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Optical Communication Systems for Smart Dust

Y unbin Song

(Abstract)

Inthisthess, the opticd communication systems for millimeter- scale sensing
and communication devises known as“ Smart Dust” are described and analyzed. A
smart dust dement is asdlf- contained senang and communicaion system that can be
combined into roughly a cubic-millimeter mote to perform integrated, massvey
distributed sensor networks. The suitable passive optical and fiber-optic
communication sysemswill be selected for thefurther performance design and
andysis based on the requirements for implementing these systems. Based on the
communicationlink desgrs of the free-gpace passive optica and fiber-optic
communication systems, the smulations for link performance will be performed.
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1. INTRODUCTION

The purpose of thisthesis isto andyze techniques for designing communication systems
for millimeter- scale sensing and communication devises known as“ Smart Dugt.” A smart dust
element is a Hf-contained sensing and communication system that can be combined into
roughly a cubic-millimeter mote to perform integrated, massively distributed sensor networks

[1].

Smart dust can consst of hundreds to thousands of dust motes, each containing the
cgpability of sensng and monitoring environmenta conditions and communicating to other
devices. Figure 1.1 shows the conceptud diagram of a smart dust mote. Each mote contains
one or more sensors, a power supply, anaog circuitry, bi-directional communication, and a
programmable microprocessor. Advancesin miniaturization, integration, and energy
management in digital circuit, optica communications and Micro Electro-Mechanica Systems
(MEMS) led to the manufacturing of smal sensors, optica communication components, and
power supplies, whereas microe ectronics provides increasing functiondity in smaler aress,

with lower energy consumption[1,2].

Actua smart dust motes are being developed by professor Kris Pigter a the University
of Cdifornia, Berkdey, as part of aprogram to produce the smdllest possible devices that have a
viable way of communicating with esch other. At present, each mote is about 5 mm long as
shownin Figure 1.2. A free-gpace passive optical communication that will be discussed in
section 4 is based on their works.

Due to advantagesin discreet size, substantial functiondity, connectivity and low cog,
smart dust will provide new methods to sense and interact with the environment. Each dust
mote can be equipped with many different sensors depending on specific purposes: temperature,

light, humidity, pressure, 3 axis magnetometers, 3 axis accel erometers and other sensors. Dust



motes can be mounted to the objects that one wishes to monitor, or a large collection of motes

can just be deployed over the environment at random.

The motes obtain the desired information from the surrounding environment and report
these viaa communication network. Depending on the application, dust motes can be made to
only communicate directly with a base station transceiver, or peer-to-peer communication can
be performed between dust motes. The gpplications of smart dust are numerous for industry as
well asthe military. Useful gpplications for smart dust are listed below [3].

Collecting data for meteorological, geophysica, or planetary research
Tracking the movements of birds, smal animas, and even insects
Virtud keyboard (Accderaion sensng glove)

- 2 axis accdlerometer on top of the each finger on adata glove
Smart office spaces

- temperaure, humidity, and environmenta comfort sensors
Monitoring product quality

- temperature, humidity, pressure sensors
Defense-related sensor networks

- aocoudlic, vibration, and magnetic field sensors
Providing interfaces for the disabled

In section 2, the functions of a smart dust component required to design afully
autonomous smart dust system are described: power supplies, sensor suites, and communication
conditions. With those requirements in mind, we will redize the important design parameters to
design ardiable smart dust sysem in following section.

In section 3, severd possible communication systems will be described including free-
space opticd links with active and passive transmitters, fiber-optic links and RF links. The
advantages and disadvantages of each system will be considered. The suitable passive optica



and fiber-optic communication systems will be sdlected for the further performance design and
andysis basaed on the requirements for implementing these systems.

In section 4, an optica link with a passve trangmitter on the dust mote will be andlyzed.
Basic requisites of the optical communication will be described: line of 9ght, and link
directiondity. Severa design issueswill be andyzed for both uplink and downlink. The signd-
to-noise ratio of afree-space optica link using a corner cube retroreflector (CCR) and a CMOS
image sensor recaiver will be andyzed and it will provide quantitatively the feasibility of this
link design and help identify criticd design parameters. In this andyss, the ambient light noise
by the camerawould aso be consdered. At the end of this section, the important design
parameters and characterigtics of the passive optica communication will be pointed out.

In section 5, afiber-optic link with a passve tranamitter that | have designed will be
discussed and analyzed. After investigating the detailed systemlevel andlyss, the critica
components to fiber-optic communication link are andyzed. Further, some of factors governing
the design of transmitter and receiver components will be examined. At the end of this section,
the sgnd-to-noise retio of afiber-optic link using a corner cube retroreflector (CCR) will be
derived.

Basad on the previous design content, smulations for link performance of the free-space
passve optical and fiber-optic communication sysems will be performed in section 6. Since
the system has the unique characterigtics of the trangmitting and receiving components, asmple
communication protocol for each communication system with smart dust will be designed.



Corner-Cube Retroreflector

Active Transmitter
(mote-to-mote Communication)

Photodetector

Figure 1.1: Smart dust mote with sensor, optical receiver, passive and active optical
transmitters, signal-processing and control circuitry, and power sources.

Figure 1.2: 63 mm® mote with a MUMPS optics chip containing a CCR for communication, a
CMOSASIC for control, and a hearing aid battery for power. [ from http://www-
bsac.eecs.ber kel ey.edu/~warneke/ SmartDust/index.html]



2. SMART DUST SYSTEM REQUIREMENTS

2.1 Power

The dust motes must have enough energy to survive anywhere from afew hoursto
months in order to monitor an environment. Because of the small size of the mote, energy
management is akey congraint of the design. The power system congists of a thick-film battery
or asolar cdl with a charge-integrating capacitor to alow for charge retentionfor periods of
darkness, or both.

Current battery and capacitor technology can store gpproximately 1.¥mm? and
10mJImm?®, respectively, while solar cdlls can provide about 1.¥day/mm? in sunlight and 1-
10mJday/mm? indoors[4]. Energy consumption must therefore be minimized in every part of
the sysem. The optica receiver of smart dust consumes gpproximately 0.1 nJbit and the
transmitter uses 1 nJbit. The analog-to-digital converter will require 1 n¥sample, and

computations are anticipated to consume under 1pJinstruction.

2.2 Sensor

Depending on its objective, the design integrates various sensors, including light,
temperature, vibration, magnetic field, acoudtic, and wind shear, onto the mote. The Micro
Electro-Mechanicd Systems (MEMYS) industry has been growing with mgjor marketsin
automotive pressure sensors and accelerometers, medica sensors, and process control sensors.
Recent advances in technology have put many of these sensor processes on exponentialy
decreasing Sze/power/cost curves, and the results of this technology are of direct use here.



The sensors could be classified into two groups: weather monitors, and motion detectors.
The table 1 summarizes the different types of sensorsthat can be used on the smart dust [5].

Current Voltage Min range/ Accuracy | Temperature
consumption range Max range dependence
Magnetometer 2.7-
650mA -/+0.5 Gauss 2mGauss | 1AmG/°C
5.25V
Accderometer .
600mA 3-5.25V | -/+2g 25mg negligible
Light sensor 0 mW/m2 o
200mA 2.7-5.5V 6 mMW/m2 | negligible
126mwW/m2
Temperature ]
600mA 2.7-5.5V | -20°C/100°C 0.25°C not gpplicable
Sensor
0.6 PSI gauge
Pressure sensor
650mA 2.7-55V |range @ 14.4PSl | 24mPSl | 10mPS/°C
absolute
Humidity 0-100% relative o
200mA @5V | 4-9V o +/-2% RH | neglighle
sensor humidity

Table 1: Sensor Specifications

2.3 Communication

Smart dust’ sfull potentid can only be attained when the sensor nodes communicate with

one another or with a centra base station. Communication system facilitates S multaneous data

collection from thousands of sensors. There are severa condraintsin designing of the

communication system due to the Size and low power of dust motes. In the downlink, the

centrd transceiver is assumed to broadcast to dl of the dust motes at a bit rate of severa kbps




[1]. For the uplink, each dust motes must transfer at a bit rate of 1kbps. When a smart dust
ensemble employs 1,000 dust motes, an aggregate throughput is 1 Mbps.

The position of each dust mote should be identified by the centrd transceiver with an
angular resolution of the order of 1/100 of thefidld of view [1]. Both uplink and downlink
should be able to transfer data over arange of at least several hundred meters. The size of the
dust mote transceiver should be around 1 mm?, and each mote should require an average power
not exceeding IMV. A very low probability of datainterception is preferred for both uplink and
downlink. There are severa securetransmisson options for communicating to and from such a
mote-szed cubic-millimeter computer. Radio frequency and optica communications each have
their strengths and weaknesses, and are compared and contrasted in following section.

3. COMMUNICATION SYSTEM OPTIONS

In order to redize the concepts of smart dugt, ultra-low-power communication should be
achieved. Thisisone of the chalenging problemsin the smart dust sysem. The
communication system is supposed to send commands to sensors on the motes and collect the
reading data from the sensors. Four preiminary platforms that could be the primitive
communicative functions of the smart dust will be considered: radio frequency, free-space
active optical, free-space passve optica and fiber-optic communication. Each system has
unique characterigtics, advantages and disadvantages.

