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Computer-aided design (CAD) tools are frequently employed to verify the design objectives before the fabrication of an integrated circuit. An important circuit parameter that
requires accurate characterization is the power consumption due to the strict constraints
on the acceptable power envelope of integrated systems. Circuit simulators typically
provide built-in functions to measure the power consumption. However, the accuracy of
the measured power is mostly overlooked since the approximations and the methodologies used by the existing built-in power estimation tools are not well documented. The
research community tends to assume that the built-in functions provide accurate power
ﬁgures. This blind-trust in the CAD tools, however, may lead to gross errors in power
estimation. A generic methodology to accurately measure the power and energy consumption with the circuit simulators is described in this paper. An equation to calculate
the device power consumption based on the diﬀerent current conduction paths in a MOSFET is presented. An expression for the total power consumption of a complex circuit is
derived by explicitly considering the diﬀerent circuit terminals including the inputs, the
outputs, and the body-contacts. Results indicate that the power measurements with the
built-in functions of widely used commercial circuit simulators can introduce signiﬁcant
errors in a 65 nm CMOS technology. For deeply scaled nano-CMOS circuits, a conscious
power and energy measurement with the proposed explicit methodology is recommended
for an accurate pre-fabrication circuit characterization.
Keywords: Circuit-simulators; CAD tools; CMOS circuits; power consumption; energy
consumption; gate-oxide leakage.
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1. Introduction
Technology scaling has been the primary driving force behind the evolution of
integrated circuits (IC). The feature sizes of transistors and interconnects have
continuously been scaled, increasing the integration density in each new process
technology generation.1 Furthermore, the reduction in the defect density due to the
maturing fabrication technology has enabled manufacturing IC with larger dies. As
a result of the reduced physical dimensions of the transistors and the increased die
area, the total number of transistors in an integrated circuit increases with each new
technology generation.1 The higher number of transistors per IC provides enhanced
circuit performance and functionality at the cost of increased power consumption.1
The power consumption trend of lead Intel microprocessors is shown in Fig. 1.
Computer-aided design (CAD) tools are used for the pre-fabrication characterization of IC. Design objectives such as speed, area, reliability, and power consumption can be veriﬁed with the aid of CAD tools. Reducing the power consumption is
a primary objective in the design of digital integrated circuits.2 Power consumption
of CMOS circuits can be lowered by employing several techniques as described in
Refs. 1–3. During the design process, accurate power estimation with the circuit
simulators is critical to be able to correctly identify the best techniques that satisfy
the design objectives.
Commercial circuit simulators provide built-in functions to measure the power
consumption. The research community typically assumes that the built-in functions
provide the accurate power ﬁgures, overlooking the often inappropriate approximations and assumptions made by the existing built-in power estimation tools. For
example, the built-in command for power measurement in Star-HSPICE calculates
only the dissipated power within the semiconductor devices. The energy stored in
the device parasitic capacitances is excluded from the device power calculations.5
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Fig. 1. Power consumption of lead Intel microprocessors. (Source: V. Kursun and E. G. Friedman,
Multi-Voltage CMOS Circuit Design, John Wiley and Sons Ltd., 2006.)
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The total power consumption in a circuit is the sum of the dissipated and the
stored power. The exclusion of the power stored in the parasitic capacitances may
introduce signiﬁcant error in the computation of the total power consumption. Furthermore, the methodologies used by the power estimation tools are typically not
well documented thereby forcing the circuit designers to blindly trust the results
produced by the CAD tools.4–6
An explicit power measurement method using a current-controlled current
source or a voltage-controlled current source is described in Ref. 7. This method
calculates the power consumption based on the current drawn from the power supply. The method, however, excludes the currents drawn from the input and the
output (I/O) terminals that contribute to the total power consumption. Currents
drawn from the I/O terminals cannot be excluded from the power calculations in
deeply scaled CMOS technologies due to the high gate-tunneling leakage currents.1
Furthermore, the currents drawn from the power supplies that provide the bias
voltages of the substrate and the wells also contribute to the total power consumption. The contribution of the body contact currents can be signiﬁcant particularly
in the explicitly reverse or forward body-biased circuits.1 A comprehensive power
measurement methodology is therefore highly desirable to accurately characterize
the total power consumption of circuits considering all the circuit terminals for
diﬀerent modes of operation (active versus stand-by and zero-body-biased versus
reverse/forward body-biased) with the CAD tools.
A generic methodology to accurately measure the power and energy consumption with the circuit simulators is described in this paper. An equation to calculate
the device power consumption based on the diﬀerent current conduction paths in
a MOSFET is presented. An expression for the total power consumption of a complex circuit is derived by explicitly considering all the circuit terminals including the
inputs, the outputs, and the body-contacts. The actual power consumption measured using the proposed method is compared with the power measured with the
built-in functions of the two most-popular commercial circuit simulators: HSPICE
and CADENCE-SPECTRE. The percent errors introduced by the built-in power
measurement functions are reported for diﬀerent test circuits. The assumptions and
simpliﬁcations that cause signiﬁcant errors in power estimation with the built-in
functions of the commonly used CAD tools are identiﬁed.
The paper is organized as follows. The sources of power consumption in an
integrated circuit are discussed in Sec. 2. An accurate methodology to measure the
actual power consumption is described in Sec. 3. The power measurements using
the presented method and the built-in functions of circuit simulators are compared
in Sec. 4 for diﬀerent test circuits. Finally, some conclusions are provided in Sec. 5.
2. Sources of Power Consumption
Power consumption of a standard CMOS circuit has three primary components.
The total power consumption of a CMOS circuit is
Ptotal = Pdynamic + Pleakage + Pshort-circuit ,

