Vg or GND, and output). In the case of non-series—
parallel topologies, this task is not so obvious, as discussed in
detail in Section 4.2.

(4) Ordering internal nodes in the off-network whose voltage
value must be estimated. This is done according to the
internal nodes distance to the output terminal. When
different nodes present the same distance to the output, the
distance to the supply terminal (Vg or GND) is then taken into
account, giving priority to the farthest node. In the case of
nodes with equal distance, the ordering of the nodes is
irrelevant and therefore it is chosen randomly.

Calculation of drain-to-source voltage (V) of each transistor

by applying the Kirchhoff's Current Law (KCL) at each internal

node. Differently from approaches that solve KCL system [16],

the purpose here is to calculate KCL equations in a pre-defined

order, according to precedent Step (4). To solve the equations,
all unknown node voltages are initially considered at GND or

Va4 potential, depending on the type of the off-plane, pull-

down NMOS or pull-up PMOS, respectively. The loss in

accuracy by using such strategy is not so relevant, as analyzed

in Section 5.3.1.

Definition of the voltage at each node based on the transistor

Vys voltages, previously calculated in Step (5). Starting from

Vgq or GND terminal, the potential at each unknown node is

computed by summing the Vg, values of each transistor in the

path ‘node-supply’, respecting the inverse order established in
step (4). When a given node has more than one possible
voltage value, i.e. there is more than one path to reach the
supply terminal, the voltage at this node is determined by the
highest value obtained in the case of a NMOS off-network and
by the lowest value in a PMOS network. The impact of using
the highest and the lowest values according to the network

type is discussed in Section 5.3.1.

(7) Estimation of the total leakage current considering the
internal node voltages, previously determined in Step (6). It
corresponds to the sum of all leakage currents flowing from
Vaq terminal or to GND terminal. For instance, considering the
currents flowing to GND, the total leakage is given by the sum
of the subthreshold current of all transistors directly
connected to that terminal, the gate current through on-
and off-devices in the off-plane, and the gate current through
on-devices in the on-plane.

(5

—

—
=]
—

4.1. Case study: method demonstration

To illustrate the procedure previously described, consider the
complex gate depicted in Fig. 7a.

a
Vdd
fdL 9
d-q[_
b e
cqL
a-q[_
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a—f b
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e f—
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GND
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OUT = Vdd
o A

lg_onemh

GND GND

Fig. 7. Method illustration: (a) CMOS complex gates and (b) off-network
representation for input vector |[aq, b, c, d, e, f, £g]1=[0,0,0,0,0,1,0].

Step 1: taking into account the input vector [a, b, c, d, e, f,
£]1=[0,0,0,0,0,1,0], the pull-down NMOS arrangement acts as the
off-plane, while the pull-up PMOS plane is conducting.

Step 2: in the extraction of the off-network from the off-plane,
the NMOS transistor with input ‘f (Tf) is short-circuited and its
gate oxide leakage contribution is associated to the respective
node ‘n2’ through a source current I, on, as shown in Fig. 7b.

Step 3: the biasing is defined by taking into account the
distance of the transistor nodes to the off-network terminals. The
resulting biasing of the transistors is also depicted in Fig. 7b.

Step 4: the ordering to calculate the internal unknown node
voltages is at first ‘n1’ and then ‘n2’. The ordering is also defined
according to the internal nodes distance to the output terminal.

Step 5: an initial drain-to-source voltage (V) is computed to
each transistor of the off-network in this step. When the node ‘n1’
is evaluated, all other unknown voltages (node ‘n2’) are
considered at ground potential (GND), and Eq. (9) is used to find
the Vys of transistors Th, Tc, and Td:

Lscrny = Isrey +Isray +Ig_orrcrny +Ig_oFrcre) +Ig_oFF(ra) 9

where I3y and Ig_orr(ri) are, respectively, the subthreshold current
and the off-device gate leakage current at each indicated
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transistor Tb, Tc, and Td. The same notation is adopted in Egs. (10)
and (13). In those Equations, I onri) is the on-device gate leakage
current in ‘I’ indexed transistors.