3.1 RF Communication
Radio frequency communication is one of the well-developed communication systems.

It is based on the generation, propagation and detection of eectromagnetic waves with a
frequency range from tens of kHz to hundreds of GHz. It could be used to function as both the



uplink and the downlink. Since RF transceiver typically consists of relatively complex circuitry,
it isimpossible to achieve the required low power operation using such an approach in asmart

dust system. When large numbers of motes are involved in smart dugt, RF links may employ

dternative multiplexing techniques: time, frequency or code-divison multiplexing. Their use

leads to modulation, bandpass filtering, demodulation circuitry, and additiond circuitry, al of

which needs to be considered based on power consumption.

RF communication has potential for smart dust, but aso poses severd problems.
Among the many factors included in RF communication, perhaps one of the most important
problemsin cubic millimeter devicesisantennasize[2]. Smart mote offers very limited space
for antennas. Since the size of antenna should be at least ¥4 of the carrier wavelength, the limited
antenna Sze leadsto a very short wavelength [1]. In this regime, communication is not
compatible with low power operation. RF communication consumes minimum power levelsin
the multiple milliwatt range due to analog mixers, oscillators, and filters. For example, when
RF communication employs a quarter wavelength of 1 mm, the length of smart dust mote, the
carrier frequency should be around 75GHz, which is not acceptable using standard RF
communication methods. Neverthel ess, whisker-thin antennas of centimeter length can be
employed on the smart dust depending on the gpplication. Currently, the size of acomplete RF

communication port is around few hundred cubic millimeters

RF communication can be performed by using time, frequency, or code divison
multiplexing (TDMA, FDMA or CDMA). However, each of these techniques contains some of
magor factors that could not be suitable for smart dust system [1]. For example, for the case of
TDMA, the dust mote should transfer a a high bit rate, as high as the aggregate uplink capacity
when other multiplexing techniques are absent. Besides, dust motes should coordinate their
transmisson with others. In FDMA,, the accurate control of oscillator frequency is required.
Since CDMA operatesfor ardatively extended timeinterva, it requires high-speed digita
circuitry and it consumes excessive power. Both FDMA and CDMA should avoid coordination

between dust motes and they require dust motes to be preprogrammed with unique frequencies



or codesin order to prevent such coordination. When smart dust employs RF communication as
primary communication platform, it requires the combination of two or more of multiplexing
techniques.

Space-divison multiplexing (SDMA) is another multiplexing technique that we can
employ in RF communication [1]. In SDMA, since the transmisson from each smart dust
motes should be separated from others, we need to use an antenna array in the central
transceiver. Because of the limited size of the smart dust mote, SDMA would not be able to
satidfy the required spatia resolution in this sysem. Similarly, RF communication would not be
able to identify the location of the dust motes. Also, multipath propagation decreases the spatid

resolution to determine the location of dust motes.

3.2 Optical Communication

Optica communication links instead employ semiconductor lasers and diode receiversto
transfer and detect on/off keyed opticd signds. Because of the rdaively smal sze of the
optica transceiver, opticad communication may be more amenable to low-power operation than
most RF communication approaches. Optica power may be collimated in tight beams even
from small gpertures. Diffraction effectively defines the fundamentd limit on the divergence of
abeam from antenna.or alens. In optical communication, the 1 GHz frequency is eesly
obtained from amillimeter gperture, while RF communication requires an antenna size of 100
meters across to produce collimation for a1 GHz radio frequency signd, due to the difference
in the wavelengths of the two transmissons [6]. Optica tranamitters of the millimeter Sze can
be used to obtain antenna gains of one million or more, while Smilarly szed radio frequency
antennas are doomed by physics to be mostly isotropic.

The optical communication link has severd reasons for power advantage. Optical
transcelvers require relaively smple baseband analog and digita circuitry. As mentioned

above, the short wavelength makes a millimeter-scale device capable of emitting a narrow beam.



Also, acompact imaging receiver in the base station may be capable of decoding the

smultaneous tranamisson from alarge number of motes, a different locations.

3.2.1 Free-Space Optical Communication

Free-space optica communication, however, has two mgor drawbacks. Firdt, it
requires line of Sght and narrow beams for accurate pointing. By usng MEMS technology and
clever dgorithms, accurate pointing of the narrow beams can be obtained [7]. Therefore, when
aline of 9ght path is avallable, smart dust can employ free-gpace optica links with sgnificantly
lower energy per bit than RF links. In the following sections, two approachesto optical
communication will be explored: active steered laser systemns and passive reflective systems.

3.2.1.1 Active Optical Communication

Active optical communication typically uses an active-steered onboard |aser-diode based
transmitter to send a collimated laser beam to abase dation. This system contains a
semiconductor laser, a collimating lens and a beam-steering micro-mirror as shown in Figure
3.1. Active optica communiceation is suitable for peer-to-peer communication when the
gpplication requires. Usng MEMS technology, the components of the active communication
network can be made to be small enough to fit into the smart dust motes[7].

One of the disadvantages of the active transmitter isits relatively high power
consumption This leads to the use of active optica communication for short duration burst-
mode communication only. In order to minimize the power consumption, the active transmitter
should employ some protocol to am the beams toward the receiver: likely using directiond
beam and an active beam-steering mechanism These components would make the design of

the dust mote more complicated.

10



Active communication has the advantage of high power dengty. This provides capable
for optica wirdess communication over enormous distances. Using active optica
communication, the most exciting gpplication in peer-to-peer communication isforming
multihop networks. Burst-mode communication provides the most energy- efficient way to
schedule the multihop network [1]. The active laser-diode transmitter operates at up to severa

tens of megabits per second for afew milliseconds.

Steering mirror

Collimating
lens

Semiconductor
L aser

Figure 3.1: Active transmitter on dust mote with a semiconductor laser, a collimating lens and
a beam-steering micro-mirror.

3.2.1.2 Passive Optical Communication

One of the mogt effective advantages in a passive opticad communication system isthat
the dust mote does not need to have an onboard light source to transmit desired sensor
information. The passive optica communication agpproach employs a microfabricated corner-
cube retroreflector (CCR). Asshown in Figure 3.2, this CCR contains three mutudly
perpendicular mirror fabricated of gold-coated polysilicon [8]. The CCR reflects any incident
ray of light within a certain range of angles centered about the cube’ s diagond back to the
source. Thisidea comes from the fifth century B.C., when the Greeks used reflected sunlight as

11



abeacon ssgnd. When one of the mirrorsin CCR is misdigned, the CCR would not be able to

reflect signal back to the source. An electrostatic actuator in the CCR deflects one of the mirrors,
and it leads to the modulation of the incident ray of light at kilohertz rates. Since the dust mote

does not need to emit any light, it consumes very little power. Therefore, passive optica

transmission can be performed in the smart dust system since dust motes can modulate the

optica sgna without having to supply any optical power.

Free space passve opticad communication at visible or near infrared wave engths (400-
1600 nm) is one of the attractive communication system options for the downlink and uplink.
Figure 3.3 shows a design for a bidirectiona free-space optical communication link. On the
downlink, the base gtation transceiver contains asingle laser tranamitter whose beam illuminates
an area containing a collection of dust motes. This beam is an on-off-keyed Sgnd containing
downlink data, and commands to wake up and query the dust motes. The receiver of each dust
mote cong sts a bandpass optical filter, a photodiode, and a preamplifier. Thiswould involve
only low-speed baseband e ectronics, making it far smpler that a comparable RF counterpart.

On the uplink, aspecid MEMS structure makes it possible for dust motes to use passive
optica transmission techniques by using the corner-cube retroreflector (CCR) approach. Each
dust mote can be equipped with a corner-cube retroreflector. When the illuminating beam from
the base-gtation transmitter is not modulated, the dust mote can use thisilluminating beam to
transfer uplink data back to the base station by using the CCRs. The CCR reflectivity can
modulate the Sgnd at bit rates up to 10 kbps by displacing one of the mirrorsinthe CCR. A
high frame-rate CMOS imaging system &t the base-station transceiver captures these CCR
sgndsaslight blinking on and off. It decodes these blinking imagesto yield the uplink data.

The base dtation receiver contains an imaging receiver with alens and a CCD or CMOS
image sensor array. In order to synchronize the transmission from al dust motesto the frame
clock of theimaging array, the imaging receiver uses periodic pulsation of the downlink or
interrogating laser beam [1]. Passive opticd communication usng CCD has severd advantages

12



over RF communication. The short optical wavelength uses areasonable-szed camerain the
imaging receiver to obtain high spatid resolution. This enables smart dust easily to obtain
information on the location of each mote, and the uplink relies upon space-divison multiplexing
(SDMA) [9]. Theimaging receiver in the base gation can obtain information viathe

smultaneous transmission of the 1000 dust motes without any mutua coordination.

On the other hand, passive optical communication exhibits severd limitations.
The communication between dust motes, so-called peer-to-peer communication, cannot be
performed by passve opticad communication. Since dust motes rely only on the light source of
the centra station to send and receive data, if agiven mote does have aclear line of sght to the
base gation, the mote would not be able to perform any communication and this would be
isolated from the system. Since each CCR can only reflect asmall fraction of the illuminating
light beam, the rest of illuminated light is wasted.

