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IMPLEMENTATION OF AN ENERGY EFFICIENT  
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 S. Bicelli, A. Flammini, D. Marioli, E. Sisinni, A. Taroni  

 
University of Brescia, Dept. of Electronics for Automation and INFM, Via Branze, 38 – 25123 Brescia, Italy 

Phone: +39 030 3715897, Fax: +39 030 380014, Email: sebastian.bicelli@ing.unibs.it 
 

Abstract: The emerging field of wireless sensor networks combines physical quantities sensing, processing 
and transmission circuits into a single tiny device. It must be provided both hardware and software support for a 
suite of different applications that reduces node size, cost and especially power consumption for the target 
application. The aim of this work is to furnish some guidelines on the development of a very low power system 
together with a quantitative analysis supported by extensive experimental results. 
 
Keywords: smart sensor, wireless sensor network, low power design 
 

1. Wireless Sensor Networks 
Although most of actual sensor networks are wired, 
sensor networking is recently moving toward 
wireless technology. Wires allow power supply and 
a reliable information transmission, but they imply 
installation costs, maintenance and safety troubles. 
A wireless approach can solve these problems, but 
it introduces other variables such as propagation, 
interference, security, regulations and so on. 
The radiofrequency (RF) spectrum is regulated by 
most governments, however there are some 
unlicensed bands where RF systems can operate 
within a set of laws. We focus on the 2.4 GHz 
Industrial, Scientific and Medical (ISM) band where 
many wireless technologies operate: standards (i.e. 
WiFi, Bluetooth, Zigbee) and proprietary solutions 
(i.e. WirelessUSB) [1]. 
Wireless sensor networks can be classified 
according to sensor type, kind of application, 
environment where the network operates or by 
network parameters: they have common constrains 
that are low data rate, low cost and low power short 
range communications. One of the first aspect to 
be considered in a wireless sensor network design 
is the power consumption: nodes are often 
powered by batteries, so they should last long time. 
This goal can be achieved using power cycling 
(introducing a duty cycle of the device operation) 
and adopting some tricks to maximize battery life. 
Other characteristics of a wireless network are: the 
topology (star, mesh or cluster), that should 
overcome the limited range and achieve easy 
installations and low maintenance [2]; the protocol 
[3], that should be able to rarely transmit large 
packets (transmitting two packets, each containing 
n data bits consumes more power than transmitting 
one packet containing 2n bits). As regard protocol, 
also policy of channel selection could heavily affect 
battery life in a RF crowded scenario. 
In this paper authors study which aspects affect 
power consumption in the design of a low-power 
wireless sensor. Some methods and guidelines are 
furnished and supported by extensive experimental 
results.   
 

2. Low power wireless sensor 
A low power battery powered wireless sensor is 
composed by several parts, as depicted in figure 1. 
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Figure 1. Block diagram of the wireless node. 

Battery life L (hours), defined as the time elapsed 
to fall below a voltage threshold (cut-off voltage), 
can be roughly computed as follows: 

(1) 
meanccv IK
CL

,⋅
⋅

=
η  

where C (Ah) is battery capacity, η is the power 
supply efficiency, Kv is the power supply output 
voltage gain and Icc,mean (A) is the mean current 
consumption of the wireless sensor (except power 
unit); it wakes-up every T seconds, takes about Ta 
(active phase) to start-up and measure quantities 
and TRF to transmit and receive (RF phase) 
information by the RF link. Icc,mean is shown in 
equation (2) where Ia, IRF and Isleep are the whole 
circuit current consumptions in the active, RF and 
sleeping phases respectively. 
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Equations (3) should be adopted to keep current 
consumption in the order of Isleep; in fact, designer 
can adapt Ta and TRF , for instance shortening the 
measuring phase or choosing a very simple 
protocol or the highest transfer rate, in order to 
keep low cycle time T (if necessary).  
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Most of power consumption is generally due to RF 
device, but also power supply, battery types and 
the correct choice of the microcontroller, to support 
the selected protocol, greatly affect battery life.  
In the following a brief description of each block is 
furnished. 
 
Power Supply 
Power supply usually must provide a constant 
voltage in the order of 3V. 
Electrochemical batteries are common in wireless 
sensor networks [4] since they are perhaps the 
most economic and versatile of all small power 
sources. The most popular battery types are [5]:  
• Nickel Cadmium (NiCd, rechargeable, 1.2V): they 

are low cost batteries and support high discharge 
rates but they suffer of memory effect [6]. 

• Nickel Metal-Hydride (NiMH, rechargeable, 1.2V): 
these batteries are replacing the NiCd types, they 
have twice the energy density and lower the 
memory effect but they are more expensive, 
more inefficient at high discharge rates and they 
have shorter cycle life (number of discharge-
charge cycles prior to battery disposal). 

• Lithium Ion (rechargeable, 3.6V): these battery 
types have high density energy, cycle life twice 
than NiMH batteries and long life times, but they 
are more expensive than NiMH batteries, and 
they can be unsafe if improperly used. 