(1)
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where Pdynamic is the dynamic switching power consumed while charging and discharging the parasitic capacitances during node voltage transitions. Pleakage is the
power consumed due to the subthreshold and gate-tunneling leakage currents.
Pshort-circuit is the transitory power dissipated during an input signal transition
when both the pull-up and the pull-down networks of a CMOS gate are simultaneously active.1
The currents that contribute to the power consumption of an n-channel device
are shown in Fig. 2. The gate current of the MOSFET can be divided into two
components, as shown in Fig. 2. Igate-capacitive is a transitory current that ﬂows while
charging and discharging the gate-oxide capacitors. Igate-tunneling is due to the direct
tunneling of carriers through the gate insulator. Igate-tunneling is a static current that
is observed as long as there is a non-zero voltage across the gate-oxide. Idrain-body
and Isource-body are the drain-to-body and source-to-body junction leakage currents,
respectively. Idrain-source is the current ﬂowing from the drain terminal to the source
terminal of a MOSFET.

3. Generic Power Measurement Methodology
In this section, an equation to calculate the total device power consumption based
on the diﬀerent current conduction paths in a MOSFET is presented. An expression
for the total power consumption of a complex circuit considering all the circuit
terminals is also derived.
The total instantaneous power consumed by a device is calculated by algebraically summing the product of the voltage and the net current ﬂowing at the
diﬀerent device terminals. The currents that contribute to the total device power
consumption are supplied by the independent voltage and/or current sources connected to the diﬀerent terminals of a device, as illustrated in Fig. 3. The total power
consumed by a device is the summation of the power drawn from the independent
sources connected to the diﬀerent device terminals.

January 9, 2009 18:25 WSPC/123-JCSC

00438

Technique for Accurate Power and Energy Measurement with the CAD Tools

+

IDrain

VDrain

_

IGate

+
_

VBody

IBody
+

VGate +_

_

VBody

IDrain

ISource
+
_

(a)

VSource

_

IGate

IBody

VGate +_

+

ISource

403

+

VSource

_

VDrain

(b)

Fig. 3. MOSFETs biased with diﬀerent power supplies. (a) An n-channel MOSFET.
(b) A p-channel MOSFET.

An expression for the instantaneous power consumption of a MOSFET is derived
here based on the power drawn from the independent voltage sources at the diﬀerent
device terminals. Power is supplied to a load when the current ﬂows out of the
positive terminal of a voltage source. Alternatively, power is absorbed by a voltage
source when the current ﬂows into the positive terminal of the source. The total
power consumed by a device is equal to the algebraic sum of the power supplied or
absorbed by the voltage sources at the diﬀerent device terminals. The instantaneous
power consumed by the MOSFETs shown in Fig. 3 is
PDevice = VDrain · IDrain + VGate · IGate − VSource · ISource − VBody · IBody ,

(2)

where VBody , VDrain , VGate , and VSource are the power supply voltages attached
to the diﬀerent device terminals. IBody , IDrain , IGate , and ISource are the currents
at the bulk, drain, gate, and source terminals, respectively, of the devices with
the polarities as shown in Fig. 3. Equation (2) is valid for the current polarities
indicated in Fig. 3. Provided that the net current through a terminal is in the
opposite direction to the direction indicated in Fig. 3, the current polarity in Eq. (2)
would be reversed.
Similar to the expression for the total power consumption of individual MOSFETs, an expression for measuring the total power consumed by a complex circuit
is derived next considering the voltages and currents at all the terminals of the
circuit. An integrated circuit with multiple I/O, power supply, ground, and bulkcontact terminals is shown in Fig. 4. The instantaneous voltages at the diﬀerent
terminals of the circuit are indicated in Fig. 4 along with the assumed direction
of the instantaneous current in that terminal. The total power consumption of the
circuit is measured by algebraically summing the power drawn from or absorbed
by all the circuit terminals. The instantaneous power consumed by the integrated
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Fig. 4. An integrated circuit with multiple I/O, power supply, ground, and body contact
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circuit shown in Fig. 4 is
Pinst = (V1 · I1 + V2 · I2 + V3 · I3 + V9 · I9 + V10 · I10 )
− (V4 · I4 + V5 · I5 + V6 · I6 + V7 · I7 + V8 · I8 ) .

