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Abstract—Technology solutions involving deployment
of large scale, low-power networks comprising battery-
operated wireless embedded systems or motes do not
favor frequent replacement of batteries. Hence, it is of
paramount importance to estimate the energy consumption
in wireless motes prior to deployment. The limited accuracy
in modeling the energy consumption of motes lead to
decrease in the network coverage resulting from unexpected
“mote deaths.” With this in mind, the overriding purpose
of this paper is to propose an energy consumption model
for the physical layer (i.e., the transceiver and the micro-
controller) that accurately predicts the operation life of a
wireless mote. For a line-of-sight, short-range communica-
tion link, it is shown that the operation life of a wireless
mote (a MICAz mote, in this paper) estimated by the
proposed model is within 2–10% of the actual value.

I. INTRODUCTION

Replacing batteries on wireless motes after network
deployment could be a cumbersome task, especially for
large-scale networks in “hard-to-reach” areas [1]. Erro-
neous energy consumption models for wireless motes
are often irreversible and highly expensive [2]. As an
example, a habitat-monitoring wireless network shrunk
drastically owing to mote failures within four days of
deployment [3]. Inaccuracies in the energy consumption
models resulted in as many as 50% of the wireless
motes “dying” unexpectedly, thereby needing recharg-
ing/replacement of batteries. Therefore, modeling the en-
ergy consumption, and estimating the network operation
lifetimes in terms of the “mote lives” prior to deployment
in the field is very important, and can prove to be
extremely cost-effective. Our research work has resulted
in a simple, novel, system-level “off-line” model that
considers the energy consumption in the physical layer,
i.e., the transceiver (or the radio) and the microcontroller
of a wireless mote. Low-power networks that operate in
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the industrial/scientific/medical (ISM) bands of 900MHz
or 2.4GHz are becoming widely adopted for commercial
and scientific use [4]. The inexpensive MICAz wireless
motes, designed to facilitate easy deployment and long
battery lives, are strong contenders for wide scale adop-
tion as the standard in industrial sensor networks. With
this in mind, the closeness of the proposed model has
been validated using commercial ZigBee-ready motes.

A wireless mote mainly consists of the transceiver,
microcontroller, and the sensor. In this paper, we model
the energy consumptions in the transceiver and micro-
controller of a wireless mote. The transceiver in a wire-
less mote can be broadly classified as the radio frequency
(RF) front-end (FE) and the baseband processing back-
end (BE). The FE typically comprises low noise am-
plifiers (LNAs), power amplifiers (PAs), mixers, filters,
voltage controlled oscillators (VCOs), frequency synthe-
sizers, intermediate frequency amplifiers (IFAs), auto-
matic gain control (AGC) units, analog-to-digital con-
verters (ADCs), and digital-to-analog converters (DACs)
[5], [6]. On the other hand, the BE consists of blocks that
perform functions as modulation, demodulation, error
detection and correction, and pulse shaping. Because
mixers, frequency synthesizers, VCOs, phase locked
loops (PLLs), and PAs consume non-negligible powers,
they need to be accounted for in the energy consumption
model of the wireless mote. The proposed model is
generic in that it is architecture-independent unlike some
of the more traditional receiver (e.g., low-power IF) and
transmitter (e.g., direct-up) architectures that are very
specific in their implementations [7], thereby facilitating
modeling different low-power radio architectures.

II. RELATED WORK

Several researchers have modeled the system-level
energy consumption in a wireless mote for different
applications. For instance, an energy model was
developed for low-power wireless motes to analyze the
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Fig. 1. Generic physical layer architecture of a wireless mote (a MICAz mote, in this paper).

best modulation technique and transmission strategy to
minimize energy consumption [6]. However, the energy
costs associated with the modulation techniques were
not considered; using our model, we show that when
the modulation technique is considered, the architecture
of the transceiver changes and the energy consumption
increases by approximately 100%. The authors in [1]
analyze the transceiver battery life and derive an energy
model for it, however the model did not account for
the power consumption in the modulator, filters, the
ADC, and the DAC. Using our model, we show that the
powers consumed by the ADC and DAC are 1.4mW
and 19.01mW, respectively, and cannot be disregarded.
Another recent energy model took into consideration
most of the RF FE blocks with the exception of the
pulse shaping filter because it is usually very low
relative to the other “energy-hogs” [5]. However, the
model also did not consider other baseband functions
such as modulation and coding. The digital modulation
technique chosen is significant in predicting the energy
consumption of a transceiver. To summarize, the generic
energy models for low power transceivers proposed thus
far need to be changed according to the modulation
technique used. Transceiver electronics dominate energy
consumption in a wireless mote [8], implying that the
energy consumption in both the RF FE and baseband
processing BE blocks need rigorous modeling. Though
the authors in [9] provide such a model, the values
of the RF front-end components were constants and

lacked analytical models for each electronic component.
This inhibits the use of the energy model for different
transceivers. The model proposed in the paper takes into
consideration the effects of the modulation technique
along with the baseband processing blocks and the
microcontroller resulting in a more accurate estimation
of the lifetime of a mote.

