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II. Abstract

The main purpose of this paper is to provide a simple bird's eye view of the ultra low power (ULP) autonomous sensor network 
landscape as well as point the reader to some of the most exciting and commercially attractive application opportunities.

Conceptually  sensor network nodes are well defined since the late1990s. Initially they were defined as a means by which certain 
warfare goals would be reached. Of course modern science and inventions have motivational ties with the source of funding. So it is 
quite possible that in the process of conception this sensor nodes where devised also to fulfill some industrial and medical 
ambitions. 

Whatever might have been the inspirations behind them, the early goals established several degrees of expectations that these 
sensor nodes would be pulverized over the surface of the earth. Some of the earliest names proposed where sensor node dust or 
webs, standing for sensor node web. Less ambitious  and more generic denominations followed in the literature as, for example, 
network of all things or Internet of all thing.

Although at the time of this writing no sensor dust has come to fruition, the industry currently witnesses a vibrant evolution of 
alternative wireless protocol stacks and an incredible miniaturization of micro-controllers.  The latest evolution of micro-controllers in 
terms of unprecedented nano Ampère level of energy efficiency is closely following similar miniaturization and efficiency of the 
electronic energy harvesting components.

III. Introduction

In a more detailed description, the purpose of this paper is to give the non-specialized reader a general overview of the 
historical landmarks in the evolution of the technology of wireless sensor nodes and point to opportunities that are available 
for immediate industrial development as well as current and future research. In addition we want to explain in a simple and 
succinct way, the basic concepts involved in the development, construction, and deployment of sensor network nodes. Since 
energy supply for any electronic device is so essential, we will also illustrate the various energy harvesting techniques that are 
under development to take energy from the environment where the nodes are deployed in a way to reduced or avoid the need 
for battery replacements. 

We encourage the reader to notice throughout history the change in motivation and the level of research ambition behind the 
technological advances made, the convergence of independent lines of research, and the level of reached complexity in each 
component that comprise the nodes. This will help the reader to see that this technology will have inevitable implications that 
will completely change the world's communication in ways humans never dreamed of.

The paper is organized in the following way. In Section IV, we provide the non-specialized reader the definitions of sensor 
nodes and energy harvesting technologies. In addition the section provides some of the most important historic landmarks. To 
review the evolution of the sensor nodes, the chronological account starts from the early times of the cold war through our 
days, while for the evolution of the energy harvesting technology, our review goes as far back as the first verifiable records in 
the evolution of the European windmills up until our days.

Section V is dedicated to describing some of the most recent technologies and market players. In Section VI we attempt to 
infer into the opportunities which lie ahead, based on published articles and our own justified estimate. Section VII provides a 
list of references cited throughout the paper.

We hope that the reader finds this simple article instructive, that it helps them shaping their opinions and awareness about the 
technology that is quickly becoming part of our day-to-day lives. We anticipate an avalanche of minute "decision maker" 
devices will penetrate our smart homes, our bodies and, I am afraid to say, our soon becoming smart back yards! In fact, if the 
scientific and military dreamers of the late 20 century were right that these sensor nodes will become as small as dust or sub-
millimeter particles, we wonder what will be the implications to our personal privacy and security.

IV. Historical Overview

1. Sensor Network Nodes
a. Definitions: As in other computer networks, the wireless sensor networks (WSN) comprise of nodes and wireless 

node interconnections. The nodes are tiny computers - a few centimeters or even millimeters. A sensor node, also known in 
the US as a mote[1] is made up of an energy source, a set of one or more sensor elements to monitor certain environmental 
variables, an analog-to-digital converter (ADC) to tie the sensor signals to the micro-processor(s), a radio transceiver 
(transmitter and receiver) and antenna (internal or external) to connect to one or more neighboring sensor nodes, an optional 
external memory, and a micro-controller. They may also include actuators to take local action on a machine, or another node. 
More complex nodes will have a digital signal processor (DSP) module capable of some degree of sensor signal data 



processing as its "reason to exist" in the network. More sophisticated sensor networks will be connected to sink nodes, 
gateways, and base station nodes that connect them to other networks, including the Internet. For a graphical view of these 
concepts, see the diagrams in Figures 1a and 1b below. An Autonomous Sensor Network Node differs from the generic kind 
just described in that they consume very low amounts of energy to operate and the energy is harvested or scavenged from the 
environment: pressure, temperature gradient, vibration, chemical reaction, optical, electrostatic, or electromagnetic forms of 
energy conversion. These are in sleep mode most of the time, have the ability to start (boot) very quickly to do data collection 
and processing, and go back to sleep mode. This operation strategy saves significant amounts of the energy which is typically 
stored in capacitors or the new super-capacitors.