(3)

Equation (3) can be expanded to derive a generic expression for the precise
measurement of the power consumption in any circuit without any approximations.
The instantaneous power consumed by a circuit with i + j terminals is


Vi · Ii −
Vj · Ij ,
(4)
Pinst =
i

j

where V and I are the voltages and the currents at the diﬀerent terminals of the
circuit, respectively. The indices i and j cover all the terminals where the current
enters and exits the circuit, respectively.
The energy consumption of a circuit is measured by integrating the instantaneous power consumed by the circuit over the time period of interest. The average
power consumed by the circuit is the energy consumed per unit time. The energy
and the average power consumption of the circuit are
 t1
Pinst · dt ,
(5)
Energy =
t0

Average Power =

Energy
,
t1 − t0

(6)

where t0 and t1 are the initial and the ﬁnal points, respectively, of the time period
within which the energy and the average power consumption of the circuit are
measured.
The total power consumption of a circuit can be accurately measured by modeling the circuit as a black-box with independent current or voltage sources at the
diﬀerent terminals of the circuit, as illustrated in Fig. 4. At the circuit terminals
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without any explicit external source, independent voltage sources producing zero
output voltage (dummy voltage source) or independent current sources producing
zero output current (dummy current source) can be attached to measure the power
at that terminal using a CAD tool.
4. Evaluating the Accuracy of the Power Measurements
with the CAD Tools
In this section, the actual power consumption measurements with the generic
methodology (ACTUAL) are compared with the power ﬁgures obtained using the
built-in functions of a typical commercial CAD tool (IN-CAD). HSPICE (Ver.
2005.03-SP1) and CADENCE-SPECTRE (Ver. 5.1.41) are the circuit simulators
used in this study. These versions of HSPICE and CADENCE-SPECTRE evaluate
the gate tunneling currents through BSIM4 device equations.15 The built-in power
estimation commands of HSPICE and CADENCE-SPECTRE are POWER and
PWR, respectively.5,17 Test circuits are designed in a 65 nm CMOS technology.8,9
The test circuits and the experimental set-up are described in Sec. 4.1. The simulation results are presented in Sec. 4.2. The assumptions and simpliﬁcations that
cause signiﬁcant errors in power estimation with the built-in functions of CAD tools
are identiﬁed in Sec. 4.3.
4.1. Experimental set-up for measuring the actual
power consumption
The design of test circuits and the changes to the experimental set-up for measuring
the actual power consumption using the proposed generic methodology (ACTUAL)
are described in this section. Minimum size p-channel and n-channel MOSFETs
(W = Wmin and L = Lmin), a 9-stage inverter chain, a 4-input static NAND gate
(NAND4), and a 32-bit dynamic multiplexer (32-bit MUX) are the test circuits
employed in this study. A load capacitance equivalent to the gate capacitance of
4-minimum sized inverters [fan-out-of-four (CL = 2.63 fF) in this 65 nm CMOS
technology] is connected to the circuit output terminals.
The ambient temperatures for integrated circuits employed in robotic explorations vary from − 180◦C to 486◦ C.12 Similarly, ultra-low-power sensor-net modules are designed for functionality at a temperature range of − 25◦ C to 125◦ C in
security and healthcare applications.13 The die temperature spectrum is assumed
to vary from − 40◦ C to 125◦ C in this paper. Circuits are sized for equal low-to-high
and high-to-low propagation delays at the worst-case die temperature (125◦ C). The
nominal supply voltage is assumed to be 1.0 V in this paper. The long-channel zerobody-bias threshold voltage (|Vt0 |) of the devices in this 65 nm CMOS technology
is 0.22 V.8
A 3-stage zero-body-biased inverter chain with a pulsed input is shown in Fig. 5.
The average power consumed by the circuit for the time interval of interest can be
measured by using AVG POWER built-in power estimation command of HSPICE.
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Alternatively, with the ACTUAL, the circuit is treated as a black-box considering the currents and voltages at all the circuit terminals, as illustrated in Fig. 6.
The name of the independent voltage sources along with the voltage supplied by the
source (with respect to the positive terminal) are indicated in Fig. 6. To measure the
output current with the proposed technique, a dummy voltage source (Vdummy-1 )
is connected to the output terminal (OUT), as shown in Fig. 6.
The power consumed by the circuit is drawn from the external sources. The
instantaneous power supplied or drawn by an independent source can be measured
by multiplying the voltage and the net current ﬂowing into the positive terminal of
the source. In HSPICE, the command I(name ins) provides the magnitude of the
current ﬂowing into the positive terminal of an independent source with instance
name name ins.5 Similarly, the command V(node 1) gives the instantaneous voltage
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at the node labeled as node 1. The instantaneous power consumption of the circuit
in Fig. 6 is
Pinst = −I(Vsupply ) · VDD − I(Vp-bias ) · VDD − I(VIN ) · V (IN) − I(Vgnd ) · Vgnd
− I(Vn-bias ) · Vn-bias − I(Vdummy-1 ) · V (OUT) ,

