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ABSTRACT

In a disaster situation such as an earthquake it is vital to know the number of people left under
ruins. To address this problem, we propose RESCUE - wiREless backScattering CommUnication-
based disastEr recovery system. To the best of our knowledge, this is the first solution based on
passive communication to be applied for disaster recovery to reveal people count inside collapsed
building. RESCUE is composed of special RFID reader and sensors that are used to determine the
total number of people under ruins. Passive wireless sensor nodes are placed inside building during
construction and are equipped with a camera that is activated in case of an earthquake and takes pic-
tures of building interior. After an earthquake, backscattering communication is used by the reader
located outside ruins to read image data from sensors. The images are used to evaluate the number
of people present inside building just before the earthquake. We analyse passive communication
channel between RESCUE reader and sensors. We derive passive wireless communication channel
model over ruins and carry out simulations using a modified passive RFID simulator. Furthermore,
we obtain the results of experimental study where we validate the derived channel model. Results
show that RESCUE can provide high performance of data collection in relatively short time period,

and hence, is a promising disaster recovery system architecture.
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OZETCE

Deprem gibi bir afet zamaninda, enkaz altinda kalmis insan sayisim1 bilmek hayati onem tagir. Bu
problemi ele almak icin bu caligmada RESCUE - Kablosuz Geri Sagilim Temelli Afet Yonetimi
Sistemi 6nerilmektedir. Bilgimiz ¢ercevesinde, bu sistem, ¢okmiis binalarin altinda kalmig insan
sayisint belirlemek i¢in afet yonetimi siirecine uygulanmis olan ilk coziimdiir. RESCUE, yikinti
altinda kalmis toplam insan sayisin1 belirlemek i¢in ozel tasarlanmis RFID okuyucu ve sensorlerden
olugmaktadir. Deprem aninda binanin igerisinin resimlerini ¢eken bir kameraya sahip olan pasif
kablosuz sensor diigiimleri bina yapim zamani binanin i¢ine kurulur. Deprem sonrasinda, yikintinin
disarisinda bulunan okuyucu geri sacilimli haberlesme araciligi ile sensorlerin igindeki goriintii bil-
gisini okur. Bu resimler, depremin hemen Oncesinde binanin i¢inde bulunan insan sayisini hesapla-
mak icin kullanilir. Bu c¢alismada RESCUE okuyucu ve sensorleri arasindaki pasif haberlesme
kanalinin analizi yapilmaktadir. Bunun i¢in pasif kablosuz haberlesme kanali modellenmekte ve
pasif RFID simiilatorii kullanilarak simiilasyonlar gerceklestirilmektedir. Ayrica, ¢ikarilmis kanal
modelini dogrulamak icin yapilan deneysel calismanin sonuglart sunulmaktadir. Deney sonuglari,
RESCUE’nun nispeten kisa siirede yiiksek performansla veri toplanmasini sagladigini ve bu ne-

denle, umut vadeden bir afet yonetimi sistemi oldugunu gostermektedir.
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Chapter 1

INTRODUCTION

During search and disaster recovery operations after an earthquake, disaster recovery teams are in-
terested in rescuing maximum number of people under building ruins in the shortest time. This is
critical because death toll after a building collapse dramatically increases with time [1,2]. Generally,
search and rescue of trapped people under rubble involves several phases. In the initial phases of
operation, rescue workers conduct a structural assessment where they try to identify basic charac-
teristic of the disaster scenario such as the structure involved, the number of victims buried and their
locations [3]. Current techniques used for this phase involve the use of sound detecting devices,
victim location identification with the use of trained dogs, visual spot examination [4] and witness
questioning [3]. However, these techniques come short in extracting conclusive and accurate infor-
mation about trapped victims. Therefore, reliable and robust systems need to be employed to rescue

as many alive people as possible.

1.1 Research Objectives and Solutions

Research objectives, the system that we propose and other solutions are described in this section.

1.1.1 Disaster Rescue Process

Two main problems that need to be addressed during victim rescue operation are identifying total
number of people trapped inside a rubble and predicting their possible locations. Once this infor-

mation is available, rescue teams and the first responder can be allocated more efficiently to remove
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victims under building ruins in the shortest possible time. Using a system to track already rescued

people, rescue teams can obtain data about how many more people are left inside collapsed building.