3.2.2 Fiber-optic communication

Fiber-optica communication employs semiconductor laser, fiber cable and diode
receiver to generate, transfer and detect the optical sgnd. Since smilar techniques to free-
gpace passive optica communication will be employed in fiber-optic communication, most
basic characterigtics of the passive free-gpace opticd communication remain the same. The
relatively smdl sze of the optica transceiver is employed with low-power operation. Each dust
mote does not need to have an on board light source to transmit the data. By the usng MEMS
technology, Corner cube retroreflector is employed on each dust mote to modulate uplink data
to base station.

Fiber-optic communication has advantages and disadvantages over a passive free-space
optica communication. Since optical fiber communication employs fiber cablesto transfer and
receive optica signds, it does not require the unbroken line-of-sght, the link directiondity, and

human eye safety on an interrogating laser. Each dust mote does not need to employ more than

13



one CCR, and the communication between dust motes and a base station can be guaranteed. In
addition, it has alonger range of communication link than that of a free space passive optica
communication However, fiber-optic communication has alimitation on the gpplication. The
optical fiber cables redtrict the mohility of dust mote. Since a base station should employ

severd optica components for fiber connection to each dust mote, it may complicate base
dation design.

Figure 3.2: Microfabricated corner-cube retrofrflector with three gold-coated polysilicon
mirrors.

14
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Figure 3.3: Design of a bidirectional free-space optical communication link in which a base-
station transceiver communicates simultaneously with a collection of many dust motes (only one
dust mote is shown in this Figure)

4. PASSIVE OPTICAL COMMUNICATION

The primary god of the communication protocol for smart dust system isthe data
transmission ability between a central transceiver and a collection of dust motes. Based on the
consderation in the previous section, the smart dust system favors free gpace passve optica
communication for both uplink and downlink [1]. Such passve communication is very suitable
for ultra-low-power communication between acentrd transceiver and dust motes using alow-
power corner-cube-retroreflector (CCR) modulation approach.
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41 System requirements

In order to implement passive opticd communication on asmart dust system, there are
some criticd limitations. An unbroken line-of-sight path is required to transfer and receive
optical signas. And, the directiona characterigtics of the CCR and opticd receiver should be

consdered in system design.

4.1.1 Line-of-Sight Requirement

Free-gpace opticd links for smart dust require an unbroken line-of-sght path, and rely
on reflections from one or more objects between the transmitter and receiver. In order to obtain
ahigh 9gnd-to-noise ratio, the tranamitted beam should have a smdl angular soread with
acceptable transmitter power [1]. In most cases, specular reflection increases a beam' s angular
spread. A properly aigned specular reflector would not have much effect on the beam’ s angular
spread. Diffuse reflection, however, makes the energy of the beam scatter over awide range of
angles, but usudly insufficient energy toward is scattered the receiver. Diffuse, nontline-of-
gght transmisson isfeasible only for the active tranamitter, and then over a very short distance.
Since diffuse, non-line-of-sight makes both the interrogating beam and the reflected beam
scatter over awide range of angles, it cannot be used to advantage in passive optical
communication.

When afixed dust mote does not have aline-of-gght path to the base gtation, it can
communicate with the base gation viaa suitable multihop path. Such suitable multinop routing
can be improved by higher dust mote density. However, such operation requires an active
trangmitter on the dust mote and increases latency. Since smart dust has a limitation on power

consumption and size, low-complexity multihop routing agorithms are desired.

Depending on the gpplication, adust mote may be ableto float inthe air. Inthis case, an
otherwise not fixed, line-of-sight path to the base station may or may not become available.

16



When such a path become intermittently available, the base station can continuoudy transfer
sgnalsto the dust mote. In such acase, the mote can dso tranamit a packet back to the base
dation. When the average time between occurrences of the availability of line-of-gght pathsis
longer than the packet duration, multihop routing could be used to minimize the latency.

4.1.2 Link Directionality

In most cases, the angular spread of the interrogating beam from the base station should
cover the sameregion asthe fied of view of the imaging recelver in the base gation [7]. This
condition should be stisfied in the system using passive dust mote transmitters, and active dust
mote trangmitters when the system performs bi-directiona transmission between the base
dation and dust motes. Depending on the application, using an active dust mote tranamitter, the
angular spread of the base gtation transmitter beam could be smdller than the fidld of view of the
base ation. Inthis case, the transmitter beam would be pointed to various locations within the

fidd of view of therecaver.

Since adust mote has alimitation of Size, the optical receiver of the dust mote cannot
employ animaging or non-imaging optica concentrator in front of photodetector. Asaresult,
the dust mote receiver can recaive input sgnas from most of the hemisphere in front of the dust
mote. Consequently, the transmitter beam does not have to am at the dust mote receiver. The
passive dust mote transmitter uses the CCR and the interrogating beam from the base station.
The CCR reflects the interrogating beam back to the source within few tens of degrees of
itscube body diagonal. When a dust mote employs only one CCR, the probability of the ability
to tranamit to the base station is about 10% since a dust mote should employ eight CCRsto
cover dl directions[7]. When adust mote employs additiond CCRs, this probability would be
increased. Alternatively, MEMS aming mechanisms can be employed with asingle CCR. The
accuracy of MEMS aiming mechanismsis on the order of 10 or 20 degrees. For another
aternative solution, dust motes can be randomly distributed and dust motes whose CCRs

17



happen to aim at the base station can only be consdered. Dust motes can just delay transmitting
until they move into an orientation that alows communication with the base Sation.

4.2 Link Component

As mentioned before, the passive optica communication system employsan
interrogating laser, corner-cube retroreflector, and imaging senor receiver. In this subsection,

the details of these mgjor components are discussed.
4.3.1 Interrogating laser

In apassve optical communication system, the interrogating laser poses severd
limitations on link performance and eye safety. Interrogating lasers a the wave engths longer
than 1.4 mm are generdly more suitable for human eye safety than those at shorter wavelengths
[1]. However, atypicd slicon photodetector at the imagng recelver is not sendtive at
wavelengths beyond 1.1 nm. Since the photodetector is an important component of the optical
communication system, the laser should operate at a wavelength shorter than 1.1 nm. This
leads to improved eye safety by expanding the beam diameter. The diameter of the
interrogating beam should be expanded until the emitted irradiance isin the eye-safe region at
longer wavdengths, further in the infrared zone. Since the beam diameter of the interrogating
laser is expanded, the rdaively wide-aperture optica system should be dso employed in the
smart dust system.

In the next section, the sgnd-to-noise ratio (SNR) and link performance of the passive
optical system will beinvetigated. 1t will be shown that the required interrogating power with
agiven SNR is proportiond to | 32 [puy(l )]¥2 [h(1 )]™? where pug is aspectrd irradiance of
ambient noise, h is the quantum efficiency of receiver and | isawaveength of the interrogating
laser. A laser a wavdengthin the visble range has many advantages. When the human eyeis
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exposed to ahigh power leve of optical radiation, it blinks or avertsits gaze. Thisradiaionin
the vishle range is better for human eye-safety than radiation in the infrared range.
Furthermore, with shorter wavelength in the visible range, the factor | *? which is proportiona
to the required interrogating power can be minimized. And, the factor [h(l )] Y2 can be
minimized in aslicon photodetector with a thickness of afew mm. These minimizations lead to
decreasing the required interrogating power of the system. Unfortunately, with current laser
technology, the highest power visible laser isa 1200 mW device a awaveength of 665 nm.
Therefore, for convenience, alaser diode of 10W at a wavelength of 830nm will be used in the

sSmulation.
4.3.2 Corner cuberetroreflector

As mentioned before, the corner cube retroreflector has three mutualy orthogona planar
mirrors. Any incident light within a particular solid angle is reflected back in the direction of
the incident light. By moving one of the mirrors, the CCR can be used to modulate the incident
ray of light a kilohertz rates. To do this, an eectrostatic force is used to pull amisaligned
mirror into the aligned position [10]. Then, aflexed polysilicon beam brings the mirror back to
the misdigned position. Non-orthogond aignment and curvature during the fabrication can
degrade the ided reflection efficiency. Since the reflected beam from the CCR spreads asiit
propagates, this leads to a fundamenta limit on the performance of the long-range passive
optical communication link.

Asshownin Figure4.1, alight ray dong - N, entersthe CCR and changesits direction
asit propagates. N, representsthe incident direction where A, =n, X +n, ¥+ n,,z with
n; +n;, +n;, =1[8,11]. Theincident ray strikes only one of the mirrors when an incident ray

isnormd to one mirror. And, it strikes two of the mirrorswhen it is pardle to one mirror and
not normd to ether of the other mirrors. Any other incident ray strikes dl three mirrors. The
incident ray may not reflect back to the light source. This depends on both the incident
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direction - N, and where the ray first mekes contact. The effective active area of the mirror is

the area where the incident rays that will be reflected back to the source make contact. Figure
4.2 shows how the effective area can be found in two possible cases: 2ny® n2 ny® ny and nB

2ny® 2ny.

