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Abstract—The energy consumption of electric circuits depends
on the applied voltage level. This is used by dynamic voltage
scaling approaches where the voltage is lowered up to a datasheet
specified level. To reduce the energy consumption even further,
it would be possible to power the electric circuits below the
specified voltage levels. Considering Wireless Sensor Nodes, this
’undervolting’ would save a substantial amount of energy and,
hence, would lead to a significant longer lifetime of nodes and
networks. Contrariwise, operating processors or nodes outside
their specifications adds some extra incertitude to the system.
In this paper, we analyze the effects of undervolting for a
typical wireless sensor node in theory and practice. A prototype
implementation is used to characterize the influence of lower-
than-recommended voltage levels on the MCU. In addition, the
impact of different temperatures is considered as well as the
behaviour of an undervolted transceiver unit and, therefore, the
effects on the wireless communication. While classical computer
applications may contain too many hazards to outweigh the
improved energy consumption when using undervolting, we show
that it is particularly suitable for Wireless Sensor Networks
(WSNs) with a huge potential of saving energy and the opportu-
nity of novel power management approaches on every layer.

I. INTRODUCTION

Methods to enhance the lifetime of sensor nodes and
networks are very important. This will also remain so in the
future since the improvement of battery capacity does not
follow Moore’s Law. One of these approaches is Dynamic
Voltage Scaling (DVS). This technique adapts the voltage
level of the node to the actual system load to save energy.
The background of DVS is that nearly all components of
a sensor node are realized in Complementary Metal-Oxide
Semiconductor (CMOS) technology. One of the advantage
of CMOS is that the major part of the power dissipation
belongs to the dynamic power consumption Pdyn. During static
operations (fcpu = 0Hz) only a negligible leakage current
occurs. Furthermore, the dynamic power consumption has a
linear dependency on the clock rate (fcpu) and a quadratic
dependency on the voltage level (V ). Equation 1 shows this
relation, where CL is a parasitic capacity which depends on
the quality of the manufacturing process.

Pdyn = CL · fcpu · V 2 (1)

Unfortunately, the switching delay of CMOS gates grows at
lower voltage levels V . Hence, a certain clock rate (fcpu)
needs a specific minimum voltage level (V ) to guarantee that
a switching operation finishes within 1

fcpu
. DVS uses these

relationships and adapts both, the clock rate (fcpu) and the
corresponding voltage level (V (fcpu)) to the actual needed sys-
tem load. Recently, the advantages of DVS in the application

area of WSNs have been studied by several groups, e.g., [1],
[2], [3]. Furthermore, in [4] a prototype implementation of a
DVS capable wireless sensor node is presented. With regard
to equation 1, all these approaches have in common that the
energy efficiency of a sensor node is increased – in comparison
to a fixed voltage source.

All these strategies avoid unsafe areas of operation by
satisfying the specifications for adjusting the voltage level
V (fcpu) as stated in the respective datasheets. Nevertheless,
during some experiments with DVS in wireless sensor nodes,
we observed that microcontroller systems are able to work
below their recommended voltage levels as well. So, the
question came up: What happens if we ignore the specified
operating area respectively how far can we go outside it?

An important aspect to be considered for this is that the
voltage levels given in the specifications cover the widespread
temperature range of microelectronic components. Yet, the
threshold voltage (Vth) is temperature dependent. Looking at
this temperature dependency of CMOS gates in equation 2, a
microcontroller has to have the ability to run below V (fcpu)
under normal conditions (whereas Vth0 is the threshold voltage
at the temperature T0, α is a temperature coefficient) [5].

Vth(T ) = Vth0 + α · (T − T0) (2)

It might be argued that we inherently accept a decreased
reliability of the sensor nodes, since undervolting may have
an impact on the correct execution of a program or the proper
functioning of a component. However, if the malfunction
risk is limited, we stay very well within the typical WSN
assumptions, i.e., that not a single node is of importance but
the whole WSN must function properly and, thus, algorithms
[6], MAC protocols [7] and routing algorithms [8] for WSNs
are designed to be fault tolerant. For such cases, a certain
number of nodes can become temporary inoperative without
the malfunction of the whole network. Thus, undervolting may
just be another cause for known symptoms – with a huge
potential to save energy. As we demonstrate in this paper, the
potential for energy demand reduction is indeed significant and
can be in the order of 30%.

The paper is structured as follows: In the next section,
general related work regarding undervolting is discussed. Af-
terwards, we present preliminary studies we performed to
analyze the requirements for a prototype implementation. In
section IV we discuss the impact of undervolting on an
micro controller unit (MCU) and evaluate the gain of energy
efficiency. Following, effects on the wireless communication
are presented in section V Finally, we conclude the paper.