(7)

where Vsupply , Vp-bias , VIN , Vgnd , Vdummy-1 , and Vn-bias are the instance names of
the independent voltage sources shown in Fig. 6. Alternatively, the power consumption of the independent sources can also be measured using the built-in commands
provided that the power measurement of the CAD tool is accurate. Star-HSPICE
calculates the power consumed by the independent current and voltage sources
without any approximations.5 In HSPICE, the instantaneous power consumed by
the independent sources are measured using the P(name ins) built-in power estimation command where name ins is the instance name of the independent source.
For the dummy voltage (current) sources, however, the power cannot be measured
directly using the built-in commands due to the intentional zero output voltage (current) assigned to the source. The instantaneous power consumption of the circuit
in Fig. 6 based on the second technique that accurately employs the independentsource built-in power measurement command is
Pinst = −P (Vsupply ) − P (Vp-bias ) − P (VIN ) − P (Vgnd ) − P (Vn-bias )
− I(Vdummy-1 ) ∗ V (OUT) .

(8)

4.2. Simulation results
The simulation results comparing the power measurements with the IN-CAD and
the ACTUAL are presented in this section. Both DC and TRANSIENT analysis are
performed at diﬀerent temperatures to identify the sources of error introduced by
the HSPICE built-in power estimation command (POWER). The power measurements of the standard zero-body-biased active circuits are presented in Sec. 4.2.1.
The error in the stand-by mode power measurement with the built-in function of
HSPICE is evaluated in Sec. 4.2.2. The power measurements for the body-biased
circuits are presented in Sec. 4.2.3.
4.2.1. Active mode power consumption
The active mode power consumption measured with the built-in command of
HSPICE (POWER) and the actual power consumption are compared in this section.
The average power consumption measured using the IN-CAD and the ACTUAL for
zero-body-biased circuits operating at the nominal supply voltage (VDD = 1.0 V)
are compared in Fig. 7. The inputs of the diﬀerent circuits are excited with a 1 GHz
pulse. The power measurement with the HSPICE built-in command AVG POWER
introduces a − 3.7% (32-bit MUX at − 40◦ C) to + 4.1% (32-bit MUX at 125◦C)
error, as shown in Fig. 7.
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Fig. 7. Comparison of the average power consumption measured with the HSPICE built-in command AVG POWER and the actual power consumption when the input is oscillating at 1 GHz.
VDD = 1.0 V.

Reducing energy consumption is a primary objective in the design of digital
integrated circuits.1,2 Circuits optimized for minimum energy consumption operate
typically in the subthreshold regime with ultra-low power-supply-voltages.14 The
active-mode power consumption of an ultra-low-voltage circuit is due to the subthreshold leakage current. The active-mode power consumption of subthreshold
logic circuits measured with the IN-CAD and the ACTUAL are compared in Fig. 8.
The supply voltage applied for subthreshold operation is 0.2 V (VDD < |Vt0 |) in this
paper. The input terminals of the diﬀerent static circuits are excited with a 1 MHz
pulse. The power measurement with the HSPICE built-in command AVG POWER
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Fig. 8. Comparison of the average power consumption measured with the HSPICE built-in command AVG POWER and the actual power consumption of the subthreshold logic circuits. Input
signal frequency is 1 MHz. VDD = 0.2 V.