Presently, no technology exists that can provide data on victim count after an earthquake. Re-
searchers have proposed various ways to achieve this using passive RFID tags [5, 6]. However,
performance evaluation of these proposed approaches is missing. Studies have been carried out in
the quest for improving currently available methods using both passive RFID tags and other means
such as snake like robots, radar systems, mobile phone localization [6—-10]. However, these studies
are incomplete to be used for victim detection, as they sometimes lack an important aspect of a
problem being solved such as appropriate communication channel model formulation, signal inter-

ference resolution and performance analysis.

1.1.2 RESCUE - Wireless Backscattering Communication Based Disaster Recovery System

In this study, we present RESCUE, which, to the best of our knowledge, is the first wireless backscat-
tering communication-based disaster recovery system that is able to provide vital information, e.g.,
the number of people trapped under ruins and their probable locations, which can be used during
search and rescue operations. RESCUE consists of a special UHF RFID reader and passive sen-
sors [11], equipped with passive UHF RFID tags. RESCUE sensors are installed inside a building
during (or after) construction and the reader is used during disaster recovery process by the rescue
teams. Sensors store up-to-date image information of building interior such as corridors and apart-
ment rooms. After an earthquake, RESCUE reader is used to collect image data from sensors under
ruins for the purpose of calculating the total number of people and their last location information
before an earthquake. After data is collected, an automatic human detection algorithm or manual
operators are employed to analyze images to count the number of people present in every image and
note their location just before earthquake. The details of identifying people using any of the existing
image recognition techniques is beyond the scope of this study. The location and ID of every sensor

is assumed to be known, so that an agent can readily identify the locations in images.
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1.1.3 Power Loss and RESCUE Reader Transmission Power

To make decisions on characteristics of both sensors and reader, we have studied passive commu-
nication between them in a channel with rubble. As communication through rubble contains many
obstacles, mainly made of concrete, brick and other construction materials, the signal strength at-
tenuation through these materials need to be considered when formulating a model. In addition,
because of the clutter in the channel, wireless communication will contain many multipath com-
ponents. Number of studies exist that study power loss through building ruins [12-14]. However,
these studies either ignore some of the factors that contribute to the total power loss or present a
channel model that cannot fully characterize the communication through densely cluttered building
ruins. We develop a model, where we take into account path loss, multipath fading and shadowing

that occur during communication through rubble.

To describe power loss over building ruins, we use an earthquake simulator software [15]. After
constructing a building, earthquakes with various parameters can be applied to the building with
the simulator to obtain different collapse structures. By means of these collapses, we evaluate
power loss between reader outside the ruins and the sensors at different locations inside the ruins.
This information is important as it is the main parameter considered for determining the required

transmission power for the reader.

When communicating with a passive RFID tag, a reader needs to transmit sufficient power so that
the tag circuit activates and backscatters the data stored on it. This is especially challenging over a
channel within ruins. We calculate the required transmission power needed for the RESCUE reader

to collect data from passive sensors located under debris of different size buildings.

1.2 Performance of RESCUE

The theoretical study of passive wireless communication between RESCUE reader and sensors is
performed using an UHF RFID simulator. By adding new features to the existing RFIDSim [16]
open source simulator, we were able to perform thorough analysis of RESCUE. Since the channel

bit-error-rate (B E R) can deteriorate communication throughput between the reader and sensors, the
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amount of data that a sensor sends to the reader in each request needs to be appropriately determined.
Thus, depending on channel BER, the optimal amount of data to be sent for each request has
been calculated and used in the simulations. Optimizing requested data amount served to minimize
total read time of sensors, and, in turn, contributed to minimization of total electromagnetic energy

radiation.

1.3 Experimental Study

To validate the possibility of reading a passive sensor under ruins, we have also carried out an
experimental study. We placed a standard UHF RFID reader and an RFID tag in an environment,
where they are separated by a medium made of reinforced concrete, brick and other construction
materials. By using a directional antenna on reader, we were able to read data on a tag. Using
spectrum analyser, we have measured received power level near the tag to experimentally calculate
the channel power loss. Our measurements confirmed the results predicted by theoretical channel

model.

1.4 Thesis Outline

The rest of the thesis is organized as follows. In Chapter 2, we present the related work. In Chapter
3, RESCUE system architecture is given, where we discuss the details of our proposed approach.
The channel model is introduced in Chapter 4, where power loss model and transmission power
are given. Chapter 5 presents the performance analysis, where the results of simulations are pre-
sented. In Chapter 6, we discuss the details of experimental study and compare the results. Finally,

conclusion is given in Chapter 7.
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Chapter 2

RELATED WORK

In this chapter, we examine related studies. We state the contributions and shortcomings of current

research on this topic.