In the sequence, during the evaluation of node ‘n2’, the Vg of
transistors Te and Tg are obtained by using Eq. (10):

Lscray+1g_oncry = Iscrey +Iscrg) +Ig_orrcray + Ig_orr(te) +1Ig_orr(Tg) (10)

Step 6: the initial drain-to-source voltages of each transistor
are used to compute the unknown internal voltages in nodes ‘n1’
and ‘n2’ (Vy,; and V), respectively), by using Egs. (11) and (12),
respectively:

Vi1 = V2 + Vigg(re) (11)

Vn2 = Vds(Te) = Vds(Tg) (12)

where V,,; and V,, are the potentials in the nodes ‘n1’ and ‘n2’,
respectively, and Vyyr;) is the drain-to-source voltage in the
respective transistors Tc, Te, and Tg.

The final Vg, value for each transistor are re-calculated based
on ‘n1’ and ‘n2’ node potentials:

Step 7: the total leakage is the sum of all currents flowing from
Vaq terminal or to GND terminal. Eq. (13) computes all leakage

a
O%Jl
aA%w bAJw c#!w
d e
B B
1 1
w w
f 4w h-Cw
i -HCw
g-L2w i Lw
GND
b
o%n
N R
a—%w g b—|Sw c—lsw
ST e
@1 A (250 N W G )
W W
f 4Cw h-Cw
- (1,2) D(1.2) i ILw
gL 2w i Lw
S S
GND
C
O%.It
U R
a{w b{w cHLw
S -]
(2,1) S/HD 21 DAS (1.1
D D
f 4w h-w
S S D)
(1.2) (1.2) i ILw
D D S
g-L2w i Lw
N N
GND

Fig. 8. Off-network representation: (a) originally extracted network; (b) assign-
ments after steps 1, 2 and 3; (c) final transistor bias identification.

currents flowing to GND terminal:

Ileakage = Is(Ta) + Is(Tc) + Is(Te) + Is(Tg) +Ig,OFF(Ta) + IgﬁOFF(Tb) + Ig,OFF(Tc)
+1g_orr(rd) +lg_oFr(te) + Ig_oFF(Tg) (13)

Non-series—parallel networks

The device DC polarity (biasing) identification, i.e. algorithm
Step (3), in non-series—parallel off-network may not be a
straightforward task as occuring in purely series—parallel transis-
tor arrangements. The following procedure is used to set the bias
condition of non-series—parallel arrangements, as the transistor
network depicted in Fig. 8a.

(1) All transistor terminals directly connected to the power rail
are assigned as source terminals, while the others are
assigned as drain terminals;

(2) Similarly, all transistor terminals directly connected to the
output are assigned as drain terminals, while the others are
assigned as source terminals;

(3) Set the distance from each internal node to the off-network
terminals (Vgg or GND, and output). These distances are
indicated in Fig. 8b, being the numbers indicated in
parentheses;

(4) For the transistors not connected directly to Vy; or GND
terminals, the following rules are applied:

(a) The transistor node closer to V44 or GND is assigned as a
source terminal, being the other assigned as a drain
terminal;

(b) If rule (IV.a) fails, the distances of both nodes to V44 or
GND are equal, then the distance to the gate output node
is taken into account, being the closer node assigned as a
drain terminal;

(c) If rule (IV.b) fails, i.e. all node distances match among
them, the transistor source terminal is defined as the one
connected to the largest equivalent transistor calculated
between the node and V4 or GND, through series—parallel
associations;

(d) If rule (IV.c) fails, then the smaller equivalent transistor
between the evaluated nodes and the output is applied,
defining it as the source terminal;

(e) In the case that all rules above fail, then such transistor
biasing determination can be random, since the off-
network presents a symmetric topology with respect to
the transistor.

Although the proposed procedure above has been developed to
define transistor biasing in bridge arrangements, it is also suitable
for series—parallel networks. This way, it represents a general
procedure for any kind of network topologies.