The tota scattering cross section or the effective area of the CCR can be found by
summing the effective areas of three mirrors[12]. The effective areas of y-z, x-z, and x-y plane
are A1, Ay, and Az, respectively. The effective area of the ertire CCR can then be expressed as
following vector from.

S (ﬁ|) = I;\]ix'A& + ﬁiy'A\Z + ﬁizAS

In free space optica communication, the transmission path and receive path are
coincident. In order to separate the outgoing light and the incoming light, the optica
communication system uses orthogond polarizations. As shown in Figure 4.3, this can be
achieved by employing a polarized beam splitter and a quarter-wave plate in the sysem. The
interrogating light generated by the laser islinearly polarized and passes through the polarized
beam splitter. After passing through a quarter-wave plate, the polarization state of the light
changes to become circularly polarized. The reflected light from the CCR then propagates with
the opposite circular polarization. After passng through the quarter-wave plate, it is changed to
linear polarization orthogond to the origind light from the laser. Then, the polarized beam
splitter will reflect it to the imaging receiver.
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Figure 4.3: Diagram for Separating the interrogating light and received light

4.3.3 Imaging Receiver

A large entrance aperture of the recaiver lens creates alarge fied of view to focus into
animage. By employing alarge entrance gperture, the imaging receiver can obtain more
captured power from each CCR and thiswill improve the link SNR. The active optica image
stabilization of the imaging receiver helps the imaging receiver track jittering dust mote images.

CCD and CMOS are main technologies in the imaging system. CMOS imaging systems,
with active pixd sensors (APS) have many advantages over CCD imaging systems such as
lower cost, increased on-chip functiondity, lower power requirements, and miniaturization.
Additiondly, a CMOS imaging system has the ability to process incoming sgnds by or+
chip/on-pixd processing and thiswill make high-data-rate reception possible [1]. Since the
pulse of the interrogating laser can be synchronized with the image sensor frame clock, the
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frame rate should be lower than the uplink bit rate. This frame rate should aso be higher than

the frame rate of the most image sensor arrays.

Figure 4.4 shows the image sensor architecture. Theimage sensor array contains 10°
pixels, so arepresentative off- chip data transfer rate can be found by multiplying atota number
of pixels by the bit rate of tranamisson. An aggregate bit rate of the information that comes out
of theimage sensor array isaround severd tens of Mbps and thisinformation contains the bit
streams and the locations of the corresponding active pixels. As shown in Figure 4.4, the pixe
array contains 1000 fixed clusters and each clugter has 100 pixds. Each cluster employs smple
locdl circuitry that can detect active pixes, decode corresponding data, and transfer their data

and location to a synchronous data bus.
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Figure 4.4: Imaging receiver based on CMOSimage sensor system.

4.3 Analyss

In this section, asmplified mathematical approach to the andysis of the free-space
passive optical communication system using CCR and CMOS image sensor receiver will be
andyzed. The main object of the andysisisto determine the Sgnd-to-noiseratio (SNR) of the
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communication system. Using this analys's, we may be able to estimate the overdl
performance of the system and critica design parameters.

4.2.1 Averagereceived photocurrent
Inthis andyss, we neglect the imperfection in the CCR, atmospheric atenuation, and
ambient light from the atmosphere. Let us congder the interrogating laser light that emitsa CW

beam at a centra base dation. Assume that the power of the interrogating beam is P, and the
CW beam uniformly illuminates afield of semiangle g as shown Figure 4.5.

I of

Y
i
o
4

d/2

r

Figure 4.5: The propagation of the interrogating laser light at a base station.

When the distance from the interrogating laser isr, the illuminated field has a diameter d; can be
found by

dr = 2rtang;.

The irradiance can be defined as the radian power incident per unit area upon a surface.

It isusualy expressed in watts per square meter. Theirradiance of the incident light I, at a
distance r from the interrogating laser can be found by
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Powerof CWbeam PR, P,

Irradiance (1) = = )
) Area gl ° Pprtan’q,

The interrogating light propagates to the CCR in the dust mote. The CCR has effective
diameter d; when it is not tilted with respect to the link axis. When the capture areatilted with
respect to incident axis, the corresponding irradiance is proportiond to the cosine of the angle qc
between the incident axis and plane of the capture area, or the effective capture areais

decreased by afactor of fcap. 1N this case, the captured power on the CCR is

Power(P,,,) = (Irradiance) " (effective capture area)

=i )Eﬁaa_cézcosq 6 _1pdicosq. _Pd2cosq. _ Pdife, .
¥ g‘zﬂ °5 4 4r®tan®q,  4r?tan’q,

where gc is an angle between the incident axis and the plane of the CCR.

The amount of light that is returned from the surface of the CCR is characterized by the
effective reflectivity Re. Since smart dust employs a CCR on the dust mote, the retroreflected
beam is returned in the same direction from which the incident beam came. The interrogeting
beam is modulated by one of the CCR mirrors and this generates an on-off-keyed sgnd with a
non-return-to- zero pulse. By assuming that the probabilities of the ones and zeros are equd, the
average reflected power by the CCR can be found to be

P —(P )1R _PoRc _aPd2cosg. OR. _ PR.d2cosq. _ PRcdel o
c 2 ¢ 2 4r*tan’q 4 2 8r?tan®q,  8ritan’q,

We now need to congder the diffraction of the light when the optical sgnd reflected by
the CCR propagates back to the base station. As shown below, the diffraction effect can be
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modeled as a circular aperture with diameter d. usng Fraunhofer diffraction theory when the
CCRisnot tilted with respect to the link axis[1,13]. When the CCR istilted, the diffracted
irradiance at the base station would be reduced by afactor fy;.

Imaging Receiver

>

\/\

r r

Figure 4.6: Fraunhofer diffraction at a circular aperture.

Asinvestigating the Fraunhofer diffraction at acircular aperture asindicated in Figure 4.6, the
intengty is given by
€2, ()’

I(P):g U Hlo,
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.2
where u=kasnq,ad |, = E:Dz k:?ﬁ, a:d7c and D =p ge%cg [14,15]. Theangleqis
r e<g

the angle between the opticd axis and the diverging wave, E is the tota energy incident upon
the aperture, and | isthe wavelength of the interrogating beam. Since the range of the
communication link is much larger than the effective diameter of the CCR, we can treat the

. , 523, (U) U . .
incident light on the CCR asaplanewave. The wlﬂ term in the above equation

& u d
represents the Airy pattern of the Fraunhofer diffraction distribution for a circular aperture
[16,17]. Sincethe diameter of CCR dc is much smdler than the distance r between a dust mote
and a base gation, the intengity of the Fraunhofer diffraction can be approximated by

asl. o
Pop¢—-+
|- €290
r2| 2

Thus, when the CCR istilted, the average irradiance at the lens of the imaging recelver can be
cdculated as

a8l 6

Ppe—-=

PE2 5 _Ppde . _  pRR.de B
r?| 2 arogezp2 A 32r’l *tan’q cap” dif

I L

The lens of the imaging receiver has an effective diameter d_. and atransmission T, .

2

Then, the output power from the lens of the imaging receiver isl. T p%g . Each pixd of
e<g

the imaging receiver has a non-light- sengitive region and the fraction f..; expressesthe

sengtivity of the camerapixd to the light intendity. Thus, the output power from the camera
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2

pixd isl. T. pEEd—ZLQ fat. Theimaging recaiver employs an optica bandpassfilter to sort the
e<cg

required bandwidth from the noise. This optical filter has abandwidth DI and a transmission T,

2

and the resulting output power isl. T, p gﬁ—ZLQ fact Ts. Therespongvity of the photodetector R
e<o

can be defined as the ratio between the photocurrent and the incident optica power. Thus, the

average received photocurrent at the imagng receiver is given by

7 @ E . oo L Tpdif TR _PRAAT TRR o i i1
sg= L 1L PG—+ Tact It = I TR : 4.1)
e2p 4 128r4l 2 tan®q,

4.2.2 Ambient light noise

When we andyze the performance of the communication link, we must congder the
effects from the ambient noise. Ambient light comes from sunlight and other light sources. The
cameraat the imaging receiver receives not only the optica sgna but aso the ambient light
noise from the CCR in the dust mote. The camera at the imaging receiver has atotal of N pixels.
In order to receive the optical sgnd from the region where the interrogating beam covers, the
camera of the imaging recaiver should have afidd-of-view within asemiangle gs. The area of

2
the CCR where each camera pixel can beviewed is p(rt%f) .

Let us assume that the ambient light noise surrounding the CCR has a spectrd irradiance
Prg and reflects the ambient light with reflectivity Ry Also assume that the optical bandpass
filter a the imaging receiver has abandwidth DI . The spectra irradiance or incident spectra
radiant flux dengity represents the flux dengty in awavedengthrange. Theirradiance within a
bandwidth DI would be ppg DI . Thus, the total power reflected from the area of the CCR where

each camera pixd coversisgiven by
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_p(rtena,)* 1y

g N bg

_p Dl py, Rbgrz tan’q
R, = .