2.1 The Use of RFID Technology During Disaster Recovery

The use of RFID tags during disaster relief situations have been proposed in a number of studies.
Resource management during rescue operations and possible advantages of using RFID tags have
been discussed in [17], [18]. Several other studies have proposed using RFID tags for handling
disaster victims, allocation of rescue teams and their coordination. In [19], authors discuss attaching
RFID tags to people rescued from ruins for ease of tracking their medical condition. The same also
study proposes adhering RFID tags in various places inside disaster site and using them as a message
board by rescue teams for sharing information on existence of victims in specific places. Similar
applications have also been examined in [6] and [20]. Placing RFID tags on collapsed building and
forming an Ad-Hoc network of mobile devices such as mobile phones, PDAs and tablet PCs with
RFID readers for distribution of structural integrity information among structural engineering and
rescue workers is presented in [21]. Even though these studies suggest different techniques that
RFID technology can be used to mitigate the effects of a disaster scenario such as an earthquake,

they do not analyze the performance of the proposed techniques.
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2.2 The Use of RFID Technology for Finding Disaster Victims

The idea of utilizing RFID tags for directly finding victims trapped under ruins have also been
proposed in [6]. A reader outside the rubble would read the tags attached to victims and report their
location. However, to address the task of locating a tag under building ruins with a reader outside
the ruins, the communication channel between the two needs to be analysed. Since communication
through such a channel creates many multipath components, finding the location of a tag can be
difficult. However, the authors do not examine this problem in the paper. In [5], it is suggested that
people could wear passive tag equipped objects such as rings or wristbands and these object can
be detected with an RFID reader to calculate total number of victims under rubble. Yet a technical
analysis of this idea is not presented in the paper. Exploiting passive RFID tag for finding number of
victims have been put forward in [22]. Authors discuss attaching RFID tags inside apartments and
keeping resident information in these tags. These tags would also store additional information such
as presence of elderly and physically disabled people in a particular apartment. Similarly, a reader
outside can collect information stored in these tag in an aftermath of a disaster. Likewise, as with
other above mentioned studies, the authors do not investigate passive communication challenges

associated with the implementation of proposed approaches or give any technical results.

2.3 Communication Channel Model for Collapsed Building Ruins

One of the main problems that need to be addressed while studying communication between a tag
inside ruins and a reader outside, is formulating a suitable communication channel model. Few pa-
pers have investigated this issue for UHF band. Authors in [12] describe the total power loss through
a channel with ruins equal to the sum of free space path loss and attenuation through medium with
construction materials such as concrete, brick, cement. The distribution of these materials in a chan-
nel is assumed to be Gaussian. The paper also presents measurement results of wave propagation
through brick obstacle to calculate the signal attenuation. However, no measurement is taken to
confirm the assumptions used in deriving the model. The channel model presented also does not

take into account the losses due to effects of multipath. In contrast, [13] considers the effects of
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multipath fading for channel model in addition to losses due to obstacles. However, the channel
model is based on indoor signal attenuation model given in [23], and therefore, only considers walls
as obstacles. As walls are often built using bricks, the model does not fully characterise the total
power loss through channel with ruins. [24] gives a model for the communication channel in rubble
made of free space communication model given in [25] and attenuation through layers of construc-
tion materials. In the paper, measurements are taken through medium made of stratified layers of
concrete to verify predictions of the channel model. Even though values obtained in measurements
and in mathematical model for the amount of attenuation over a layer of concrete are similar, it is
unclear whether this model can describe power loss over a channel in rubble, where concrete and
brick obstacles do not stay in layers but are distributed randomly. The study also minimizes the

effects of multipath fading, which is a significant contributor to power loss.

Finally, [14] uses autoregressive modelling (AR) for representing communication channel response
in building ruins. Measurements are taken through both stratified concrete and chaotic distribution
of various construction materials. The authors present a channel simulator based on the results of
AR modelling. The channel model is presented in the form of an impulse response, where multipath
components are represented with corresponding amplitudes and delays. The paper argues that the
amplitudes and delays of multipath components can be characterized as random variables obeying
Log-normal and Weibull distributions, respectively. However, the results of AR modelling are based
on obtained measurements from small artificial collapses that do not necessarily represent a real
collapsed building. Thus, the channel simulator presented in the study can only be useful in cases

dealing with small ruins.