Fig. 8 exemplifies these steps to set the bias condition. For the
off-network in Fig. 8a, all transistors connected directly to output
and power rail have their terminals assigned. In addition, all
nodes distances to GND and output terminals are defined in
Fig. 8b. Furthermore, source and drain terminals for transistors
controlled by signals ‘e’, ‘f, and ‘h’ are assigned using rule (IV.a)
above. For the missing transistor, controlled by signal ‘d’, the
terminals are assigned according to the rule (IV.c). This is
illustrated in Fig. 8c.

5. Experimental results

The proposed leakage estimation method was implemented,
and their effectiveness has been evaluated. CAD tools were
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written in Java platform, and experiments were carried out on a
Sun Fire V890 Server with a CPU UltraSPARC IV 2.1 GHz, 8 GB of
RAM, and SunOS 5.9. The obtained results were compared to
HSPICE simulation data, considering 32 nm bulk CMOS PTM
process [19].

5.1. Series—parallel logic gates

Logic gates, up to 6-inputs from GenLib_44-6 library [17], were
analyzed for the complete truth table of the function that each
gate implements. This set of cells is quite representative since it
includes 93 different logic gate topologies with a maximum
number of 4-stacked devices and 4 parallel devices in both pull-
up PMOS and pull-down NMOS planes. The index ‘-6’ indicates the
logic depth, which represents the maximum alternating series
and parallel transistor associations in the same logic plane.

Fig. 9 presents the average leakage current considering the
application of all input vectors on each cell. The results
demonstrate a good correlation between the estimated leakage
values and the electrical simulation data. It can be verified by
comparing the error magnitude to the leakage value that the
difference is almost two decades. This results in an average error
smaller than 7%.

5.2. Non-series—parallel CMOS gates

There are several works in the literature that explore the use of
complex gates in circuit design. Kagaris et al. [18] present a
methodology to design efficient non-series—parallel supergates.
To the best knowledge of the authors, there are no previous works
in literature that present an analytical solution to estimate the
leakage current in such logic gates without using numerical
solvers.

The leakage current for the CMOS gate depicted in Fig. 1b was
estimated using the proposed method for all input vectors, and
the results are compared to HSPICE data in Fig. 10. The difference
between the estimated and simulated values is close to one
decade ( ~ 10%) for low leakage currents. This can be observed on
the left-side of the graph in Fig. 10. The model is much more
accurate for the most significant leakage values, as it can be
verified on the right-side of the graph in Fig. 10. Due to the higher
accuracy for more significant values, the average error
considering all possible input steady states is smaller than 2%.

5.3. Benchmark circuits

The method was also evaluated at circuit level, taking into
account ISCAS85 benchmark circuits [21] mapped with ABC tool
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Fig. 9. Average leakage currents in 93 logic gates from GenLib_44-6 library [17],
using a 32 nm bulk CMOS PTM process [19].
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Fig. 10. Total leakage currents for all input vectors of the CMOS gate in Fig. 1b.

[22] to the GenLib_44-6 library [17]. The steady state of each
internal cell in the circuit is pre-evaluated for a certain primary
input vector. The leakage current in the cells is then calculated
individually and summed for the total current estimation. Results
obtained at circuit level for a hundred random vectors are shown
in Table 3. The error is smaller than 2.6% for significantly faster
runtimes, when comparing the model introduced herein to
HSPICE simulations.

5.3.1. Analysis of method accuracy

Assumptions used in the proposed method leads to inaccura-
cies when compared to HSPICE results.

At first, the voltage drop observed in on-devices placed in the
top of off-networks presents different values according to the
number of stacked off-transistors. For instance, considering stacks
with 2-, 3-, and 4-series NMOS transistors where only the top
device (the one nearest to the output terminal) is turned on, as is
illustrated in Fig. 11. The source-to-drain voltages over the top on-
transistors are given in Table 4. Even for these small voltage
differences, the impact in subthreshold and gate oxide leakages is
quite significant.