January 9, 2009 18:25 WSPC/123-JCSC

00438

Technique for Accurate Power and Energy Measurement with the CAD Tools

409

produces a + 1.2% (9-stage inverter at 125◦C) to + 44.9% (NAND4 at − 40◦ C)
error for the ultra-low-voltage subthreshold logic circuits, as shown in Fig. 8.
4.2.2. Stand-by mode power consumption
The stand-by mode power consumption measured using the IN-CAD and the
ACTUAL are compared in this section. The instantaneous power consumption of a
PMOS and an NMOS device measured using the HSPICE built-in command AVG
POWER and the actual power consumption are compared in Table 1 for diﬀerent gate voltages and temperature. The power measurements are performed with
the NMOS (PMOS) source, drain, and bulk terminals biased at 0 V, VDD , and 0 V
(VDD , 0 V, and VDD ), respectively. As listed in Table 1, the power measurement of
individual MOSFETs with the HSPICE built-in command AVG POWER produces
an error of up to 433% (for an NMOSFET at − 40◦ C with the gate biased at 0 V).
Table 1. Comparison of the power consumption measured using the HSPICE built-in command
and the actual power consumption for devices with zero-body-bias at various temperatures.
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The power consumption in the stand-by mode (no switching activity) is due to
the leakage currents (subthreshold, junction, and gate-tunneling leakage currents).
The leakage power consumption of a circuit is strongly dependent on the input
vectors.10 For circuits operating at the nominal supply voltage (VDD = 1.0 V),
the stand-by mode power consumption measured using the two power measurement techniques with the inputs biased at zero and VDD are shown in Figs. 9
and 10, respectively. When the input is biased at zero, the power measured with
the HSPICE built-in command AVG POWER produces up to 16× (32-bit MUX
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Fig. 9. Comparison of the stand-by mode power consumption measured with the HSPICE builtin command AVG POWER and the actual power consumption when the inputs are biased at zero.
VDD = 1.0 V.
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Fig. 10. Comparison of the stand-by mode power consumption measured with the HSPICE
built-in command AVG POWER and the actual power consumption when the inputs are biased
at VDD = 1.0 V.
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at − 40◦ C) error, as shown in Fig. 9. Alternatively, when the input is biased at
VDD , the power is underestimated by up to 105× (32-bit MUX at − 40◦ C) with the
HSPICE built-in power function, as shown in Fig. 10.
4.2.3. Power consumption of body-biased circuits
The currents drawn from the power supplies that provide the bias voltages of the
substrate and the wells also contribute to the total power consumption. The contribution of the body contact currents can be signiﬁcant particularly in the explicitly body-biased (reverse or forward body-bias) circuits.1 The power consumption
measured using the IN-CAD and the ACTUAL are presented in this section for
the body-biased circuits. The instantaneous power consumption of a PMOS and
an NMOS device measured using the HSPICE built-in command and the actual
power consumption are compared in Table 2 for diﬀerent body-bias voltages and
temperature. The power measurements are performed with the NMOS (PMOS)
source, drain, and gate terminals biased at 0 V, VDD , and 0 V (VDD , 0 V, and VDD ),
respectively. A negative VBS in Table 2 indicates that the PMOS (NMOS) device
is forward (reverse) body-biased. Alternatively, a positive VBS in Table 2 indicates
that the PMOS (NMOS) device is reverse (forward) body-biased. For a PMOSFET,
power measurements with the HSPICE built-in command AVG POWER introduce
Table 2. Comparison of the power consumption measured using the HSPICE built-in function
and the actual power consumption of NMOS and PMOS devices at diﬀerent body-bias voltages.

IN-CAD: Power measured using the HSPICE built-in command [AVG POWER] (×10−9 W).
ACTUAL: Actual power consumption measured using the proposed generic methodology
(×10−9 W). The NMOS (PMOS) source, drain, and gate terminal are biased at 0 V, 1.0 V, and 0 V
(1.0 V, 0 V, and 1.0 V), respectively. Negative VBS : the PMOS (NMOS) device is forward-bodybiased (reverse-body-biased). Positive VBS : the PMOS (NMOS) transistor is reverse-body-biased
(forward-body-biased).
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a + 0.28% (VBS = − 0.3 V at 125◦C) to + 21.43% (VBS = 0.3 V at − 40◦ C) error, as
listed in Table 2. Similarly, for an NMOSFET, the power is underestimated by up
to 1819% (VBS = − 0.3 V at − 40◦ C) with the HSPICE built-in command, as listed
in Table 2.
The average power consumption measured using the HSPICE built-in command
AVG POWER and the actual power consumption for NAND4 and 32-MUX are
compared in Table 3 for diﬀerent body-bias voltages and temperature. The input
terminals are ﬁxed at the nominal supply voltage (VDD = 1.0 V). A negative VBias in
Table 3 indicates that an intentional forward-body-bias is applied to all the devices
in the circuit. Alternatively, a positive VBias in Table 3 indicates that an intentional
reverse-body-bias is applied to all the devices in the circuit. The power measurements with the IN-CAD (HSPICE built-in command AVG POWER) introduces up
to 110× (32-bit MUX at VBias = 0.3 V, T = − 40◦ C) error, as listed in Table 3.
4.3. Sources of errors in the built-in power measurement tools
The results presented in Sec. 4.2 indicate that the power measurement using the
HSPICE built-in command AVG POWER is signiﬁcantly oﬀ as compared to the
actual power consumption of a CMOS circuit. The approximations that cause
signiﬁcant errors in the power measured with the built-in functions of CAD tools
are identiﬁed in this section.
Table 3. Comparison of the power consumption measured using the HSPICE built-in function
and the actual power consumption of NAND4 and 32-BIT MUX at diﬀerent body-bias voltages.