• Alkaline manganese dioxide (Zn/MnO2, non 
rechargeable, 1.5V): these batteries have high 
discharge rate and low internal resistance. The 
latter is the sum of the ionic and electronic 
resistances of the cell components, it limits 
discharging current levels and produces heat 
within the battery.  

Portable equipments can be powered directly from 
a battery thus saving energy consumption, but this 
approach can lead to problems due to the battery 
discharge mode that is highly varying. For this 
reason an electronic circuit is generally provided to 
realize the power supply.  
Linear regulators with reduced drop-out (LDOs) 
and shut-down capability can be used to regulate 
the voltage according to the load with small 
quiescent current [7]. Otherwise a switch mode 
power converter can be employed. The primary 
advantage is that ideally it can accomplish power 
conversion at 100% efficiency and it can operate 
with one 1.5V battery (step-up) [8]. On the other 
side, switching regulators consume more board 
area and generate more noise than LDO. Charge 
pumps regulators perform the same functions as 
switching regulators avoiding inductor therefore 
reducing costs and size [9], but they are suitable 
only for small power systems.  
  
Sensor Interface 
This section is the most related to the specific 
application, consequently it must be specifically 
developed. Sensor technology must be chosen not 
only in order to maximize sensitivity and linearity, 
but even to limit power consumption that is active 
sensor with fast settling time must be preferred. 

As regard conditioning circuits, analog devices 
must be “rail to rail” to exploit the whole signal 
dynamic and to offer very low bias current. In 
addition, it should be possible to virtually turn off 
sensor and conditioning circuits without affecting 
transient response. 
 
Processing Unit 
It’s not a secret that the faster something goes the 
more power it consumes. In a microcontroller 
design the trick is operating at the minimum 
performance level for most of the time, increasing 
the CPU speed only when more performance is 
needed. Minimizing speed reduces power 
consumption and electro-magnetic interference 
(EMI) and it results in a longer battery life. On the 
other hand, wake-up procedures, data processing 
and protocol managing must be performed in a 
short time to fast return in sleep mode. 
Furthermore, the device peripherals can operate at 
a frequency that is independent of the CPU clock to 
provide a high degree of user flexibility.  
Sometimes a mixed signal microcontroller can be 
chosen to minimize components count, complexity, 
cost and consumption instead of following the 
traditional approach, that employs external analog 
conditioning and conversion circuits.  
 
Radio subsystem 
The radio subsystem is the most important system 
in a wireless sensor node since it is the primary 
energy consumer in this application scenario. 
Focussing on modern low power short range 
transceivers, current consumption varies between 
10mA to 100mA when sending and receiving. To 
select the most applicable radio, we must evaluate 
the impact of the noise, ease of communication 
with other devices, consumption, start-up time and 
available bandwidth. The design of an appropriate 
antenna is also imperative: chip antenna, printed 
circuit board antenna or external antenna can be 
chosen depending on application [10]. In addition, 
the operating temperature range is a very critical 
feature for oscillator stability. 
 
3. The realized prototypes 
Authors have realized several different prototypes. 
As regard power unit, LDO, step up and charge 
pump converters have been considered to furnish a 
stable 3.3V supply voltage from AA size batteries. 
A rechargeable 1.2V 2.3Ah NiMH battery NH15 by 
Energizer (BATR), a 1.5V 2.85Ah alkaline Zn/MnO2 
E91 by Energizer (BAT1) and an equivalent one 
MN1500 by Duracell (BAT2) have been tested.  
Two 8-bits microcontrollers (Microchip PIC18LF452 
and Cypress PSOC CY7C27443) and two different 
RF transceivers (Cypress CYWUSB6934 and 
IEEE802.15.4 compliant MC13192 by Freescale) 
have been considered. Both microcontrollers have 
been programmed with the same proprietary 
communication protocol; it provides star topology 
and time division multiplexing. Initially the wireless 
sensor searches for a coordinator in a channel set. 



Normally, every synchronized time interval T, it 
transmits 4 data bytes with a 9-bytes packet and 
then it wait for the ACK frame (6 bytes containing 
also the synchronization information); if the sensor 
doesn’t receive the ACK, it retries up to four times 
then it sleep waiting for the next wake-up.  
In this way, power consumption has been 
measured under similar conditions, highlighting 
how execution time and “sleep” modality differ from 
one implementation to the other.  
 
4. Experimental results and final remarks 
As regards batteries, constructors furnish typical 
discharge characteristics at 21°C with constant 
current or with constant load resistor. A good 
resistor value to emulate a wireless sensor could 
be R = 40Ω but this type of test could be unsuitable 
for many reasons: as first a wireless sensor 
absorbs a constant current in a pulsed mode, in 
addition if a step-up is employed it operates in a 
constant power mode (increasing battery life); 
otherwise if a LDO is employed the usual cut-off 
voltage of 0.8V cannot be considered. 
Rechargeable batteries have different discharge 
behaviour with respect to alkaline ones and often 
the ones cannot be replaced by the others. Another 
important problem is operating temperature, 
because battery life can dramatically decrease with 
low temperature. For all these reasons it is 
important to experimentally characterize the battery 
life in the operating conditions. As first, batteries 
have been discharged with a pulsating load: 500ms 
with a constant resistive load (R = 40Ω) and 500ms 
without load (period T = 1 s and duty cycle D = 
50%). Figures 2, 3, 4 shows the pulsed discharge 
for BATR, BAT1 and BAT2 respectively. Data has 
been acquired using a National Instruments NI6023 
data acquisition card from National Instruments. 
Other experiments have been conducted and Table 
1 reports battery life under different operating 
conditions. Differences between pulsed and 
continuous discharge are rather limited, while great 
attention must be devoted to cut-off voltage, 
especially if alkaline batteries are considered.  