II. RELATED WORK

While several DVS approaches for WSNs are presented
in various publications [1], [2], [3], [4], as far as we know
active undervolting has not been studied for WSN so far. In
some articles regarding general computer architectures (e.g.
[9]) undervolting is mentioned as a possibility to reduce the
power consumption of a processing unit. In [10] undervolting
is explicitly specified as a technique which reduces the power
dissipation of a Power7 CPU. It is shown that the entire
system’s power consumption drops by 15.8% up to 26.4%,
without affecting the computational performance. This causal
way of dealing with a possibly higher error rate is also
mentioned in [11]. Through ’probabilistic computing’ it was
possible to increase the energy efficiency of CMOS gates
up to 300%. Yet, a more application-oriented utilization of
undervolting can be found in the end-user community of
Personal Computers (PCs). The over-clocking scene aims to
increase the performance of commercial off-the-shelf (COTS)
CPUs. For that, the clock rate is set manually above the level
suitable according to the voltage level specifications. To detect
errors, a rather vague stress test (e.g. calculation of prime num-
bers) is used to check the stability of the CPU. Nevertheless,
for the reliable operation of classical computer applications
the usage of undervolting may contain too many hazards to
outweigh the improved energy consumption. However, for
several WSN scenarios the situation is different since there
suddenly appearing or failing nodes may be the rule rather
than the exception [12], [8]. Moreover, WSNs may be exposed
to varying environmental conditions [13] which influence the
absolute minimum operating voltage. In summary, to the best
of our knowledge, there is no related work which considers
undervolting as a regular technique to increase the energy
efficiency of small embedded devices like sensor nodes and
ensures the operation by adaptive methods.

III. PROTOTYPING AND PRELIMINARY STUDIES

In general, the architecture of a wireless sensor node can be
divided into three major parts: Processing unit, transceiver unit,
and sensing unit. Mainly all components are based on CMOS
technology. Thus, with regard to equation 1, a downscaled
voltage level has a positive effect on the energy efficiency of all
parts. Nevertheless, in this section we focus on the processing
unit only. The processing unit is the central component which
executes the software and is responsible to control all other
parts of the node. Due to the low power constraints in WSNs,
usually a small ultra low power MCU is used for this purpose.
In this paper, we use the common ATmega1284p 8-Bit micro
controller [14] for the analysis of undervolting. This MCU is
used in existing sensor node platforms such as [15], [16].

A. Hardware Prototype

Based on the prototype presented in [4] we prepared
a simple testbed. Figure 1 shows a block diagram of the
implementation, whereby we borrowed the basic design and
the voltage scaling module. In addition, a second tiny micro-
controller has been added, which is called the ’Secure Instance’
(Secure Instance (SI)). The ATmega1284p is undervolted and,
thus, might not be reliable. Hence, the tiny co-microcontroller
can be used to validate checksums or help to recalibrate the
clock rate.
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Figure 1. Block diagram and picture of the prototype implementation.

B. Recalibrating the Clock

It is necessary to observe the clock rate because the
ATmega1284p generates the system clock with an internal RC-
oscillator. The datasheet [14] shows a significant dependency
between the oscillator speed and the voltage level even for
recommended voltage levels. Thus, a stable main clock of
the MCU cannot be guaranteed for this purpose. The first
question is whether we will have to recalibrate the clock rate
when we want to use undervolting. Therefore, we measured
the deviation from a claimed clock rate (fcpu) as a function of
the deviation of the nominal voltage level with an oscilloscope.
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Figure 2. Clock rate: impact of undervolting and recalibration speed.

Figure 2 shows the impact on different clock rates; it can
be seen that the deviation is significant. For example, we
assume a clock rate of fcpu = 4MHz at the nominal voltage
level V (fcpu). With an undervolting of V (fcpu) − 10% the
oscillation of the internal RC oscillator decreases, so that the
clock rate is reduced by about 4.86%.
A lower clock rate has minor effects on pure arithmetic
logical unit (ALU) operations. Provided that no other errors
occur through the undervolting, only the execution time rises.
On the other hand, time critical processes like OS timer
(e.g. within Contiki OS [17]) or asynchronous communication
(e.g. Universal Asynchronous Receiver/Transmitter (UART))
are not reliable anymore. For example, the error rate of a
UART communication grows. Under normal operation with
fcpu = 4MHz, V = V (fcpu) and a baud rate of 9600BAUD
an error of εUART < 0.2% is negligible. The measured worst
case of fcpu = 3.4655MHz at V = V (4MHz)−0.28V ends
up in a communication error of εUART < 16% [14].
Thus, we have to recalibrate the clock rate during the usage