P, g N

A Lambertian reflector is a perfectly diffused reflector, which reflects e ectromagnetic
radiation equally in dl directions. This spatid distribution istypica of aclassca blackbody
source [13]. For such source, each part of the aperture has the same brightness as any other
part. Inthe smart dust system, the region surrounding the CCR is effectively a Lambertian
reflector [1]. So, the total power reflected from the areain the CCR diffuses out equdly indl
directions. Thus, the reflected irradiance a the lens within the bandwidth DI of the bandpass
filter in the optica recever is given by

_ Pbg _ DI pbg Rbgtanzqf

Iy = —5 = :
pr N

As shown in the previous subsection, the transmisson of the optical bandpass filter Tr, and the
lens T, the sengtivity of the camerapixd to the light .., and the responsivity of the
photodetector R must be included in the caculation for the recelved photocurrent from the
ambient light. Thus, as done in previous section, the D.C. photocurrent per pixel dueto the
ambient light is given by

IbgTLpdff‘,ﬂTf R _ pDl p,, tan7q,d’ T, T,f 4R Ry,
4 4N '

. ol §
Ibg:|bgT|_ pgé; fam TR =

The D.C. photocurrent generates a white shot noise. The shot noiseis caused by random
fluctuation in the motion of charge carriers and leads to fluctuations in the current, even when
the incident optical signa has congtant power. The one-sided spectrd dengty of the shot noise
isgiven by S=2qi where q is the electron charge and i isthe current [18]. Thus, the power
spectra dengty of the shot noise per pixel can be caculated to be
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Sty = 20ig-

Leskage current is the unwanted current that flows through the protective ground
conductor to ground. The leakage current induces awhite shot noise. Thus, the power spectra
dengty per pixel due to the leskage current is given by

Steak = 20ileak-
4.2.3 Average SNR

In this subsection, the average SNR based on the previous subsections will be derived.
We need to assume that the optical Sgnal from CCR isincident upon only one pixd, whichis
the best case. Theimaging receiver is synchronized to the received sgnd. For andyticd
convenience, the integrator is assumed to have again of G.

The bit rate B is defined as the number of bits occurring per unit time in a bit stream.
Each bit lasts for a certain period of time Tg = 1/B, known asthe bit period. Theimaging
receiver integrates the received photocurrent for afraction g: of each bit interva. At the end of
eech interva, the output sgna from the integrator is sampled, this sampled sgnd is compared
to athreshold, and the binary code is used to convert each sampled valueinto astring of “1” and
“0” bits.  The average signal component of the sampled Sgnd iSisg Gnt.

The bit rate can be expressed asB = mf  where fsis the sampling frequency and misthe

number of bits needed to code each sample. The sampling frequency can be found from the

Nyquigt criterion fs3 2Df, where Df is the effective noise bandwidth Here, the number of bits

needed to code each sample can be expressed by 1 . Usang the above rdations, the effective
int

noise bandwidth can be expressed in terms of the bit rate B and the fraction g of each bit

interva as
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B=mf. =2X p pr=B%n

gint 2

The noise variance can be found by

¥

S o = (i (t)) = () off

-¥

where iot(t) is the current fluctuation related to shot noise, and So¢(f) is the spectrd density of
the shot noise. Thus, the noise component of the sampled signal has a variance

(Sng + Seak)B gint )

¥
Stit = §tot(f)df :(Sbg + S ) Df = 5
-¥

Consequently, the average SNR is given by the ratio between the average sgnd component and

the variance of the noise component of the sample as

(I sig gint) — 2' iig gint
S t20t (Sog +Seak)B gint

SNR,, = [1]. (4.3

The average probability of bit error or average hit error rate (BER) for binary

modulation with a Gaussan-distributed noise source is given by
P,= Q(VSNR),

where Q(X) isthe Gaussan Q-function defined as

=
+®

Q(x) e P2t [19]. X30

REX

B



In the imaging receiver, the recaived optical sgnd from the CCR may overlap within
severd pixels depending on the size of the CCR image spot, the pixel size of the image sensor,
and the pogition of the CCR. And, the image sensor has physical gaps between pixels and nor+
light- sengitive region on each pixd.

There are two adternative design options to address thisissue. Firdt, in order to have a
large fraction of the image spot in the light-sengitive region on the pixd, the pixel sze should be
comparable to the spot Sze. And, the shape of each pixd should be hexagond in order to
minimize the number of pixelsthat the CCR image spot can cover, namdy No. When the image
sensor employs the hexagond pixels, the range of N isfrom oneto three.

For optima performance, we can employ the maxima-ratio combining (MRC)
technique to process the signads[1]. Each sgnd comes from the pixe that the optica signd is
divided into is multiplied by the corresponding amplitude-to-noise variance ratio and from a
linear combination of these Sgnas[19,20]. For the suboptima technique, the pixel containing
the most confined Sgnd or slecting the best of the pixels (SB) can be used. Either technique
has a corresponding SNR pendty. The receiver achieves the worst SNR when the optica sgna
isequdly divided into Np pixels. Inthis case, the SNR of MRC and SB given by

NR NR
- SNR geor ,and SNRE__ = SNRgegr _

SN R MRC

WORST N . N S
The MRC has much better performance than the SB. Neverthdess MRC 4iill hasalarge
pendty when the optical signd overlaps three or more pixels. Furthermore, to processing the
MRC, we need to determine the weight of each sgnd that comes from the pixels and combine
the sgnas with varigble weight for the SNR estimation.

Secondly, we can just design the pixel Sze to be much larger than the spot size. This
would make the image spot fal on only one pixel. Since the recelver does not need to employ
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the optimal technique, MRC or SB to perform SNR estimation, this smplifies the design of the
recaeiver. Also, there would be no SNRR pendty due to the optima technique. If the image spot
lies on the gap between pixds or nontlignt-sengitive region of the pixe, the receiver may not be
ableto recelve these sgnds. Additiondly, we can neglect these cases since we use large

number of dust motes in most applications.

4.2.4 Design parameters

Aswe have shown in the previous subsections, there are several design parameters,
which affect the performance of the passive communication link. In this subsection, these
design parameter based on the derivations from the previous subsection will be andyzed. The
required input interrogating power P; depends on severa design parameters. In order to find
this required input power with a given SNR, we assume that the ambient induced shot noiseis
dominant. By combining Equations 4.1 and 4.2 into 4.3, we can express the required value of P,

asfollow

t

_ |4096SNRr® | “tan®q, qBDI p,, Ry,
p3d§ df TL Tf Ri Rfcapftif fazz:t Ngint .

As the above equation shows, the required value of P is proportiond to r, tan’cy, d. 4, R, and
Phg-

To determine the dependence on wavelength, we need to consider the wavelength
dependence of the responsivity R and the ambient light spectral irradiance pog. The responsivity
of the photodetector can be expressed in terms of the wavelength as

r=h(e_lhe
v he
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where h isthe quantum efficiency that is the ratio between the eectron generation rate and the
photon incidence rate, ¢ isthe gpeed of light in vacuum, and his Planck’ s constant. When the
ambient light is dominated by sunlight, the wave ength dependence of the ambient light spectrd
irradiance poy can be interpreted as gpproximating the light generated by blackbody radiation.
The blackbody is defined as a theoretical object that absorbs dl incident radiation.  Therefore, it
reflects no radiation and appears perfectly black. In practice, no material has been found to
absorb dl incoming radiation. Furthermore, it is a perfect emitter of radiation At aparticular
temperature, the blackbody would emit the maximum amount of energy possible for the
particular temperature. Thisvaue is defined as the blackbody radiation. In order to determine
the blackbody radiation versus wavelength at a particular temperature, we use Planck’ s energy
digtribution formula given as

2p hc?

pb (I ): i
9 5 h%kT _10
| § 1;3

where h is Planck’ s congtant, k isthe Boltzmann congtant, and T is temperature. The
wavedength range of interest in asmart dust system is from 400nm to 900nm and the
temperature is about 300 K. With these vaues, the ambient light spectral irradiance pug(l ) is
approximately proportiona to afactor of two. Therefore, from the above equations, the
required value of P, is proportiona to | ¥2 [pug(l )]¥2 [h(l )] 2.

5. Fiber Optic Communication

Fiber-optic communication is one of aternative communication systems for smart dust.
The architecture of fiber-optic communication system is shown in Figure 5.1. For downlink, a
gngle laser trangmitter in base Sation generates an on-off-keyed signal containing downlink
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dataand commands. The beam splitter divides the interrogating Sgnds into the fibers that are

connected to each dust mote. After passing through opticd isolator, the interrogating sgnas go
into directional coupler. Directiona coupler divided them into two fibers. One of them will be
passed while the index-matching materia blocksthe other. Findly, after passing lens, the
interrogating Signals reach to the recaivers of each dust mote. On the uplink, each dust moteis
equipped with a CCR. CCR modulates interrogating beams from the base station and reflects
these signds back to fiber cable. The directiond coupler divides the sgndsinto two fibers.
The sggnasin the fiber that is connected to the optical isolator will be blocked, and the signals
in the other fiber will reach to the receiver in the base ation.