2.4 The Use of Other Means for Detecting and Locating People Under Rubble

As search and rescue operations are important to be carried out efficiently, researchers have proposed
other ways for finding victims of natural disasters using technology. Methods like using snake-
like robots [7, 26], detecting respiratory movements [8,27, 28], using RADAR systems to locate
people [29, 30], detecting cell phones and other RF devices [10,31-34] and using a helicopter to

scatter active RFID-based sensors inside building ruins to detect human features such as voice and
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heat [9] have been suggested. These studies, however, do not address vital issues such as signal
interference and communication channel power loss, and therefore, are not able to provide full

system performance analysis based on the obtained results.

Although various approaches have been previously introduced, to the best of our knowledge, this
is the first study to propose a disaster recovery system based on passive wireless communication
for calculating the total number of victims trapped under a rubble and their possible locations. We
model the communication channel under ruins and experimentally validate the derived model. We
measure the performance of our system and report the results on feasibility. We also lay out the

characteristics of RESCUE reader and sensors.
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Chapter 3

SYSTEM ARCHITECTURE

3.1 Overview

RESCUE system architecture is illustrated in Fig. 3.1. It is composed of sensors under rubble and a
reader. The sensors are installed inside building during construction. After an earthquake the reader
is placed outside ruins to read data that sensors store. During data reading, sensors act as passive

devices, using incident RF continuous wave (CW) as an energy source.

Sensors consist of six main modules, i.e., microcontroller, earthquake detector, camera, passive
RFID tag, power source and antenna switch as shown in Fig. 3.2. The task of a sensor is to detect
occurrence of an earthquake, take images of building interior and communicate that information
back to the reader on demand using EPCGlobal Class 1 Generation 2 protocol [35]. The average
duration of an earthquake is a about 50 seconds [36]. Thus, we propose that the sensors take pictures
of building interior for hundred seconds. In total ten images are taken during this period. The

purpose of taking pictures is to be able to identify number of people inside building prior to an

Figure 3.1: System architecture. The reader reads data from sensors under ruins.
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Figure 3.2: Internal circuit diagram of a RESCUE sensor.

earthquake. Therefore, having taken one image every ten seconds, this information can be retrieved.

At the time of an earthquake, earthquake detector module triggers microcontroller. As a result,
microcontroller activates camera every ten seconds for hundred seconds to take a picture. Micro-
controller and camera communicate through serial 72C interface [37]. The images are encoded in
JPEG format with 8KB image size [38] and saved into RFID tag memory. This is likewise achieved

via I?C interface between microcontroller and passive RFID tag.

Building electrical power is often cut off at the time of an earthquake. Power might also fail due to
other reasons such as an accident in city electrical grid or due to circuit breaker as a result of high
voltage fluctuations. Therefore, RESCUE sensors should be able to provide reliable functionality
even in the temporary absence of external power. For this reason, we propose using small size
powerful ultracapacitors to operate microcontroller, earthquake detector, camera and antenna switch.
Ultracapacitors are connected to the electrical grid through a AC-to-DC regulator and stay charged
throughout the lifespan of a sensor. The main reason that we use ultracapacitors as power source
instead of a lithium battery is because ultracapacitors have much larger service time than batteries,
in addition to many other advantages [39]. An average life span of a building is 50-60 years, and

therefore, a sensor installed inside should have similar lifetime. Ultracapacitors today have only up
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Figure 3.3: Radiation pattern of two faces of a sensor for (a) horizontal and (b) vertical
polarizations.

to 20 years of lifetime; however, research is ongoing to increase lifetime of ultracapacitors with the

use of carbon nanotubes [40].

At the time of collapse, a sensor can end up at any arbitrary orientation. To guarantee reliable data
reading, sensors should be able to communicate with a reader from any direction. One solution
is to equip sensors with omnidirectional antennas. However, this eliminates any antenna gain at
the sensor. To maximize read range of sensors and minimize reader transmission power, we pro-
pose to use an antenna shell around sensors in the shape of polyhedron with a directional antenna
attached to each face as shown in Fig. 3.4. Sensor is capable of detecting the direction of the
reader and subsequently, uses the antenna directed to the reader. We propose three ways to realize
this. In the first method sensor detects the antenna with highest level of incident RF CW and uses