IN-CAD: Power measured using the HSPICE built-in command [AVG POWER] (×10−6 W).
ACTUAL: Actual power consumption measured using the proposed generic methodology
(×10−6 W). The input terminals are ﬁxed at 1.0 V. Negative VBias : an intentional forward-bodybias is applied to all the devices in the circuit. Positive VBias : all the transistors are reverse-bodybiased.
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Fig. 11. NMOS devices in a 65 nm CMOS technology. Temperature = 125◦ C. Width = 300 nm.
Length = 65 nm. (a) Drain, gate, and source terminals biased at 0 V, 1 V, and 0 V, respectively.
(b) Drain, gate, and source terminals biased at 1 V, 1 V, and 0 V, respectively.

N-Channel MOSFETs with diﬀerent bias conditions are shown in Fig. 11. The
drain of the MOSFET in Fig. 11(a) is biased at 0 V. Alternatively, the device in
Fig. 11(b) has a drain voltage of 1.0 V (nominal supply voltage). The gate and
source voltages for these MOSFETs are ﬁxed at 1.0 V and 0 V, respectively. The
currents observed at the diﬀerent terminals of the device in Fig. 11(a) at 125◦ C
for various body voltages (VB ) are listed in Table 4 along with the total device
power consumption measured with the built-in power command of HSPICE and
the ACTUAL. Similarly, for the device in Fig. 11(b), the currents observed at the
diﬀerent terminals and the power consumption measured with the built-in power
command of HSPICE and the ACTUAL are listed in Table 5.
For the NMOS device shown in Fig. 11(a), the currents that contribute to the
device power consumption are supplied from the voltage sources connected to the
gate and the body terminals (non-zero voltage sources). The currents drawn from
these voltage sources exit the device through the drain and the source terminals
due to the non-zero gate-to-source, gate-to-drain, body-to-source, and body-todrain voltages. The drain-to-source voltage and current are zero. Provided that
a non-zero gate-to-body voltage is applied, current ﬂows between the gate and
the body terminals (gate-tunneling leakage current). When the body terminal is
grounded, the power consumption measured with the HSPICE built-in command
AVG POWER is zero, as listed in Table 4. The actual device, however, still consumes power due to the current drawn from the voltage source connected to the
gate terminal (IG ). ACTUAL accurately measures this power consumption without
any approximations (IG ∗ VG ), as listed in Table 4. Alternatively, the power measured with the IN-CAD clearly totally neglects the current at the gate terminal.
The power consumption is underestimated by up to 8450× with the built-in power
function of HSPICE, as listed in Table 4.

Currents and the power consumption of the NMOS device in Fig. 11(a) measured with HSPICE for various body voltages.
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ID (nA)

136, 900
142, 100
148, 000
154, 500
161, 900
170, 000
177, 800
184, 000
189, 000
192, 800
195, 800

VB (V)

−1.0
−0.8
−0.6
−0.4
−0.2
0.0
0.2
0.4
0.6
0.8
1.0

18.97
18.10
17.28
16.50
15.76
15.05
14.28
13.38
12.41
11.46
10.54

IG (nA)
136, 900
142, 200
148, 000
154, 600
161, 900
170, 100
177, 800
184, 900
472, 400
9, 837, 000
26, 690, 000

IS (nA)
−0.081
−0.063
−0.049
−0.039
−0.031
−0.018
2.604
893.00
283, 300
9, 644, 000
26, 490, 000

IB (nA)
18.89
−81.96
17.23
−83.54
15.73
−84.97
16.88
6.38
−87.59
−188.54
−4189.46

ISUM = ID + IG
+ IB − IS (nA)
136.9
142.1
148.0
154.5
161.9
170.1
177.8
184.4
359.1
7908.0
26, 690.0

IN-CAD (uW)
136.9
142.1
148.0
154.5
161.9
170.0
177.8
184.4
359.0
7907.8
26, 685.8

ACTUAL (uW)