                                                 
Figure 1a: A typical sensor network node                       Figure 1b: A multi node sensor network

b. Evolution: The first batch of sensor nodes or motes or smart dust as they were referred to in all the publications 
authored in by researchers in UC Berkeley, MIT, Stanford, and pretty much all North American scientists. The exception 
might have been in research performed at NASA Sensor Webs Project [2].

From this early stages, this field of research evolved, matured, and its importance expanded to be far reaching, from daily life 
application in the smart home, to remote monitoring of environment variables, habitat, agriculture, health care, automobiles, 
hazardous zones, disaster prone zones, defense applications, to probing of planets. In addition, the wireless sensor networks 
ultimately began to be used for industrial monitoring as well as process control. In fact, they currently form the basis of 
ubiquitous sensing, communication, computing, and control.

The following historic landmarks can be traced back to the literature review provided in these two publications: [4][5], unless 
otherwise indicated.

- Cold War Years: The so called Sound Surveillance System (SOSUS), a system of acoustic sensors (hydrophones) on the 
ocean bottom were in use to detect and track quiet Soviet submarines. After that era they began to be used by the National 
Oceanographic and Atmospheric Administration (NOAA) for monitoring events in the ocean such as seismic and animal 
activity [11]. Also in this era, networks of air defense radars were used in the continental United States and Canada.

- 1978: At the Distributed Sensor Nets workshop, the distributed sensor network (DSN) components were identified: sensors 
(acoustic), software communication protocols, processing techniques, algorithms (self locating), and distributed software.

- 1981: This paper reporting that Carnegie Mellon University began focusing in the development of Accent, a communications 
oriented operating system, which evolved during the 80s into the Mach OS is available.

- 1983: That early in the evolution of WSN, the level of ambition transcended the hardware level. The University of 
Massachusetts, Amherst, publishes a paper on the results of the research that led to the development of the Distributed Vehicle 
Monitoring Testbed tool to study artificial intelligent (AI) algorithms written for semi-autonomous sensor network nodes to 
cooperate as part of a distributed problem solving strategy.

- 1990: Publication indicates that the Mountain View, CA, Advanced Decision Systems (ADS) developed in the previous 
decade a sophisticated algorithm capable of handling the very complex task of multi-target identification and tracking in a 
DSN. The project was also funded by the Nacional Science Foundation, the DARPA, and monitored by the Office of Naval 
Research.

- 1999: The Department of Defense sees the fruit on the tree and starts to publish reports advocating the pursuit of network 
centric solutions as opposed to the platform centric warfare through the use of WSN. The rationale was that with WSN, the 
sensor probes, the communication infrastructure, and the processing nodes, would no longer need to be collocated with the 
platforms and weaponry, as previously.

- 2001: By the turn of the century, Moore's law was picking up steam in the miniaturization of sensors using the 
microelectromechanical systems, MEMS. That, combined to the tremendous advances in the printed circuit boards and IC 
packaging (multi-layered and 3D techniques), began to reduce the size, power requirements, and cost of all components of a 
sensor network node: the micro-controllers, memory chips, wireless network modules, power management units, all became 
smaller and less costly. That further increased the hopes for a future when sensor network nodes would reach the researcher's 
dream of a sub-millimeter dust sensor node.

- 2003: SensIT, a sensor information technology funded by the DARPA back in 2001, is now improved significantly and is 
made interactive and programmable, with multitasking, allowing for dynamic tasking and querying. These enhancements for a 



software and system design allowed the support of real-time applications (capable of effectively handling latency) and  
energy-efficient operation.