of undervolting. The idea is to check the clock rate of the
undervolted MCU periodically with the SI. Based on the
deviation within a period, the external instance can decide
whether the clock rate has to be changed. This information
is sent to the MCU which increments or decrements the
internal RC-oscillator calibration register (OSCCAL). This
linear recalibration approach is shown in figure 3 at a nominal
clock rate fcpu = 4MHz.
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Figure 3. Clock rate: iterative recalibration of the clock rate.

We can see that it is generally possible to generate a stable
clock rate even with undervolting. This result is important
because it is a major requirement that undervolting should not
influence the further usage of the MCU. Of course, the linear
recalibration approach could be improved, so that the claimed
clock rate could be reached in less iteration steps.

IV. UNDERVOLTING ON MCUS - CHARACTERISTICS

For the first tests we ignore a dedicated view on the actual
temperature and define the room temperature Tlab ≈ 22◦C
as the normal operation condition. We ordered several AT-
mega1284p from three different distributors to minimize the
risk of analyzing parts from the same product line. Based
on the results of several tests, we show the behavior of an
undervolted MCU in this section.

Various failures are possible when using undervolting on an
MCU and they are not predictable without explicit knowledge
about the internal structure of the integrated circuit (e.g. VHDL
models). On a wireless sensor node the MCU controls all
other parts so that a failure will effect the whole system.
Accordingly, the question is how low the voltage level V can
drop below the recommended V (fcpu) without any recogniz-
able effects on the practical usage of the MCU. Furthermore,
for further generic solutions it is necessary to know, if every
ATmega1284p has an individual probability distribution of
failures or whether all are similar.

A full test of every component of the MCU is almost
impossible. For example, the test of only one ALU operation
(e.g. add) with n = 2 input variables of m = 8Bit each
would need a test vector of (2m)n = 216 cases. Thus, the
observation of the ALU is done through a spot test. Related to
[18] an adequate detection of calculation errors is done by a
matrix multiplication. Nevertheless, it should be noticed, that
an absolute failure detection is not necessary anyway. The fault
tolerant behavior of a WSN should be able to handle sporadic
failures even if we are not able to detect them here (cf. sections
I, II). The peripherals tests are restricted to the Inter-Integrated

Circuit (I2C), Serial Peripheral Interface Bus (SPI), UART
and General Purpose Input/Outputs (GPIOs). Theses checks
are also only spot tests and should show that peripherals are
generally able to run below the recommended voltage level. As
described above, the clock rate was recalibrated continuously
during the tests of the peripheral’s functionality.

During all tests with undervolting up to a certain level
no error of the peripherals occurs. We can observe that an
operating point exists, where the ALU execution breaks down.
The figures 4(a), 4(b) and 4(c) give the results of the function-
ality analysis for three different instances of the MCUs. From
this we can derive some statements which help for the further
considerations.

• In general it is possible to operate an MCU with
undervolting. Up to a specific operating point, the
probability that a failure occurs is very low.

• Malfunction starts to appear in a small, sharp region
around this point. The characteristic curve for the out-
put signal as a function of the input voltage correlates
with the measured results [5].

• Although we use the same kind of micro controller
(ATmega1284p), the absolute minimum voltage level
of the three MCU instances differs. On MCU1 with
fcpu = 4MHz the first errors occur at a deviation of
δV = 12.22% from V (fcpu). At this point MCU2 and
MCU3 run stable without any failures.

• The possible deviation from V (fcpu), i.e., where no
errors occur, grows with higher clock rates.

A. Power Consumption

The overall goal of this paper is to explore the feasibility
and potential of undervolting to increase the average energy
efficiency of a sensor node. Hence, the impact of undervolting
on the power dissipation of the processing unit is a matter
of particular interest. Since our approach operates outside the
datasheet specifications, we have no information about the
typical characteristics how the current consumption reacts on
undervolting. Thus, we measured the current consumption of
three MCUs at different clock rates fcpu as a function of the
deviation (in percent) from the recommended voltage level
V (fcpu).
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Figure 5. Current consumption vs voltage (mean value).

Figure 5 shows the average results of the measurements.
As expected, it can be seen that the current consumption of an
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Figure 4. Functionality analysis for three different instances of the MCUs
.