CCR

Photodetector \’

\

o

Indexing matching
Materia

Optical
Connector j

o -
' 7

DUST MOTES

GRIN-rod
Lens

Directional
Coupler

Photodetector

BASE STATION

Figure5.1: Bidirectional fiber-optic communication link.
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5.1 Optical Fiber

An optica fiber determines the information-carrying capacity of afiber optic
communication system. The two most important characterigtics of an opticd fiber are pulse

disperson and loss.

511 Fiber Dispersion

Disperson in fiber istemporad spreading of pulse. It should be obvious how thiswill
limit bandwidth in adigita tranamisson system [21]. All the modes of a multimode fiber
propagate with different velocities and led to the use of sngle-mode fibersfor dmogt dl
communication application. Pulsed spread evenin Sngle-mode fibers because the specird
components of the pulse have dightly properties of the fiber. Fiber disperson hastwo
contributions, materid disperson and waveguide dispersion. The extent of pulse broadening for
fiber of length L isfound as

DT=DLD ,

where D isthe disperson parameter and is expressesin unit of ps/(km-nm) [18]. Disperson D
can be written as the sum of the materia disperson Dy and the waveguide dispersion Dy .

D =Dw + Dw.

The materid digperson and waveguide dispersion are given by

_1dn,

“Teod
_DnV d?*[vb]
YT el dv?
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n-n . .
whereV :glqlnweE - Ngap »and b=——522 [18]. V isaparaneter, bisa

Neore = Nevap

normalized propagation congtant, ais a core radius, nyisagroup index, 1 isan effective index,

and N, ad N 5, aerefractiveindicesin core and cladding respectively. Thetotdl
digpersion is zero near 1.31 mm and this wavelength refers to the zero-disperson wavelength

| ZD-
5.1.2 Fiber Loss

Fiber lossis one of the fundamenta limiting factors. Since optical receiver requires a
certan minimum amount of power to obtain information from the sensor motes, the

transmission distance is limited by fiber loss. Fiber loss can be found as follow

P B P, 6
o =10 ¥ b g (dBkm)=- Olog, B0 (5.1)
Pn L P o

where L is the length of fiber, and Py and P, are the output power and input power respectively.

5.1.2.1  Absorptive Losses

Absorptive losses can be divided into intringc and extringc losses. Intringc absorption

occurs when the propagating lightwave interacts with components of fiberglass s materid
component [21]. In the wavelength of interest to optical communication (0.8-0.9 mm and 1.2-
1.5mm), intringc absorption can be neglected.

Extringc absorption is caused by the presence of minute quantities of metal ion and OH

ionsin glass. Using the vapor-phase axiad deposition technique, awide low-loss window in the
slica based ultrapure fiber can be achieved.
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5122 Radiative L osses

Radiative losses are caused by the coupling of aguided light beam to radiation
propagating in cladding. Rayleigh scattering is amain factor for such coupling. The attenuation
coefficient due to the Rayleigh scattering in fused silica can be gpproximated as follow

ag(l)=a Ogél_og wherea = 1.7 dB/km at | ¢=0.85mm
el @

5.1.2.3 Bending L osses

Bending losses can be divided into macro and micro bending losses. For macro bending
loss, aguided ray can escape out of fiber due to the bending of the fiber cable. A part of mode

2 RO
energy is scattered into the cladding layer. Macro bending lossis proportiond to expg{i,
[}

where R isradius of curvature of the fiber bendand R, =1 a > [18]. For sngle mode
(nCORE = NeLao )

fiber, Rc =0.2-0.4 nm, and the macro bending lossisless than 0.01 dB/km for R > 5mm. Since

most microscopic bends are bigger than R = 5mm, macro bending losses are negligible.

Micro bending lossin fiber is caused by the random axid distortions that occur during
cabling when the fiber is pressed againgt a surface that is not perfectly smooth causes. For
sngle-mode fiber, micro-bending losses can be minimized by setting the V parameter to be
closed to the cutoff value of 2.405 so that mode energy is confined to the core.
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5.2 Link Components

Link components for optica fiber communication consist of the beam splitter, directiond
coupler, and optical isolator. In this section, the characteristics of these components will be
discussed.

5.2.1 Directional Coupler

The opticd fiber directiona coupler is one of the most important fiber components.
Figure 5.2.shows the architecture of the directional coupler. When two fiber cores are closed to
each other, the modes of these two fibers become coupled and the input power divided into two
fibers[22]. The coupling between two guides can be described by coupled wave theory as

P _, k*_ > P(2 _k*. »
L4 ==1- —d9n‘g, ad —~— = =—4dgn°gy, (5.2
RO 9o’ RO 9’

where g2 =k 2 +%(Db) and Db =b, - b, [23]. kisthe coupling coefficient and can be

measured by the strength of interaction between the two fibers. b; and b, represent the
propagation constants of the modes of waveguidesin two fibers. If by = b, the power exchange
between the two fibersis complete. On the other hand, If b1 by, the exchange of power is
incomplete. When adirectiond coupler employs two identicd fibers, the 3-dB power splitter

can be achieved. Sinceb; = b, k =b, and Equation 5.2 can be expressed as

P(L)=P,©O)1- sn%kL), ad  P(L)=P,(0)sn%*L),

where L isalength of interaction. By setting L = p/4k, two output power P, and P, can be

found as
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1 1
P1 =§P1(0) ’ and Pz =EP1(0)-

Therefore, adirectional coupler acts as a 3-dB power splitter.

Inadirectiond coupler, severd characteristics can be defined as fellow [24].

Coupling ratio (dB) = 10Iog¥
2
P.(0)
Excessloss (dB) =101 L
cessloss (dB) og 5 +P

1 2

Insertion loss (dB) = 10log @ = Coupling ratio + excess|oss

2

P,(2)

Figure 5.2: Architecture of the directional coupler

5.2.2 Beam Splitter

The opticd bema splitter is abasic ement of the optical fiber communication systems.
It usudly conggs of the Y-junction branches. The Y-branch is a waveguide-type device and
divides the received power into two channels. By combining Y-branches, the 1” N beam splitter
can be achieved. A basic dtructureisshown in Figure 5.2 (8). Y—branch behaves as a power
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divider according to the branching angle and the refractive-index difference [25]. Asincressing
haf angle g, the power transmission of the Y-junction is decreased and the power would radiate
into the subgtrate. Hence, the tota power transmission criticaly dependson theangleq. The

junction should be much bigger than the width of the guide in order to achieve effective
separation of the output arms.

Theloss of Y-branch is mainly comes from the rediation loss at the branching point.
The phase fronts of the incident waves before branching point are perpendicular to the
propagation direction of the incident waveguide. Then, the incident waves propagate into two
arms and they are oblique to the waveguide in the two arms.  This phenomenon causes the

radiation loss.

One way to decrease the radiation lossis to employ the structure shown in Figure 5.2 (b)
cdled antenna-coupled Y-branch [26]. Since the refractive index in the ns region smdler than
. and ny, the incident filed spreads into the ns region. Thisfiled soreading makes the phase
fronts of the waves to be perpendicular to the waveguide in two ams. Hence, ardatively small

radiation loss can be achieved.

/ n2
Input Light q n

Output

Figure 5.3: Y-junction beam splitter: (a) Y-branch (b) antenna-coupled Y-branch
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5.2.3 Optical Isolator

Return beams are known to have a degrading effect on the performance of fiber optic
communication. To prevent such effect, optica isolators are usualy employed in fiber optic
communication system. Optical isolator allows the transmission of forward light but blocks the
reflection of light in the reverse direction and prevents one system from disturbing another
while tranamitting Sgnals between them [23]. A fiber isolator minimizes back- scattering and
back-reflection of opticd sgnds, thus maintaining ahigh sgnd-to-noise rtio.

The architecture of an opticd isolator isshown in Figure 5.4. A polarizer makesthe
incident light to be linearly polarized. A polarization rotator rotates the polarization angle of the
linearly polarized light by p/4. Then, the light comes out of the rotator would pass through an
andyzer. For reflected light, an andyzer makes the polarization angle of the reflected light to
be p/4, and the rotator with p/4 makesit to be p/2. A polarizer blocksthe light with polarization
anglep/2. Theinsartion lossL and isolation | can be found as

P P
L=10log— , ad |1=10log—.
ogP ogP

t t

P-IncidentLightg\ 1 / A \ \ \ b

'\ \ . Reflected Light
% v,

N

Figure5.4: Sructure of optical isolators
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5.2.4 Index-matching material

Index-matching materid is a substance, which has an index of refraction thet is pretty
closed to an index of refraction of an opticd fiber. It isused to reduce Fresnd reflection at the
fiber endface. In optical fiber communication for smart dust, the index-meatching materids are
employed at the end of directiona coupler to avoid reflection from the fiber endface.

525 GRIN-rod Lens

The graded index (GRIN)-rod lensisacylindrica glass rod that contains a parabolic
graded refractive index profile with amaximum at the centre [23]. This property of the lens
leads to developments on graded index fiber waveguide. GRIN-rod lens can be used to expend
and collimate an incoming light beam or focus an incoming light to asmal arealocated a the
center of opposite lensface. Light propagation through the lens can be determined by the lens
dimengon and wave ength of incident light.