that antenna during transmission and reception to maximize sensor EIRP. Using analog-to-digital
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(A/D) converter, the output of simple envelop detector shown in Fig. 3.5, microcontroller compares
signal levels from directional antennas. The capacitor and resistor values of envelop detector are
chosen appropriately to match signal period of 900M Hz wave and minimize power dissipation.
Microcontroller subsequently activates control signal on antenna switch input corresponding to the
antenna with highest signal strength, as shown in Fig. 3.2. Fig. 3.3 shows radiation pattern of two
adjacent directional antennas of a sensor for horizontal and vertical polarization. Radiation pattern
data belongs to Omni-Id Dura 3000 [41] tag antenna. It can be observed that given that the reader
signal is coming in the direction of one of the antennas, it will be largely attenuated on adjacent
directional antennas. Additionally, there exists many multipath components coming from different
directions. Due to high level of clutter in the channel due to ruins we assume that all antennas will
have similar level of mean multipath signal power. However, since one of the antennas receives
the LOS component of the reader signal, the total receive power level at that antenna will be larger
than other antennas. Microcontroller compares the moving average value of power on each antenna
and chooses the antenna with highest moving average receive power for the the communication.
M SP430F 5328 E P has total information memory of 144B. Each sample of the A/D converter
of the microcontroller is 12bits. Therefore, for a dodecahedron (12 faces) shaped sensor, moving
average of 20 samples can be used for antenna selection. Antenna switch is able to connect any one
of the input signals to output using control inputs. As a result, tag antenna input is connected to the

antenna with highest incident RF CW.

Second method consists of equipping sensor with a electronic 3D compass [42]. The reader trans-
mits a static magnetic field such that the strength of this magnetic field surpasses the magnetic field
strength of the earth (= 50u7") at the compass location. This will result in compass aligning with
the magnetic field of the reader. Using this information sensor chooses the antenna directed at the
reader. There are several ways that the reader can generate a magnetic field, such as using a mag-
net or a wire with a current. With 100 parallel wires stacked together the reader can generate the

required magnetic field at 10m distance with 25A electric current.

In the third method, sampling rate of the A/D converter of the microcontroller installed inside sensor
is chosen very high to detect the line-of-sight (LOS) component of the reader signal. Multipath

components are received by all antennas of a sensor with some delay. Given that a sensor has
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high enough sampling rate, it can the LOS component of the reader signal, which is received first.
The antennas of a sensor may receive multipath components of the reader signal at the time when
reader is communicating with another sensor. To guarantee a reliable detection of LOS component,
a sensor may start analysing received signals on the antennas when the reader sends a command
to read a new sensor. Microcontroller the reader command through tag-microcontroller interface.
According to data from [14] the first arrival time of multipath components inn 9000 H z band can
be as low as 2.5ns. This requires a sampling rate of 1G'sps. Current chips with such sampling rate
consume large amount of power. This method can be feasible as power consumption of processors

are reduced. Carbon nanotube based chip designs [43] show promising results.

The model of each component that can be used in the RESCUE sensor is given in Table 3.1. Two ul-
tracapacitors power separate parts of a sensor. Minimum operating voltage for earthquake detector,
camera, microcontroller and antenna switch are given in Table 3.2. Earthquake detector is connected
to VEC5R0755QG ultracapacitor, which can provides 5V (3.3V through a voltage regulator [44])
and has 7.5F capacitance and the other components power up from V EC3R0507Q A, ultracapac-
itor with 3V rated voltage and 500F' capacitance. The total available energy inside ultracapacitor
can be calculated as [45]

1
E = 5 C(Vinitial - Vinin)? (3.1)

where C is capacitance, Vi, the initial voltage of the ultracapacitor and V,,,;, is the minimum

operating voltage of the component being fed.

According to Table 3.2, VEC5R0755QG can feed earthquake detector for 9.5 days without an
external power. Before an earthquake, microcontroller is in the standby mode. Earthquake detec-
tor triggers microcontroller at the time of an earthquake, and as a result, microcontroller switches
to active mode. Microcontroller stays in the active mode until ultracapacitor energy can no longer
provide the required operating voltage. Similarly, taking into account voltage requirements of mi-
crocontroller, camera and antenna switch along with power requirements in Table 3.2, it can be
calculated using (3.1) that the sensor can stay functional for approximately 14 hours. As it can
be seen in the performance evaluation in Chapter 5, this period is sufficient for successful data

collection from sensors.
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Table 3.1: Example models of the RESCUE sensor components.