- 2004 - 2005: The hardware landmark here is represented by one of the smallest WDN nodes as a 3D printed circuit package 
of only 25 mm x 25 mm x 30 mm including all the electronics and battery pack. Geometrically speaking, it presented many 
superior properties when compared to important players such as Intel (iMote),  UC Berkeley (MicaMote platform 
commercialized by Crossbow). [11]

- 2005: In this theoretical landmark, the authors leapfrog from the mainstream science of wireless sensor networks to the next 
level. They developed the theoretical framework to allow the formal study of best topological strategies in the process of 
deployment and activation of sub-sets of sensor nodes within the network, with the intention of extending its life span. [12]

- 2008: As the physical sensor nodes continues to reduce their size and become more reliable and powerful, it is important to 
note that the surveys become equally complex. The reader with more preparation and appetite for technical details are 
encouraged to read articles such as [13] which contains lengthy definitions in both software and hardware perspectives. For 
those interested in the specifics of aerial deployments and computer network like wireless communication amongst the sensor 
nodes, will be delighted to examine articles such as [14]. For detailed analysis on the non-biological energy option see [15].

2. Energy Harvesters
a. Definitions: One of the most important parts of a sensor node is its energy supply. In fact, the quality of a WSN 

is measure by its coverage, and thus the the energy autonomy of each component node is of utmost importance. In addition, 
due to the node reduced dimensions and, in most cases, inaccessibility in the places they are deployed, it is important to 
optimize energy supply wherever possible. In fact the nearest source of energy is the node surrounding environment. Energy 
harvester is the part of some sensor nodes responsible to do the best job of collecting, conditioning, and storing energy from 
the surrounding energy source(s). They are used for maintaining itself and the rest of the sensor node components operating 
over the longest possible periods of time. The oldest energy harvesters were purely mechanical: windmills and water wheels 
are two of the classical examples. More recent mechanical harvesters have been used in the wrist watches for quite some time. 
Modern energy harvesters have either a mechanical monition sensor complemented by an electromechanical transducer, which 
converts mechanical energy in electrical. The most recent transducers will contain a mechanical, chemical, electromechanical, 
or electromagnetic sensor, and an electrical power regulator or converter of some kind. The power converters, typically DC-
DC, offer a signal conditioning treatment to the available power, so they can be of use to feed more complex signal processing 
systems such as micro-controllers and radio transceivers.

b. Evolution: 

                                       

Figure 2a: First kind of windmill power                         Figure 2b: Modern miniature windmill power

In Figure 1a is a picture of a representative of the early wind power generators. Certainly not the first, which are believed to 
appear in antiquity around the 1st century CE, the earliest account for the appearance of the vertical windmills in Europe is 
from 1185, in Weedsley, Yorkshire, UK[6]. They were mostly used to directly drive mill stones or other pieces of rotational 
machinery without any further energy conversion beyond wind to mechanical. More recently, equivalent energy sources drive 
electrical generators and are further regulated and converted in clean DC or AC power as illustrated in Figure 2b. However, 
the electric generator was first invented by Faraday in 1831.

                                      
Figure 3a: Instrument used by Thomas Seebeck             Figure 3b: Seebeck effect on the thermopile

The thermoelectricity was first measured in 1821 by the German physicist Thomas Johann Seebeck. The efficiency of his 
generator made up of two dissimilar metals was of the order of 3%. Seebeck effect thermopiles can convert heat energy into 
electrical energy in thermoelectric generators (TEGs) with electrical power outputs of 1000 Watts or more. The physics of 
different metal junctions and that of two different semiconductor junctions seems to be the same, for no reference are found in 



the literature which doesn't attribute the basic principle to someone other than Seebeck as the first ever to observe the effect.

                                            

Figure 4a: A piezoelectric cylinder                                     Figure 4b: Piezoelectric guitar pickup

     

Figure 4c: A piezoelectric buzzer

Even though piezoelectric effect has been related to pyroelectric effect in crystals[7], The first demonstration of the direct 
piezoelectric effect was in 1880 by the brothers Pierre and Jacques Curie[8]. In fact, of the 32 classes of crystals, 10 
exhibit both effects when exposed to uniform surrounding temperature change. Currently, there is an extensive variety of 
materials which exhibit high efficiency piezoelectric effect, including artificial crystals and ceramics, certain polymers, and 
biological substances such as viral proteins.

                            

Figure 4a: Magnetic shake-driven induction                                   Figure 4b: Electric generator & motor

Of all invented harvesters, none is more popularly used as those which use magnetic induction such as electric generators such 
as the shake-driven ones and rotational generators such as the micro versions shown on Figures 2b and Figures 4a and 4b.