By using the paraxid ray equation, the ray propagation through GRIN-rod lens can be

approximately described as
d’r _1dn
- == 53
dz> ndr (63)
wherer isaradia coordinate, z isthe optical axis coordinate and n isthe refractive index of the
medium. The refractive index in a graded-index medium can be expressed by
& Ar’o
n(r) =n, gl- =, 54
0 =ngl- == (5.4



where A isapodtive constant and ny isarefractive index on the opticd axis. By subgtituting
Equation 5.3 in Equation 5.4, the ray propagation is expressed as.

— =-Ar. (5.5)

The generd solution of Equation 5.5 can be found as.

r =chos(JKz)+ Kzs'n(\/Kz),

where K1 and K, are congtants. Therefore, dl the incoming rays propagate a sinusoida path
through the GRIN-rod lens. The lens can be modified by changing the period (pitch) of the
snusoidd path.

The 0.25 pitch GRIN-rod lenses are used in each dust mote as shown in Figure 5.5. The
0.25 pitch lens produces a perfectly collimated output beam when the incoming beam from a
fiber. And, it focuses areflected beam from a CCR back to the fiber. Since the focal point of
the 0.25 pitch GRIN-rod lensiis coincident with the lens face, it provides an efficient direct butt
connection to optical fiber.

GRIN-rod Lens
Fiber
‘ %
] 0.25 pitch

Figure 5.5: Formation of a expanded and collimated output of beam from 0.25 pitch GRIN-rod
lens

45



5.2.6 Fiber connector

Fiber connector is one of the important components of fiber-optic communication
system. The connector isamechanica device connected to the end of afiber cable. This
deviceis desgned to connect afiber with another optical device[25]. In following subsection,
various types of the fiber connectors will be discussed [23,27].

Traded connector

The threaded type of connector is used by a sub-multi assembly (SMA) connector. This
connector isafirst generation connector. One problem associated with this connector is the
ar-gap inapoor connection. This poor connection generates a change in the index of
refraction and it leads to a Fresnd reflection lossin fiber optic communication system.

Bayonet connector

Bayonet connector is a more advanced type of connector than the threaded connector.
This device employs a twist-turn fastening operation that reduces the possibility of the
generating an ar-gap. Two popular bayonet connectors are the straight tip (ST) and ST-11
connectors pioneered by AT&T.

Push-pull connector

Pushpull connector uses a ceramic ferrule. Theferrule is functioned as an dignment
mechanism in this fiber connector. One popular pushtpull connector isthe stick and click
(SC) connector including alocking tab. This connector is used primarily with Sngle-mode
fiber cable.
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5.3 Analysis

In this section, asmplified mathematica gpproach to the fiber-optic communication will
be achieved. Based on the power budget of the link, the Sgnd-to-noiseratio (SNR) of the
communication system can be determined. Using this andlys's, the performance of the link and
critical design parameter can be estimated.

5.3.1 Downlink

Based on the amplified diagram of the fiber-optic link design in Figure 5.6, asmple
power budget of the link components can be achieved. A single laser transmitter in base dation
generates an on-off-keyed sgnd with optical power P. a wavedength | of 1310 nm. Using the
power budget of the link components, the output power of the base station Pssoy: can be found

by
Insertionbsq dB]

PBSout = I:)L ’ 10_ 10

Since the optica fiber has a zero diperson waveength at 1312 nm, disperson in sngle
mode fiber can be neglected. The optical fiber has an attenuation coefficient a and it is
expressed in units of dB/km. By using Equation5.1, the output power of the optica fiber Perip

can befound as

a

, -—L
Porin = Paso 100,
where L isalength of the optical fiber in units of km.

The 0.25-pitch GRID-rod lens has a diameter of the collimated output beam ds. Hence,
the irradiance incident upon the CCR I is
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I - I:)GRIN - 4'F)GRIN
. .
gsl, 6° P di
pc—=-+
e 4]

Asdonein section 4.2.1, the captured power on the CCR Py IS

5.3.2 Uplink

After reflecting by the CCR, the Sgnd propagates into the optical fiber again. Asdone
in previous subsection, the average output power of the fiber Pggn, IS

a

Pasn = P.” 10 1°L,

and the input average optica power to the photodetector Ppyy can be found by

Insertionbsq dB]

Pon = Pasin 10 10

The photodetector has aresponsivity R, adark current Iy at 300K, aload resistance R. and a
bandwidth DI . Thus, the average photocurrent of the receiver is
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ls =Pey "R.
The shot noise power of the receiver can be found by

1%=2qD (Is+1,),

where g isan dectrical charge. The therma noise power can be aso found by

4K TDI

12, = —r
™ — !

R L
where T isatemperature and K is the Boltzmann's congtant. Findly, The Sgna-to-noiseratio
can be found as

|2
SNR=——3

I 2
SN ™
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Figure 5.6: A ssimplified diagram of the fiber-optic link design

6. NETWORK PERFORMANCE

In this section, the performances of the free-gpace passive optical communication system
and fiber-optic communicationwill be investigated. Thetypicd vaues of design parameters are
used to andyze the performance of the links based on the previous link anadysis[1]. The 9gnd-
to-noise ratio (SNR), a minimum detectable power (MDP) and a maximum rage of link will be
derived based on the practical design parameters.

50



6.1 Free-space passive optical communication

Table 2 ligts the typica vaues of design parameters for the free-space optical

communication. Based on these design parameters, the performance of the free-space passive
optica communication can be achieved by link andyss from Chapter 4.

The distance of the propagating signal versus corresponding signal-to-noise ratio and
average received photocurrent are shown in Figure 6.1 (a) and (b) when an interrogating power
is10 W. Asshown in Equation 4.1, an average received signdl is proportiona to 1/r*. Hence,
the average received signd israpidly decreased asthe sgnd propagates. The distance of the
propagating signa versus corresponding signal-to-noise ratio with various input power are
shown in Figure 6.2.

ENA when Pi=10W

o = ||:|" Cistance ve. syersge mceied photocumen] whan Pr=1TW
T T T T T T

(=]
o

o
m

=1
+
H
H

duaraps mcaped phol mcuren] [&]

o
b
H
H

1 h H i H ] i i 0 P ; H H H
0 X0 00 d4m S0 600 A0 B0 BO0 1000 1100 1] i i B0 EDD A0 1H0 14

Distanca [m| Distance [ri]

Figure 6.1: For the free-space passive optical communication, the distance of the propagating
signal versus corresponding signal-to-noise ratio and average received photocurrent when an

interrogating power is 10 W: (a) distance versus SNR and (b) distance versus average received
photocurrent.
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Figure 6.2: For the free-space passive optical communication, the distance of the propagating
signal versus corresponding signal-to-noise ratios with various interrogating powers.

For the image recaiver at the base station, minimum detectable power is defined asthe
average received power that yields unity SNR. The SNR for an image receiver from Equation

4.3isgiven by
(isig gint) - 2' iig gint (6 1)

SNR=1=—"2" .
S (ot (Sbg +Seak)Bgint

Since the responsivity of the photodetector R can be defined as
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where P, isaminimum detectable power. By substituting Equation 6.1 into Equation 6.2, the
minimum detectable power can be found by

+S,)B
P :id—(s"g =B _ 5 3088”107,

f R 2gint

At a given wavelength, the noise-equivaent power (NEP) can be defined as the required
incident power to produce a photocurrent equa to the noise current within a unit bandwidith.
Hence, NEP can be obtained from Equation 6.3:

(Sbg + SIeak)

gint

NEP = =2.3058" 107

1
R

From the caculation of a minimum detectable power, a maximum range of afree-space
passive optical link with a particular input power can be achieved. By subdtituting Equation 4.1
into Equation 6.1, amaximum range of thelink nyax can be found by

rMAX

1
:(@int d?: Y ! dl4 Pt2 fczap Rg f(if Tf2 le fi*l R2 98
g 8192 | * tan’q; (Spy + Sieac) 5

The various input powers versus corresponding maximum ranges of the links are shown in
Figure5.3.
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Figure 6.3: The input power s versus corresponding maximum ranges of the free-space passive
optical link.

Symbol Description Typicd vaue Units
Of Semiangle of illuminated fidd 1 degrees
de Effective diameter of CCR when not tilted 5 10 m
Rc Effective reflectivity of CCR 0.85 W/W
feap Reduction of effective capture area when tiled 0.5 Wiw
. Reduction of diffracted irradiance due to CCR 05 WIW

tilted
I I nterrogation wavelength 830 nm
DI Optical bandpass filter bandwidth 5 nm
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Ts Opticd filter transmission 0.8 W/W
T Effective transmisson of cameralens 0.8 W/w
d Effective diameter of cameralens 0.1 m
R Responsivity of photodetector 0.5 AW
. Fraction of camerapixel areathat is sengtiveto 075 S
light
Pbg Ambient light pectrd irradiance (bright sunlight) 0.8 W/rf-nm
Rig Reflectivity of the region surrounding CCR 0.3 W/wW
N Number of pixdlsin image sensor 10° -
ileak L eakage current per pixe 10 A
B Bit rate of on-off-keyed link 10" bps
) Fraction of bit interval during which camera
OInt 0.95 gs

integrates

Table 2: Typical values of design parameters for free-space optical communication

6.2 Fiber-optic communication

In this subsection, the performance of a fiber-optic communication will be andyzed base on
the practica optica fiber components with particular specifications. In this andyss, eight dust
motes are employed. Table 3 ligsthe typica vaues of design parameters for the practical
opticd fiber components. Based on these design parameters, the performance of the fiber-optic

communication can be achieved by link andysis from Chapter 5.