III. THE ENERGY CONSUMPTION MODEL

Our energy consumption model has been tailored to
the on-chip radio architecture [10], [11] to accommodate
the preferred modulation technique, offset-quadrature
phase shift keying (O-QPSK).

A. Physical Layer in a Wireless Mote

A wireless mote mainly consists of the transceiver,
microcontroller, and the sensor. In this paper, we model
the energy consumption in the physical layer of the
mote defined to include the transceiver and microcon-
troller: EMote = ETransceiver + EMicrocontroller. The resid-
ual energy of the energy storage, i.e., the recharge-
able battery is computed as: EResidual = mAh rating ×
voltage across the battery, and the energy-update equa-
tion every time the mote transmits or receives a packet
is given by EResidual(t+ 1) = EResidual(t)− EMote.

1) The Transceiver: As mentioned earlier, a lot of
companies use MICAz motes to effectively deliver so-
lutions (low-power and -voltage) for a variety of areas
including energy management and efficiency, home and
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commercial building automation as well as industrial
plant management, and this justifies the choice of the
popular RF transceiver chip, CC2420 (the industry’s
first IEEE 802.15.4- compliant and ZigBee-ready) for
validating our energy model. MICAz motes operate on
2.4GHz, and support data rates of up to 250 kbps
[10], [11]. The operating voltage range is 2.1 − 3.6V
[11], and traditionally has four distinct operation modes
depending upon the power requirements. The system-
level breakdown of the energy consumption in the RF
transceiver is given by Etransceiver =

∑
i

EFE,i + EBE,i,

where i ∈ {Transmitter,Receiver}, and EFE and EBE
denote the energy consumptions in the front- and back-
ends, respectively. The RF FE of a transmitter is made
up of a DAC, low-pass filter (LPF), mixer, PA, and
the BE is the digital spreader. Similarly, the RF FE
of the receiver consists of a ADC, IFA, band pass
filter (BPF), mixer, and a digital despreader as the BE
block. The frequency synthesizer (FS) is common to both
the transmitter and receiver architectures. Therefore, a
simple unified expression for the energy consumption in
the transceiver is given by:

Etransceiver = ttx

[
PSpreader︸ ︷︷ ︸

BE, Transmitter

+2PDAC + 2PLPF + 2PMixer + PFS + PPA︸ ︷︷ ︸
FE, Transmitter

]

+trx

[
PDespreader︸ ︷︷ ︸
BE, Receiver

+2PACD + 2PIFA + 2PMixer + PFS + PLNA︸ ︷︷ ︸
FE, Receiver

]
,

where ttx and trx are the time durations during which
the mote is operating in the transmitting or the receiv-
ing mode, respectively. Next, the simplified analytical
models for the principle “power hogs” are listed:

• Power amplifier: PPA = αPout,where α is a
constant that depends on efficiency of amplifier
and peak to average ratio and Pout is the output
power.

• RF Filter: PFilter = βSNR2BW, where SNR is
the signal to noise power ratio, β is a constant
that depends on Boltzmann’s constant and the
temperature, and BW is the bandwidth of operation.

• Low noise amplifier: PLNA = γ A
NF , where γ is

the proportionality constant, A is the gain of the
low noise amplifier, and NF is the noise figure.

• Intermediate frequency amplifier: PIFA =
δ(BW + f0)

√
αBA [5], where δ is a coefficient

which depends on the device dimensions and
process parameters, BW is the bandwidth of the
baseband amplifier, f0 is the center frequency, and
αBA is the baseband amplifier gain.

• Spreader (and Despreader): PSpreader = PXOR +
NPSR, where PXOR is the power consumption of
the XOR gate, PSR is the power consumption of the
shift register, and N is the number of shift registers.

2) The Microcontroller: ATmega 128, the microcon-
troller in MICAz wireless motes, is a low-power CMOS
8-bit microcontroller based on the AVR enhanced re-
duced instruction set computer (RISC) architecture. The
average power consumption of ATmega 128 is in the
range of 12 − 15mW for typical mote operations [12].
In this paper, we have chosen EMicrocontroller = 14mW as
the average power consumption during our experiments.