Moreover, the assumption used in Section 4—Step (5), where
“all unknown node voltages are initially considered at GND or Vgq
potential, depending on the type of the off-plane, pull-down
NMOS or pull-up PMOS, respectively”, does not affect accuracy
significantly. This happens because it is applied when there is a
stack with three or more off-transistors. In this case, those
internal nodes potential are close to GND or V,, potential, e.g.
around 30 mV for a three NMOS off-transistor stack in a 32 nm
bulk CMOS PTM process and Vy3=1.0V.

The choice done in Section 4—Step (6), i.e. “the voltage at this
node is determined by the highest value obtained in the case of a
NMOS off-network and by the lowest value in a PMOS network”,
introduces an inaccuracy, but it never underestimates the leakage
current. For instance, considering the NMOS off-network used to
exemplify the procedure in the new Section 4.1, the voltage value
obtained by electrical simulation is n1=128 mV. In the case of
choosing the lowest value (n1=120mV), the leakage of the
transistor Tc would be underestimated. Otherwise, when the
highest value is chosen (n1=138 mV), the leakage of such
transistor is overestimated. In this sense, the procedure proposed
herein never underestimates the predicted total leakage currents.

Another source of error can be the interaction between the
leakage current of different gates [23,24]. This interaction is
known as loading effect. The estimation procedure described in
Section 5.3 does not consider it. However, the small difference
between the estimation and HSPICE values, observed in Table 3,
leads to the affirmative of Mukhopadyay et al. in [23]: “depending
on the input vector, the loading effect can either increase or
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Table 3
Total leakage current estimation at circuit level.

Circuit Number of transistors Average leakage (pA) Difference (%) Run time (s)
Model HSPICE Average Maximum Model HSPICE
c17 24 14 1.4 <0.01 2.09 <1 <1
c8 694 29.1 29.1 <0.01 1.12 13 41
€432 1210 50.3 49.7 1.26 1.98 39 125
€880 1776 89.9 89.2 0.69 1.27 45 223
€1908 2806 129.5 128.3 0.95 1.27 50 341
€499 3320 164.5 163.5 0.63 0.96 76 625
C1355 3396 165.3 164.3 0.59 0.96 90 550
2670 3750 2286 2319 1.41 226 70 841
C3540 5758 325.4 327.7 0.69 1.72 123 2192
C7552 9840 529.0 541.8 2.36 2.59 412 5115
6288 17,344 778.7 770.4 1.08 1.36 693 54,389
Vvdd Vdd Vdd 5.3.2. Execution time
I I I The execution times, illustrated in Fig. 12, have been obtained
by applying a hundred random vectors on the corresponding
.. on-plane on-plane L on-plane circuits. The proposed method is faster than electrical simulation,
7 7 and the speed-up increases for larger circuits (in terms of
out = vVdd out = Vdd out = Vdd transistor count). Note that the method has been implemented
vdd vdd] vdd in Jav_a pr(_)gra.mming languag_e, while that could maybe improved
n B «-—aV/dd - Vdrop by rplgratlng ¥t to C+one, for instance. Neverthelgss, the speed-up
GND GND GND| achieves 80 times for the largest evaluated circuit.
GND GND GND—
6. Conclusions
GND GNDH
GND A new leakage current estimation method for CMOS circuits

Fig. 11. On-devices on the top of stacks with different number of off-transistors.

Table 4
Voltage over the top on-transistors in NMOS transistors stacks depicted in Fig. 11.

Bulk CMOS PTM process (nm) 45 32 22
2-Stacked transistors (NAND2) (mV) 263 244 247
3-Stacked transistors (NAND3) (mV) 200 172 169
4-Stacked transistors (NAND4) (mV) 180 155 153
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Fig. 12. Comparison of execution times.

decrease the leakage of a logic gate. Hence, in large circuits, the
effect of loading on different logic gates may cancel out each
other.”

has been presented. Compared to other estimation techniques,
this is an useful and efficient approach to treat any kind of
transistor network configuration, including complex gates with
more than two levels of series—parallel association as well as non-
series—parallel arrangements. Subthreshold and gate oxide
leakages are both considered in the analysis by interacting such
leakage mechanisms. The proposed algorithm defines a sequential
procedure, making assumptions which simplify the KCL resolu-
tion, while maintaining sufficient accuracy.
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