The distance of the propagating sgnd versus corresponding sSgnal-to-noise ratio and average
recelved photocurrent are shown in Figure 6.4 (8) and (b) when an interrogating power is 1 mWw.

As shown in previous chapter, an average received signd isis proportional to 10 0" and
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linearly proportiond to the insartion losses of the components. Hence, the average received
sgnd isrdatively dowly decreased asthe signa propagates. The distance of the propagating
sgnd versus corresponding signa-to-noise ratio with various input power are shown in Figure
6.5.

Distance v BHR when PL=1mid W 107 Distance ve. Awersge receied phaiomumert when PL=1m'
) T T T T T T T T

o v i W E B
0 2 i B B 0 12 14 18 -] [t} 2 4 B a 10 12 ] 16 L] k1]
Dicatareca [km] Dikabanea [kin]

Figure 6.4: For the fiber-optic communication, the distance of the propagating signal versus
corresponding signal-to-noise ratios and average received photocurrent when an interrogating
power is1 mW: (a) distance versus SNR and (b) distance versus average received photocurrent.
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Figure 6.5: For the fiber-optic communication, the distance of the propagating signal versus
corresponding signal-to-noise ratios with various interrogating powers.

As mentioned in previous subsection, for the photodetector at the base station, minimum
detectable power is defined as the average received power that yields unity SNR. The SNIR for
an image receiver from Equation 5.9 is given by

| 2

SNR=1=—535 | 6.4
12, +13, (64)

Since the responsivity of the photodetector R can be also defined as

's (6.5)

R=2,
P
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where P, isaminimum detectable power. Thelsisassumed to be much smdler thanlg.  Then,
by subgtituting Equation 6.5, 5.6, 5.7 and 5.8 into Equation 6.4, the minimum detectable power
can befound by

P :1\/Df§‘%q 1+ 25 T2 95843 107, (66)
R R, o

At a given wavelength, the noise-equivaent power (NEP) can be defined as the required
incident power to produce a photocurrent equa to the noise current within a unit bandwidith.
Hence, NEP can be obtained from Equation 6.6:

4KT

1
NEP==_[2q I ,+ =1.5154" 10",
R R

L
From the cdculation of a minimum detectable power, a maximum range of afree-space

fiber-optic link with a particular input power can be achieved. By using Equation 5.6, 5.7 and
5.8 and 6.4 under the previous assumption, a maximum range of the link nyax can be found by

€4d2 (2gDFf I, +14,) U

| e utdl
) P8 P2ALTLRIR? g
I-MAx - - 0.14

The various input powers versus correponding maximum ranges of the links are shown in
Figure 5.3.
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Figure 6.6: The input power s versus corresponding maximum ranges of the fiber-optic link.

Component Product Specification
Single mode fiber
Attenuation £ 0.35 dB/km
: , CORNING )
Optical Fiber PI1042 Core diameter = 8.3 mm
Zero disperson wavelength = 1312 nm
Numerical Aperture =0.13
L aser NOTEL Mean output power = 1dBm
LC131-98 Wavdength = 1310 nm
_ FITEL
Fiber connector Insertion loss£ 0.3 dB
SC/PC-2-S
Optical beam FWGC-SM-1" 8 Insartionloss£ 11 dB
Splitter Uniformity £ 1.0 dB
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SUMITOMO

Optical isolator Insertion loss£ 0.5 dB
SE-13S Isolation® 40 dB
Directiondl DELTA Coupling Ratio = 50/50
coupler OPC-KASA4- Insertion loss£ 3.6 dB
33500 '
GRINTECH
GT-LFRL-180- Diameter = 1.8 mm
GRIN-rodlens | = ¢ 50.cc Reflection loss £ 0.5 %
(1310)
PIN responsivity = 0.85 A/W
AGERE N
Photodetector A2609C Dark current = 10 nA @ 300K

Bandwith = 40 MHz
Thermistor resisteance = 10kW

Table 3: The practical optical fiber components with specifications.

6.3 Future of smart dust

Smart dust isadevisein the order of acubic millimeter, which contains four basic
components. power, computation, sensor and communication. There are a number of research
indtitutions that are currently working on centimeter-scale distributed sensor network. Severa
research groups a UCLA are developing an entire radio on asingle CMOS substrate and alow
power wirdess MEMS.

Thefuture of smart dust lies on both optical communication and fiber-optic
communication. The MEMS is one of the main technologies that can improve both
communication systems. There are severd obstacles in the devel oping a communication sysem
for the cubic millimeter-scale distributed sensor network. Nevertheless, it sandsin the way of
the future commercidization of smart dust. To improve performances of the free-space optical
and fiber-optic communication systems, it needs to achieve a high datarate. Thiscan be
achieved by improving MEMS techniques and a data rate of the imaging receiver.
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Power consumption is aso one of the mgjor components that play akey rolein desgn of
the smart dust. While microcontroller consumes less power, battery energy dendties have not
improved sgnificantly over the years. In the future, a custom circuit design of the
microcontroller with the choice of ectronics will dlow to employ additiona functiondity.
Theadditiond functiondity will make future smart dust to be able to perform more complex

functions.

7. CONCLUSION

Smart dust is an ongoing research project whose main objective isto design a cubic
millimeter-scale sensing nodes capable of bidirectional communication. The gpplications of
miniature distributed sensor networks are numerous. Smart dust has four mgor components:
power, computation, sensors, and communication. With these four components, a number of
smart dust systems can be designed and modified depending on the gpplications. A
communication system for smart dust is also one of the design issues depending on the
gpplications.

The main objective of thisthesisisto design a communication system that can minimize
smart mote power consumption and maximize link range and the number of dust motes that can
communicate Smultaneoudy with the base sation. Each dust moteis able to communicate with
acentrd transcaiver, or communicate in mote-to-mote fashion among dust motes. In thisthes's,
afree-space optical passve optical communication and fiber-optic communication are andyzed
and compared.

Both free-gpace passive opticad communication and fiber-optic communication sysems
have several advantages over other communication sysems. One of the most effective
advantages is that each dust mote does not need to have an onboard light source to transmit
desired sensor information. This leads to the optical communication to have advantage on
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power consumptions. In addition, optica transceivers require relatively smple baseband analog
and digitd circuitry. Table 4 shows the comparison of the estimated performance of the fiber
and free-space passve optical communication systems.

Since free-gpace passive optical communication is awireless communication system, it
will be advantageous over the wired communication syssems. The number of dust motesin the
particular system can be easily increased without adding the additional componentsin base
gation. In most gpplication, the free-space passive opticad communication usng CCR-based
tranamitter isfavored. Neverthdess, this communication syslem comprises severd limitations.
The communication between dust motes cannot be performed. If agiven mote does have aclear
line of Sght to the base gation, the mote would not be able to perform any communication and
this would be isolated from the systlem. Since each CCR can only reflect a small fraction of the
illuminating light beam, the rest of illuminating light iswasted. As shown in table 4, the
maximum range of the free-gpace communication is reatively dowly increased asincreasng
input power. Hence, the range of the smart dust system will not easily extend beyond 1
kilometer.

Fiber-optic communication has advantages and disadvantages over a passive free-space
optical communication. This communication system does not require the unbroken line-of-sight,
the link directiondity, and human eye safety on an interrogating laser. Each dust mote does not
need to employ more than one CCR, and the communication between dust motes and a base
station can be guaranteed. In addition, the peer-to- peer communication among dust motes can
be performed when the gpplication requires. As shown in tabled, the maximum range of the
fiber-optic communication can be easily increased as increasing input power. Hence, it hasa
longer range of communication link than that of afree space passve optical communication
However, fiber-optic communication has a limitation on the application. The optica fiber
cables redtrict the mobility of dust mote. In order to increase the number of dust motesin the
particular system, base station should employ additiona optica components. Hence, using
fiber-optic communication, smart dust should employ the limited number of dust motes.
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By usng MEMS technology, the components required for these links can be improvein

thefuture. Thiswill yidd improvements on the performance and the optima meansto

manufacture of the smart dust. Depending on the gpplication, severa design options and

protocols can be considered to optimize the performance of these links.

Free-space passive optical R _—
A Fiber-optic communication
# of dust motes 1-Hundreds 8
FIO8E T £ 100% 100%
transmisson
Peer-to-peer No Yes
communication
Waveength 0.83mMm 1.31 mm
Minimum detectable 0.23 pW 9.6 W
power
[nput power 1w SW 10W 0.5 mw 1 mw 2 mwW
Maximum range 5645m | 8442m | 10039m | 126km | 16.9km | 21.2km

Table4: Comparison of the estimated performance of the fiber and free-space passive optical

communication.
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