MCU decreases with lower voltage levels. Independent of the
clock rate fcpu, the relation between the percental deviation
δv and the percental saving of the current consumtion δi can
be described as follows:

δi ≈
6

5
· δv (3)

A huge advantage of undervolting is that it has no other effects
on the usage of an MCU. From this it follows, that we do
not have any conflicts when using additional energy-aware
concepts like dynamic power management (DPM), DVS, or
low power listening (LPL). With regard to DVS, figure 6 shows
the energy per clock cycle as a function of δv . This information
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Figure 6. Energy per clock cycle vs voltage (mean value).

about the relation between energy, voltage, and clock rate is
important because this influences the way how a DVS should
be implemented. Basically there are two different strategies:

1) A task is executed at the highest clock rate to switch
to the energy-aware sleep state as soon as possible.

2) The clock rate is adapted so that a task meets a
deadline exactly.

In this case, i.e., for the measurement results we have, the
second option would be the best choice. The reason is that the
curves ’energy per clock cycle’ of the different clock rates (cf.
figure 6) do not show an intersection.
Table I summarizes the significant energy saving potentials
of undervolting by stating maximum percental energy saving
max(δe), average percental energy saving mean(δe), mini-
mum energy per clock cycle Emin.

Table I. ENERGY SAVINGS WHEN USING UNDERVOLTING ON
ATMEGA1284P COMPARED TO THE RECOMMENDED VOLTAGE LEVEL

V (fcpu).

fcpu[MHz] 4 5 6 7 8

Emin[pJ] 404.0 420.2 437.0 466.8 475.0
mean(δe)[%] 16.60 18.30 19.06 20.02 22.27
max(δe)[%] 33.52 35.96 36.67 38.23 42.66

B. Influence of Temperature

The initial idea of undervolting for WSNs belongs to
the presumption, that a MCU has to be tolerant against
extreme temperatures, but this is not always needed. Hence,
for the previous observations we assumed a ’normal’ operating
environment. The tests were done indoor with a moderate
temperature of Tlab ≈ 22◦C. However, some application areas
of WSNs have extreme temperature requirements, e.g., cold
temperatures [19].

If a sensor node runs with undervolting and if the envi-
ronmental temperature changes, the first question is in which
direction we have to adapt the voltage level to avoid an increase
of failures. To study the effects of temperature changes, we
performed several experiments. For this, the MCUs under test
are heated up and cooled down with a peltier element. As
expected, we observed that a higher temperature T allows
lower supply voltages. For example, the break-even point
for MCU1 at fcpu = 4MHz moves from δV = 12.22%
(Tlab ≈ 22◦C) up to δV = 15% (Tlab ≈ 50◦C).

Afterwards a climatic chamber was used to get more de-
tailed information about the relation between the temperature
and the break even point. The results in figure 7 validate the
trend of the temperature dependency.

• A lower temperature increases the risk to get failures.
The voltage level has to raise.

• A higher temperature involves the chance to increase
the energy efficiency. The voltage level can be reduced
to save more energy.

However, a deliberate temperature increase with the intention
to save more energy through more extensive undervolting is
not recommended. The aging of components accelerates with
higher temperatures [20].
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C. Limitations and Interim Conclusions

Our approach is based on the ATmega1284p micro con-
troller, but how about other processing units? In general, a wide
spread temperature range of a component indicates potentials
for undervolting (cf. equation 2). Otherwise, it is not possible
to give a statement to every single micro controller whether
it is able to be undervolted or not. We performed some short
tests with a msp430 [21] of the TelosB [22] sensor node which
showed that also this MCU can run below its recommended
voltage level. Another question is, how other parts of a sensor
node (sensors, actors) react on undervolting. With regard to the
sensing quality an undervolting of sensors is not recommended.
A sensor converts the physical world into electrical signals.
These information is converted via an analog-digital converter
which makes the data utilizable for the processing unit. To
avoid that the analog section of the sensors could suffer from
undervolting, our approach is bound to the core functionality of
a sensor node: The processing and transceiver units. Therefore,
sensing errors are not caused by a sensor itself.

A mainstay of our argumentation to use undervolting on
wireless sensor nodes is that WSNs are fault tolerant per se.
Moreover, as described above the sensing unit will deliver true
values about the environmental state. Anyway, the undervolted
MCU can effect calculation errors or bit flips. Within a
redundant network topology those failures can be detected
and fixed. To reduce the probability of failures a software
redundancy (oversampling) can be used. In addition statistics
about how trustful a sensor node runs with undervolting can
help to decide which is the best strategy in such cases.