Component Model
Microcontroller M SP430F5328 — EP [46]
FEarthquake Detector  Model 832 Accelerometer [47]
Camera TCMS8230MD [48]
Passive RFID Tag TegoChip [49]
. VEC5R0755QG,
Ultracapacitors
VEC3R0507QA [50] [51]
AC —to— DC regulator M AX610 [52]
Antenna Switch 6 x ADG787 [53]

Table 3.2: Power requirements of sensor components.

Power Minimum
Component .
Requirement Supply Voltage
Microcontroller  TmW 1.8V
Earthquake Detector  13.2uW 3.3V
Camera 53mW 2.6V
Antenna Switch  0.6uW 1.8V

After reader collects data from sensors, using an automatic human detection algorithm or a manual
operator, it is possible to identify the number of people on each image and therefore under ruins.
Furthermore, the locations of people in the building just before earthquake can be determined, which

can aid rescue workers in finding victim locations.

3.2 RESCUE Data Collection

The main criteria to consider when deciding reader location for data collection is minimization of
power loss between RESCUE reader and sensors. Reader placed to one location to read data from
sensors might have low power loss to some sensors while having very high power loss to the others.
In such case, reader needs to have very high transmission power to read all sensors located under
ruins. To overcome this problem, we propose that the reader is moved around the rubble such that it

can read data from all sensors, and therefore, require lower transmission power.

Adjusting distance of reader from rubble during data collection is critical. Even though placing the
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Figure 3.4: A RESCUE sensor shape.
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Figure 3.5: Simple signal envelope detector.

reader close to the ruins decreases power loss, at the same time, it poses other problems. Firstly,
parts of rubble usually cover some space in front of a building, and therefore, the reader cannot
be easily moved around the area. Secondly, when the reader approaches the building too much,
concrete floors start to dominate the medium between reader and sensors on higher floors. Thus,

power loss, as well as required transmission power increases.

In this study, first we carry out simulation of data collection to determine required reader transmis-
sion power and resulting total duration of data collection from sensors. During simulations, on each
step while reader is moving around rubble, power loss between each sensor and reader is calculated
and stored. Afterwards, among these evaluated values an algorithm notes the minimum power loss
value and corresponding read location for each sensor. Finally, transmission power for a reader is

evaluated using calculated power loss values.

On a real situation, it is not possible to calculate the minimum power loss locations for sensor a
priori. For this reason, while moving around rubble, the reader can periodically attempt to read data

from sensors. Sensors that are activated respond and try to participate in the reading. Sensors have
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to reflect sufficient power so that the reader received signal level is larger than the reader sensitivity
threshold. As soon as the reader receives a response from a sensor, it may stop moving and read

data stored on the sensor.

3.3 UHF RFID EPC-Class 1 Generation 2 Protocol

The RESCUE uses EPCGlobal Class 1 Generation 2 (C1Gen2) protocol [35] to read data from
sensors. C1Gen2 is widely used RFID protocol for long range passive tags operating in UHF band.
Therefore, it is a suitable option to use for reading sensors under ruins. The protocol has two layers,

namely physical and MAC layers.

In the physical layer, downlink communication is achieved by the reader using Amplitude Shift
Keying (ASK) modulation and Pulse Interval Encoding (PIE) to transmit data. By varying the
PIE duration, the reader can control downlink data rate. In the uplink, sensors use backscatter
transmission to communicate with the reader. For this, sensors control how well they reflect incident
RF continuous wave (CW). Depending on the parameters such as the strength of CW, the reader
sensitivity and power loss between a sensor and the reader, read range of a sensor may change
dramatically. There are 4 data encoding schemes for sensors that differ in number of cycles, between
one and eight. Even though data rate falls with higher number of cycles, communication BER

improves as the number of cycles increase.

MAC layer of Gen2 protocol is similar to Framed Aloha protocol [54], where sensors do not hear
each other because they transmit at different time frames. As a result, sensors only respond to
the reader commands. Sensors contain three memory banks namely, RFU, EPC, TID and
UserMemory. To read sensors, the reader first transmits a Select command where it specifies
which memory bank data will be requested during when sending access commands by setting 11th
and 12th bits appropriately, according to the protocol. To read U ser M emory, the reader sets both
bits to 1. Activated sensors respond to the reader command. Next, the reader sends a Query com-
mand specifying which group of sensors shall participate in reading such as sensors with specific
inventoried or SL flags. Query command also specifies a () number to indicate the maximum

number of slots that will be used in the inventory round, which equals to 29. Having received the
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command each sensor randomly chooses a slot number in the range (0,2%). A sensor with slot
number zero replies to the command. After reading the sensor that has replied, the reader sends
QueryRepeat command. After receiving the command, the rest of the sensors that are activated
decrement their slot number and sensor that has slot number zero replies. If a sensor responds, the
reader stays in its place to read it, otherwise, the reader moves to detect and read other sensors under

ruins.