0.014
0.013
0.012
0.011
0.010
−0.050
0.008
−0.016
−0.024
−0.002
−0.016

% Error

Total device power consumption

Table 5. Currents and the power consumption of the NMOS device in Fig. 11(b) measured with HSPICE for various body
voltages.
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For the NMOS device shown in Fig. 11(b), VDS = 1 V. The drain-to-source
current produced by this MOSFET is orders of magnitude larger as compared to the
currents at the gate and the body terminals, as listed in Table 5. The relatively small
gate current in this device reduces the error introduced in the power measurements
with the IN-CAD, as listed in Table 5. Alternatively, for the NMOS device shown
in Fig. 11(a), power consumption is primarily due to the gate-tunneling leakage
current. The exclusion of the gate-tunneling current in the power measurements
with the IN-CAD introduces signiﬁcant error in this device, as listed in Table 4.
CADENCE-SPECTRE is another widely used commercial circuit simulator.
The accuracy of the power measurements with the built-in circuit power function
PWR17 of CADENCE-SPECTRE is evaluated next.16,17 The diﬀerent currents
and the power measurements (with both IN-CAD and ACTUAL) with CADENCESPECTRE for the device in Fig. 11(a) are listed in Table 6 at various body voltages
(VB ) (T = 125◦ C). The data listed in Tables 4 and 6 are measured for the same
NMOS device with the same technology parameters using two diﬀerent circuit simulators (HSPICE and CADENCE-SPECTRE). As listed in Tables 4 and 6, the
device currents measured with HSPICE and CADENCE-SPECTRE are equal. The
power consumption measured using the built-in commands of the two simulators
are, however, signiﬁcantly diﬀerent, as listed in Tables 4 and 6. In CADENCESPECTRE, the power consumption is underestimated by up to 113715046604527×
with the built-in power estimation function PWR, as listed in Table 6.
The results presented above indicate that the gate-tunneling currents are completely ignored by the built-in power measurement functions of both HSPICE and
CADENCE-SPECTRE. The conformity of the results presented in Sec. 4.2 with
the above observation is veriﬁed next. The data presented in Table 1 indicate that
the percent error in the power measurement with IN-CAD is signiﬁcant for devices
biased with zero or small gate-to-source voltages (|VGS |). The currents that contribute to the power consumption at low gate-to-source voltages are the leakage
currents. The relative signiﬁcance of the gate-tunneling leakage current in the total
leakage current produced by the MOSFET contributes to the error observed in
the power measurements with the IN-CAD. The percent error in the power measurement with IN-CAD, however, decreases with increasing gate-to-source voltages
due to the reduced signiﬁcance of the gate-tunneling current in the total current
produced by a MOSFET operating in the moderate to strong inversion regions.
Absolute value of the threshold voltage degrades as the temperature increases.1
Degradation of the threshold voltage and the enhancement of the thermal voltage
exponentially increase the subthreshold leakage current at elevated temperatures.
Alternatively, the gate-tunneling leakage current is relatively less sensitive to temperature ﬂuctuations.10 At elevated temperatures, therefore, subthreshold leakage
current dominates the total leakage current produced by a MOSFET. The percent error observed in power consumption measured using the IN-CAD and the
ACTUAL for a PMOS and an NMOS device with |VGS | = |VSB | = 0 and |VDS | = 1 V

Table 6. Currents and the power consumption of the NMOS device in Fig. 11(a) measured with CADENCE-SPECTRE for various body
voltages.
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Fig. 12. Percent error in the power measured using the HSPICE IN-CAD and the ACTUAL for
devices in a 65 nm CMOS technology with |VGS | = |VSB | = 0 and |VDS | = 1 V.