To summarize, we have identified the principle power
hogs, and modeled the electronic components that consti-
tute the physical layer of the wireless mote, by drawing
on the state-of-the-art in system-level modeling. This
makes our approach applicable to model the energy
consumption in any transceiver architecture.

IV. RESULTS AND DISCUSSIONS

A. Experimental Setup

The setup comprised a MICAz-based source-
destination short-range link. The network topology was
a line-of-sight (LOS) wireless link, a schematic of which
is shown in Fig. 2 (a). The source transmitted 20 bytes
of payload every 250ms, and the base station (i.e.,
the destination) received payload at intervals of 250ms.
The simplicity of the setup enabled us to delineate
the transmission and reception modes of the MICAz
mote. In other words, the measurements from the source
mote corresponded to the power consumption during
the “transmit” mode, while the measurements at the
base station yielded the “receive” mode power consump-
tion. What follows next is a description of the energy
consumption analysis at the two motes. The power
consumption at the two motes was calculated by logging
the voltage and current with a sampling rate of 400Hz.
The samples obtained from the data logger were used
to compute the power consumption per sample, which
were then averaged to obtain PTransmitter and PReceiver, the
power consumed during the transmit and receive modes,
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respectively. With the knowledge of the transmit and
receive time durations (as shown in Fig. 2 (b), the energy
consumption during the two modes were computed. The
wireless motes were powered by two AA sized batteries,
each rated at 3000mAh [16], which when multiplied
with the operating voltage yielded the initial residual
energy, which in turn was used in the estimation of the
mote operation life.

Fig. 2. (a) Illustration of the experimental setup, (b) Timing diagram.

The analytical model has implemented in MATLAB,
and the transceiver model parameters were chosen from
the CC2420 data sheet. The model was used to compute
the power consumption during transmit and receive
modes. Using the approach described above, the energy
consumption in the two operation modes of the wireless
motes were computed, and the mote operation lives
were compared to the experimentally obtained values to
validate the analytical model.

Figures 3 and 4 show the residual energy (in mJ)
versus operation times (in hours) at the transmitting
and receiving motes, respectively. From Fig. 3, it can
be seen that the energy consumption of the transmitter
simulated using our analytical model is within 10.6% of
the measured value (obtained experimentally). However,
the energy consumption at the receiver is within 2%
of the measured value (from Fig. 4). The reason for
these differences can be attributed to the light-emitting
diodes (LEDs), battery leakage, and the on-board pas-
sive elements (i.e., resistors and capacitors) and voltage
regulator. Figs. 5 and 6 show the energy consumption
(in mJ) in the transmitting and receiving motes for two
different payloads (implying different mode durations),
which further validates the accuracy of the proposed
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Fig. 3. Transmitter residual energy versus mote operation life (in
hours).
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Fig. 4. Receiver residual energy versus mote operation life (in hours).

model. To summarize, it can be seen from Figs. 3–6
that the proposed model is very accurate for the different
modes of operation, and also for different mote operation
periods (i.e., percentage of time that the mote is ON, and
operating either as a transmitter or a receiver). The higher
accuracy of the proposed model can be be explained by
the inclusion of the digital modulation technique into the
energy consumption computations along with the energy
costs associated with the spreader (and despreader) and
microcontroller.

V. CONCLUSION

The wide scale use of inexpensive, easy-to-use wire-
less motes for networking hinges on accurately estimat-
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Fig. 5. Energy consumption of the transceiver for a 40% mode
duration (i.e., transmit or receive).

Fig. 6. Energy consumption of the transceiver for a 65% mode
duration (i.e., transmit or receive).

ing the mote operation lives prior to deployment. Miscal-
culations in their estimations can prove costly, and result
in untimely, undesirable network partitioning. Using our
unified, system-level energy consumption model, the
predicted mote lives are within 2–10% of the observed
values. The high accuracy stems from the inclusion of
energy costs associated with the on-board functions such
as control (i.e., the microcontroller) and digital baseband
processing (such as modulation, demodulation, spread-
ing, and despreading). By analyzing and expressing the
results in terms of the three modes of operation of a
mote (i.e., transmitting, receiving, and idle), our model
gives better insights into the principle power hogs in the
physical layer of the mote during each mode. As future
work, it is planned to study and incorporate the energy
consumption in the microcontroller and the sensor as a
function of the different tasks executed.
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