Sensors transition between five steps during reading. Before receiving Query command, all sensors
are in Ready state. After choosing a slot number sensors transition to Arbitrate state and the
sensor with slot number zero transitions to Reply state, backscattering a 16-bit number RN 16 that
the reader uses as a handle to target the sensor. In this state, the sensor waits for an ACK from
the reader and after receiving a valid AC'K, transitions to Acknowledged state. A sensor in the
Acknowledged state transitions to Open or Secured state, depending whether it has an access
password, upon receiving Req_RN command from the reader. After this, the reader is able to send

access commands to the sensor.

The reader accesses each sensor separately on different time frames. Therefore, it is important that
the sensor that is not currently being accessed should not stay in a state where it can interfere with
other sensors. Thus, if the sensor does not receive a command from reader within specified timeout
durations while in Ready or Acknowledged, it returns to Arbitrate state and sets its slot number
to zero. As soon as the reader issues next QueryRepeat command, it decrements its slot number

from 0000y, to 7F' F'F},. The reader has to start a new query round in order to read this sensor.

While in the Open or Secured state, if a sensor receives either Query or QueryRepeat, command
it transitions its inventoried flag from A — B or B — A. Thus, once a sensor is read, it does not
reply to any further command sent by the reader unless the reader issues a new Select command
with reverted inventoried flag. As a result, if the reader receives a wrong R/N16 from a sensor due
to channel bit error and thus unable to send an a valid AC K within timeout duration, it may start a

new query round for only unread sensors.
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3.4 Extended RFIDSim Simulator

RFIDSim [16] is a software that can simulate communication between an RFID reader and passive
tags. Parameters of communication can be configured and the simulator produces log files that show
all message exchanges between two sides, as well as total runtime of reading process. However,
reader element inside RFIDSim lacks some of the features of an actual passive RFID reader. We

extended the simulator to include two more capabilities to reader module.

The first addition made was to be able to read data from tag in more than one round. Once a tag
enters Open or Secured state, reader should be able to send any number of access commands
according to C1Gen2 protocol. The simulator however, only lets a reader send one access command
for each run, and thus in order to read all the data on tag reader needs to request whole memory
chunk at once. It is beneficial for a reader to be able to access data on tag piece by piece by sending
number of Read commands. This is because as B E R of a channel increases, reader needs to request
smaller amount of data from tag in each Read command in order to increase throughput. Secondly,
when tag sends data to reader, it includes a 16-bit checksum at the end of data. Since tag does not
change state after it responds to a Read command, when checksum of a received data from a tag is
incorrect, reader should be able to request the same data piece again. This feature is not included in
RFIDSim. Thus, we have added this feature to guarantee successfully reading all the data stored on

tag’s memory even if intermediate errors happen'.

Without these modification, it is hard to predict total read time of tags in our channel.

'The extended simulator is available for download from http://nwcl.ku.edu.tr/repository/ExtendedRFIDSim.zip.
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Chapter 4

CHANNEL MODEL FOR PASSIVE WIRELESS COMMUNICATION OVER
RUINS

In this chapter, we characterize the channel model that we develop. First, we state power loss
expression and derive channel error probability. Next, we describe the building collapse simulator,
and explain how it is used to calculate power loss between the reader and the sensors. Finally,

required reader transmission power is discussed and equations are given.

4.1 Power Loss

Power loss is mainly due to path loss and shadow fading components. Hence, using a modified form

of simplified path loss model [55], the power loss in the logarithmic scale is expressed as

d
) + 10vlog(+-) + Lsupw 4.1)

PL(dBm) = —20log( p)
0

c
47 fdy

where f is the signal frequency, c is the speed of light, dj is reference distance, d is the distance
between reader and sensor, -y is path loss exponent and Lg g pyy is the power loss due to shadowing.
Since shadowing represents a portion of a signal that does not pass through a certain medium, it can
be represented by the transmission coefficient of a medium that signal is passing through. Given

that there exist n obstacles between reader and sensors, shadow loss can be calculated as
n
Lsupw =y _ —20logT; 4.2)
i=1

where T; is a transmission coefficient of 7’th obstacle in a medium between the reader and the sensor.