The overhead for implementing undervolting on a sen-
sor node is manageable. The potential energy savings grant
additional hardware components like the SI. Moreover, the
computational requirements of the SI are less and its usage
is periodic with low duty cycles.

V. EFFECTS ON WIRELESS COMMUNICATION

Undervolting works for an MCU, but what if we include
the transceiver unit into the same voltage path? The ability
to communicate with other nodes is very important for every
wireless sensor node. Thus, if undervolting would have a
negative impact on this, the consequence could be a collapse
of the WSN structure due to undervolting. However, temporary
appearing and disappearing nodes can be handled through
tolerant routing protocols like [23]. A real problem occurs

when a node ends up isolated from the rest of the network. The
isolated node would not be able to decide whether undervolting
is responsible for its inability to communicate or just no
messages are transceived and the transceiver unit is still fine.
Two simple but inefficient approaches would avoid this issue:

• The transceiver unit is connected to a separated volt-
age path Vrtx. The voltage level of Vrtx is set to the
requested value of the transceiver.

• The voltage level is temporary set to the recommended
level of the transceiver unit.

A more efficient but daring solution would be:

• The transceiver unit is potentially undervolted too
and the appearance of failures indicates the edge of
functionality (cf. section IV).

With regard to the last alternative and if the sensor node
uses, as it is common, an ARQ mechanism for reliable data
transfer such as provided by the IEEE 802.15.4 standard
for wireless communication, the detection of failures when
transmitting data is already covered. Then a sensor node can
take an increasing number of retransmissions as a sign that
undervolting effects the transmission of data. Thus, the node
can react itself and adapt the voltage level to higher values.
Contrariwise, when a node receives no data it can not decide
whether other nodes do not send any data or undervolting
prohibits the reception. Hence, a WSN heartbeat could be
sent periodically to all nodes. In scenarios without moving
nodes, the absence of a heartbeat indicates an error. Based on
information such as provided by the heartbeats or the ARQ
mechanisms, a heuristic can be derived which decides if the
voltage level has to be increased or if the actual failures are
caused by other reasons.

To determine the behavior of the transceiver unit if we use
undervolting, we measured the probability that a communica-
tion error occurs as a function of the voltage level. We used
the AT86RF231 [24], a fully integrated transceiver unit which
has a minimum recommended voltage level of Vrtx = 1.8V .
For these measurements, the node uses Contiki OS [17] with
the RIME communication stack. To detect failures during
the communication, the undervolted sensor node stays in idle
listening until it receives a request message from a second
node. This message is answered subsequently. In practice both,
the reception and the transmission of data break down at once.
The result is shown in figure 8.
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It is well-known that the usage of the transceiver is one of the
most power consuming process on a sensor node. Therefore,
the influence of undervolting on the transceiver’s current
consumption is of particular interest. As the transceiver has a
fixed transmit and reception power, the current consumption is
not bound to the voltage level. The datasheet [24] underlines
this trend of a weak relation between Vrtx and the current
consumption. Nevertheless, a deviation from the recommended
voltage of e.g. δv = 11% leads to a saving of ≈ 7%.

On the other hand, undervolting can effect the link quality
of the transceiver unit. According to [24] the transmission
power decreases with lower voltage levels. Yet, during our
measurements we do not observe an abnormal behavior of
received signal strength indicator (RSSI) and link quality
indicator (LQI) (distance ≈ 1m) due to undervolting.

Overall we can conclude that, in general, it is possible to
drive also the transceiver unit with undervolting. However, so
far we have a limited set of experiments with that only.

VI. CONCLUSION

As far as we know, this paper presents the first study
analysing and demonstrating the potential of undervolting for
small devices like wireless sensor nodes. In this preliminary
study we have shown that undervolting can save up to 42%
of the energy per clock cycle compared to the minimum
recommended voltage level of the used MCU. Hence, the
lifetime of nodes and networks enhances significantly. With
regard to the various application area of WSNs we considered
the influence of different temperatures on the concept of
undervolting as well. However, the presented results show
that undervolting is a new chance to increase the energy
efficiency of WSNs and optimize existing concepts on ev-
ery layer. The already existing fault tolerance of WSNs of-
fers the ideal basis for this power management technique.
In conclusion, the lifetime of real-world WSNs and applica-
tions could be improved heavily. The individual applicability
for undervolting depends on different factors, thus, no generic
static solution exists, but dynamic and adaptable algorithms are
possible. As future work, we plan to integrate a self-learning
algorithm that is capable of predicting future system states
by, e.g., taking the trend of environmental temperatures into
account. Additionally, a large scale test is planned.
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