0 0.5 1 1.5 2 2.5 3 3.5

x 105

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Seconds [s]

E
ne

rg
iz

er
 re

ch
ar

ge
ab

le
, B

A
TR

 - 
V

ou
t [

V
]

 
Figure 2. BATR (Energizer, rechargeable): discharge curve in 

pulsed mode (T=1s, D=50%). 
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Figure 3. BAT1 (Energizer, alkaline): discharge curve in pulsed 

mode (T=1s, D=50%). 
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Figure 4. BAT2 (Duracell, alkaline): discharge curve in pulsed 

mode (T=1s, D=50%). 

 
 BAT2 

Duracell 
alkaline 

BAT1 
Energizer 
alkaline 

BATR 
Energizer 

rechargeable 
Continuous disch., 

R=40Ω (Vcut-off=0.8V) 96.3 h 88.2 h 63.9 h 

Pulsed discharge, 
R=20Ω (Vcut-off=0.8V) 93.2 h 90.3 h 66.6 h 

Pulsed discharge, 
R=20Ω (Vcut-off=1.0V) 79.6 h 75.7 h 65.5 h 

Continuous disch., 
I=0.1A (Vcut-off=0.8V) 59.2 h 58.7 h 45.0 h 

Table 1. Battery life. 

As regard Power Supply Unit, we have considered 
LDOs (Low Drop Output) (TPS76633, TPS79433 
by Texas), switching regulators (TPS61016 boost 
type by Texas) and charge pumps (MCP1252 by 
Microchip) connected to AA-rechargeable batteries, 
measuring efficiency and behaviour under dynamic 
load conditions. Efficiency η is computed as follow, 
where VI, II are input voltage and current, while VO, 
IO are output ones: 
 

(4)  100
VI
VIηEfficiency
II

00 ⋅
⋅
⋅

==   



 
An “ad hoc” test bench has been developed to 
emulate variable slope output current transients, 
since real components behaviour is rarely 
documented in data sheet. A 0.05 Ω shunt resistor 
has been adopted to monitor current consumption; 
its drop voltage has been amplified by a Texas 
Instruments INA110 with gain G=100 and acquired 
by means of the NI6023 card and of a DSO (Digital 
Sampling Oscilloscope) Lecroy LT374M. Efficiency 
shown in table 2 has been measured as the mean 
value in a duty cycle operating mode (T = 1s, D = 
50%) with a resistive 33 Ω-load; in this way 
VO=3.3V and consequently IO=100mA. Expected 
values refer to datasheet where available.  
 

 TPS76633 TPS79433 TPS61016 MCP1252 
VI [V] 3.6 3.6 1.4 3.0 

Measured η 90% 90% 98% 70% 
Expected η -- -- >90% >60% 

Table 2. Power supply DC-DC converters efficiency 
 (I0=100mA, V0=3.3V). 

The wireless node is usually programmed to 
transmit the information in the shortest time 
possible (to reduce the consumption), so the DC-
DC converters should quickly give the requested 
current. The following table shows the time to reach 
output current IO=100mA±5%. 
 

TPS76633 TPS79433 TPS61016 MCP1252 
40 µs 12 µs 1.2 µs 1.4 µs 

Table 3. Time to reach I0=100mA from I0=0mA. 

As previously stated, the most consuming device is 
the TX/RX section, in order to cover a relative huge 
area. In fact, we can state that the RF power is 
proportional to dn, where d is the distance among 
nodes and 2≤n≤4 is a coefficient that varies 
according to antenna efficiency [10]. The two 
considered transceivers (CYWUSB6934 by 
Cypress and MC13192 by Freescale) have been 
experimentally tested and verified in terms of 
current consumption in each operating mode 
(typically called sleep, idle, sending and receiving), 
as shown in table 4.  

Table 4. RF transceiver power consumption. 
 
As an example of time required by a transition 
between states, figure 2 shows dynamic current 
consumption of the Freescale chip, measured 
through a shunt resistor when it changes among 
“doze” (35µA), “idle” (880 µA) and “transmit” 
(27mA). 
Concluding, the design of a wireless sensor node 
implies an experimental characterization of the 
Power Supply Unit in the real operating condition; 
in addition to topics discussed in this paper, several 
other aspects must be taken into account, as 
antenna design or software stack implementation. 

 

 
 

Figure 2. Trace 1: power consumption of the RF transceiver, 
Trace 2: time needed to complete a packet (128bytes) 

transmission, Trace 3: IRQ signal. 
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