is shown in Fig. 12 for diﬀerent temperatures (data is obtained from Table 1). The
relative signiﬁcance of the gate-tunneling current at lower temperatures introduces
signiﬁcantly higher error with the IN-CAD, as shown in Fig. 12. A similar trend
is observed in the results shown in Figs. 8–10 and the results listed in Tables 1–3.
Furthermore, the gate-tunneling current of a PMOS device is signiﬁcantly smaller
as compared to an NMOS device with similar physical dimensions (width, length,
and tox ) and similar voltage diﬀerence across the gate insulator in a conventional
Si–SiO2 based CMOS technology.10 The error in the power measurement with the
IN-CAD is therefore more signiﬁcant for the NMOS devices, as listed in Tables 1
and 2 and as shown in Fig. 12.
The percent error in the power measurements with the IN-CAD for an NMOS
device with diﬀerent body-bias voltages is shown in Fig. 13 (data is obtained from
Table 2). VBS is the body-to-source voltage of the device. A positive (negative)
VBS in Fig. 13 indicates that the NMOS device is forward (reverse) body-biased.
Applying reverse body-bias increases the device threshold voltage thereby reducing
the subthreshold leakage current.1 The reduction in the subthreshold leakage current increases the relative signiﬁcance of the gate-tunneling leakage current thereby
causing signiﬁcant errors in the power measurements with the IN-CAD, as shown
in Fig. 13. Alternatively, applying forward-body-bias lowers the device threshold
voltage, thereby increasing the subthreshold leakage current.1 The increase in the
subthreshold leakage current reduces the percent error observed in the power measurements with the IN-CAD, as shown in Fig. 13.
The overall reliability of the data produced by the commercial circuit simulators is evaluated next with the Kirchoﬀ’s current law. In Fig. 11, current enters the
device through the drain, the gate, and the bulk terminals and exits through the
source terminal. According to the Kirchoﬀ’s current law, the sum of the currents
entering and exiting the device must be equal. The algebraic sum of the currents
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Fig. 13. The percent error in the power measurement with HSPICE IN-CAD for an NMOS device
with diﬀerent body-bias voltages.

at the diﬀerent terminals of the devices shown in Fig. 11 are, however, not zero
(ISUM = ID + IG + IB − IS ), as listed in Tables 4–6. The violation of the Kirchoﬀ’s
current law in these devices could be due to the inappropriate numerical resolution
of the commercial circuit simulators and/or the inaccurate and inconsistent modeling of the diﬀerent device currents due to diﬀerent physical phenomenon (such as
the gate-oxide leakage mechanisms versus the subthreshold conduction). A closer
inspection of the data listed in Tables 4–6 indicates that the power measurements
with the IN-CAD are signiﬁcantly oﬀ as compared to the actual power consumption (measured with the ACTUAL) when the magnitude of ISUM is comparable to
the magnitude of the power measured with the IN-CAD. For example, as listed in
Table 6, the magnitude of ISUM and the power measurements with the IN-CAD
are comparable for the NMOS shown in Fig. 11(a) when the bulk terminal voltage
ranges from − 1.0 V to 0.2 V. The power measurements with the IN-CAD at these
bulk voltages are underestimated by up to 113715046604527×, as listed in Table 6.
The results presented above indicate that the violation of the Kirchoﬀ’s current
law can also contribute to the error introduced in the power measurements with
the built-in power commands of the circuit simulators. Furthermore, both HSPICE
and CADENCE-SPECTRE do not provide any warning messages when the Kirchoﬀ’s current law is violated. This study clearly uncovers an existing big question
mark on the overall reliability of the data and the measurements produced by the
commercial circuit simulators.
Accurate power estimation is critical in battery operated devices to predict the
lifetime of the battery. Battery operated integrated circuits with very low temperature speciﬁcations are discussed in Refs. 12 and 13. Prefabrication power estimation with the built-in command would signiﬁcantly overestimate the battery
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lifetime of these portable devices. Gate-oxide thickness is reduced with each new
technology generation to enhance the amount of control that the gate terminal
exerts on the channel area.11 Reducing the gate-oxide thickness increases the probability of carrier-tunneling through the thin insulator layer.10 Gate-oxide leakage
increases with technology scaling. The error introduced by the built-in power measurement functions will become more signiﬁcant in the future technology generations. For deeply scaled nano-CMOS circuits with thin gate-oxides, power and
energy measurement with the proposed generic methodology is, therefore, strongly
recommended for an accurate pre-fabrication circuit characterization.
5. Conclusions
Computer-aided design tools are used for pre-fabrication characterization of integrated circuits. An important circuit parameter that requires accurate characterization is the power consumption due to the strict constraints on the acceptable
power envelope of integrated systems. Circuit simulators typically provide built-in
functions to measure the power consumption. However, the accuracy of the measured power is mostly overlooked since the approximations and the methodologies
used by the existing built-in power estimation tools are not well documented.
A generic methodology to accurately measure the power and energy consumption of a circuit with the circuit simulators is presented in this paper. An equation to
calculate the device power consumption based on the diﬀerent current conduction
paths in a MOSFET is presented. An expression for the total power consumption
of a complex circuit is derived by explicitly including the voltages and currents at
all the circuit terminals. Results indicate that the power consumption is drastically
underestimated with the built-in power estimation functions of two widely used
commercial circuit simulators CADENCE-SPECTRE and HSPICE. For the deeply
scaled CMOS circuits in the nanometer regime, power and energy measurement
with the proposed explicit methodology is strongly recommended for an accurate
pre-fabrication circuit characterization.
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