                     

Figure 5a: Piezo Striker and Transformer        Figure 5b: Prototype

        
Figure 5c: Voltages across tank capacitor(left) and regulator output voltage (right) vs. time for a single button push.

                    

Here is an interesting application of piezo electric energy harvesting. This circuit is a very simple example of an autonomous
wireless sensor. The operation of this system is described in detail in [10]. Because the processing unit is not a micro-



conontroler it does not characterize as a digital network node for it can not communicate with other sensors or base station. 
However, functionally speaking it is very similar to one. Although wireless analog sensor networks are realizable, their 
consideration is our of the scope of this paper.

For many other energy harvesting technologies, refer to the 2005 survey paper[9]. 

V. Current Industry Status

Some of the most important chip makers involved in sensor node components are: Texas Instruments, Microchips, Freescale, 
Linear Technology, Cypress Semiconductors, and, more recently, Intel.

1. Ultra Low Power DC-DC Boost or Step Up Converters
a. Definitions: Generally speaking, autonomous sensor nodes deal with power source signals of low strength from a 

few thousandth of a volt (mV) to several volts and associated millionth of a Watt (uW) to some thousandth Watts signal 
power (current x voltage). In addition, these environmentally available energy sources exhibit irregular patterns and at times 
are bursty and inadequate for immediate use by other electronic devices such as micro-controllers. Therefore, this energy 
needs to be conditioned and stored for later use. That's why engineers have been designing power regulators ever since the 
invention o the vacuum tubes. In the last decade, there has been a race by the electronic industry to develop components that 
consume less and less power during their normal operation. In particular in the world of autonomous sensor network nodes, it 
is imperative that ultra-low power electronics is developed. Only in the last 2 to 3 years, chip makers have been releasing 
components that require only a few uW to operate.

b. Evolution: According to our literature research, we found two or the earliest developers of the so called Ultra-
Low Power DC-DC (positive - positive voltage) integrated circuit (IC) based power converters. First Linear Technology, 
Milpitas, CA based corporation [20] and then Texas Instruments, Dallas, TX based corporation [19]. On the boost or step up 
DC-DC converter series, Linear launched the ULP LTC3588-1 and Texas the BQ25504 chips of 3 x 3 mm or so dimensions, 
an amazing evolution in chip manufacturing. Other chip makers have followed with their own solutions. There are at least 5 
different types of converters: step-up, step-down, buck, CUK, and Flyback. They all aim at taking a direct current (DC) signal 
with varying intensity and delivering a regulated nearly flat DC voltage to feed components such as radio transceivers and 
micro-controllers.

2. Ultra Low Power (ULP) Micro-controllers
a. Definitions: There is no clear cut definition of what is a ULP anything. Typically, and this will change over 

time, the electronic systems such as power converters and micro-processors, if they consume between a thousandth of a Watt 
or mW and a millionth of a Watt, or uW they will be considered a ULP device. Some times the industry refers to uAh or nAh 
for the ultra low current chip. The disadvantage of this measure is that then you need to also provide the operating voltages. 
So, in terms of micro-controllers at the time of this writing, if it consumes the energy rate of a few hundred uW, people 
would classify as ULP micro-controller. In a few years we will see these same systems consuming energy at the rate of 
billionth of a W, or nW (nano Watt).

b. Evolution: At the level of uW power consumption, we can't go too far back beyond 2009/2010/2011 when 
Linear Technology and Texas Instruments launched their first  DC-DC power converters as described earlier. In that time 
frame, Texas Instruments (TI) was reported to have announced its new micro controller MSP430 "Value Line" to PR 
Newswire on March 2, 2010 [21].  TI claimed right from the start to have "the world's lowest power MCU". A competing 
player is the Microchips PIC24F XLP. A quick search on the Internet will reveal that both companies published reports 
proving that "the other guy's" test bench analysis is biased. Both, at least at the launching year of 2010 were presenting pretty 
close results.

For a long list of commercially available sensor nodes, look at the following source: [22]. At the time of this writing, it 
provideed a list of 56 "generic sensor node" options and 6 "gateway sensor node" options.

For those interested in fun project ideas, we recommend visiting this creative blog site: "http://maniacbug.wordpress.com/
2011/10/19/sensor-node/".

VI.  Trends and Opportunities

Even though there is a lot of excitement in the industry as a whole, as the electronic visionaries voice their dream applications 
in environmental monitoring, medical diagnosis , automated medication and self-dissolving electronics, structural stress 
monitoring, defense surveillance, seismic monitoring, agriculture and weather forecasting sensing, this is still a relatively 
young industry. However, it appears to be pretty guaranteed that that in this upcoming decades there will be a series of 
explosions of "dreams coming true" in various fronts. The main reason is the steep reduction in the already extremely low 
power requirements of the mot recent electronic devices. There is evidence that the industry has already started to produce 
fairly complex ICs at the nW energy consumption level. Another chief determining factor of the explosive prediction is that 
electromechanical sensors are now pretty mature, after a decade or so of the most amazing evolution of the micro electro-
mechanical sensors, or MEMS.

Therefore, if anyone has a chance to enter this explosive market, the time is now. Five years from now, it will probably be 
too late, for the cycle of consolidation will soon start to kick off and only the giant investors will remain. In the process some 
smart new investors will experiment very high ROI.



Primarily most sensor nodes still operate from charged battery energy. However, with the later advances in ULP 
microprocessors, it became a lot more feasible to build autonomous sensor network nodes. Sensor target coverage, however 
still demands constant watch for energy utilization to guarantee monitoring or surveillance availability. One of the 
opportunities for energy optimization is in the network operating systems. The paper in [12] suggests that new network 
software utilize the segmentation of the sensor nodes in disjoint sub-sets. Each sub-set has, for example, a different energy 
state where one sub-set might be at sleep state, while the other at is at the active state. In [13] you will find reference to the 
mobile type of sensor network, where the generic nodes are mobile entities which can roam around in search of shorter 
distances to their neighboring nodes at the same time as they also seek optimum target covers.

Looking into the future, International Data Corporation, a "market intelligence" company and Red Bend Software, producers 
of mobile software management systems [23], anticipate that sensor nodes will be using application virtualization some time 
in the future. For sensor nodes, the main purpose appears to be that as software becomes more complex, competitive 
advantages will shift to the software enhancement before hardware upgrades are necessary. It is expected that the strategy will 
reduce the time to market and flexibility of quickly providing customized applications, with the same hardware. The first 
market sectors to observe this, might be the smart grid and smart home sensor nodes.

Using advanced piezo based MEMS technology, Physik Instrumente [24] is developing piezo sensors of incredibly high 
resolution of one billionth of a meter, or nanometer. They name the technology PicoCube because the MEMS stack several 
layers of piezo-electric thin blade pairs to increase the sensitivity of the electrical signal as a function of the mechanical 
displacement of the stack. One can see a future when this sensors can be used to generate energy for the motes, as they also 
measure the deformation of beams in buildings and bridges.

Leti a innovation institute is part of the French government owned CEA, is actively involved in cutting edge development of 
vibration and other energy harvesting technologies [25]. They also assess the current state of the art as far from the dust mote 
goals of of the 1998 DARPA. However, they have been developing autonomous sensor node solutions for the industry, and 
see the appearance of the 1 mm3 sensor nodes within a not so distant future.

Researchers at the University of Arkansas, Fayetteville, Ark[18] are investigating alternative signal quality requirement 
strategy in the development of ULP wireless sensor networks. They believe that the development of a network at such low 
energy levels, need to be tolerant to specified levels of distortion. The idea is that if some distortion level is allowed in the 
design process, the sensors don't have to use too high sampling rate when measuring the field variables such as temperature 
and pressure. They figured that since the micro-processors and other circuitry in the nodes consume more power at higher 
frequency rates, if the designer allow some acceptable level of distortion to a occur, that will result in more options for the 
task of energy optimization without compromising the quality of the resulting outcome.

The last issue of Time Magazine brought an interesting note about the development of bio-degradable electronics by scientists 
of the Northwestern University and the University Of Illinois Urbana-Champaign [26]. With this technology it will be 
possible  to start  the production of wireless sensor nodes that can be implanted in patients to monitor bio-signals that allow 
more accurate medical diagnostic with limited invasiveness over extended periods of time. The article also describes internal 
action that the smart sensors may take such as the automated dispensing of medication. Some of the challenges, according to 
the article may be related to tissue rejection against the organic materials employed. At the moment they are implanting some 
simpler devices in mice.
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