Transmission coefficient of a material with permittivity € and conductivity o can be modeled as a
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Table 4.1: Electromagnetic properties of constuction materials.

Medium €, o (S/m)
Rein forced Concrete 6.5 0.07
Brick 4.5 0.03
Wood 3 0.005

—— Reinforced concrete
18l = = =Brick

Attenuation (dB)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Medium thickness (m)

Figure 4.1: Attenuation through mediums as a function of thickness at 866 MHz.

three layer medium (air-material-air) and the transmission coefficient for such a medium is given

by [56]
4
D= 0= Z) 0~ Za)e 0+ (11 Zi) (L + Zag)ed 4.3)

and

=B =123
K (4.4)

Y& = £/ jwpk (o, + jwey,)

where d is depth of the medium, p is magnetic permeability, w is angular velocity and ~ is the

complex propagation constant. Table 4.1 shows electrical properties of concrete, brick and wood.

Using (4.2), (4.3) and (4.4), we evaluate shadowing of construction materials in Table 4.1 for varying
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thickness in Fig. 4.1. Calculated attenuation values are in agreement with the results reported in
other studies [57-59]. As it can be observed, shadowing through wood is much less than that of
concrete and brick. For this reason, we have eliminated wooden materials from our calculations for

this study.

Since the channel between the reader and the sensors contains many obstacles, this creates many
multipath components. However, because sensors are equipped with directional antennas, most of
the multipath components coming from different directions are eliminated. Therefore, there is a
dominant LOS component between the reader and the sensors. Consequently, we assume that the

communication channel exhibits multipath Rician fading [60].

4.2 Channel Error Probability

To the best of our knowledge, there is no closed form expression for BE R in a Rician fading RFID

communication channel. Average BE R for a rician fading channel can be calculated using

= [ RGKO) ¢ 4.5)
0

where Py, (y) is probability of error in an AWGN channel and f, is the distribution density for Rician

distribution. BE'R in an AWGN channel for RFID communication can be obtained from [61]

Py =2Q(y/ M~)[1 — Q(v/ M~)] (4.6)

where Q(z) is the Q-function and M is number of cycles in tag’s data encoding scheme. Rician

fading probability distribution is given as [62]

F() = —=—ep

(K +1) [_K_V(K—kl)
Y

I [2 vK(fer 1)

where 7 is average effective SINVR, K is the ratio between dominant signal component and other

multipath components, and [y(x) is the first kind and zero-order Bessel function.
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We solved the integral in (4.5) by employing Gaussian-Legendre quadrature [63] numerical integra-

tion method. The integral can be expressed as

'y/
P, = / Py() f4 () dvy 4.7)
0

where 77/ is a large number. By rearranging (4.7), using v = a -  + ¢ and taking the range of x as

[-1,1], such thata = ¥ and ¢ = &,

e / / / /
=5 | PlGa+ Db (Lot 5)de

P
2/, 72 2

n
/Z / / / /
i=1

and
2

(1 = a3)(Pn(2:))?

using Gaussian quadrature method, where n is the number of points used for numerical calculation,

(4.9)

w; =

w; is i’th point’s weight coefficient and P, (x) is a Legendre polynomial, which can be expressed

using Rodrigues’ formula [64] as

1 d
—onpldgn

Po(z) [(332 - 1)”} (4.10)
Using (4.8), we evaluate BER in the channel between the RESCUE reader and sensors. BER is

then used to obtain total read time of data inside RESCUE sensors.

4.3 Building Collapse Model

The building collapse model is based on ASI-Gauss [15] technique that is applicable for seismic
collapse analyses of framed structures. The technique can simulate dynamic behaviors of large-
scale framed structures with strong non-linearities and discontinuities. Isobe Lab research group at
University of Tsukuba has developed this technique and has also released seismic collapse analysis

simulator that can be used to construct structures and apply the proposed technique. We have used
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Figure 4.2: Simulated six different collapse scenarios.

Figure 4.3: An apartment in a building. Sensor locations are shown in black dots.
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this simulator for our study. The magnitude of the applied earthquake have been set high in order to

make the structure collapse.

The structure we have built for this study has five storeys, with two apartments on each storey.
Each apartment is made of four rooms. The overall dimensions of the constructed structure model
are (8m)x(16m)x(12m). We have carried out seismic collapse analyses on the structure by varying
parameters and have obtained six different kind of collapses that might occur as a result of a de-
structive earthquake. Fig. 4.2 shows six possible post earthquake scenarios. These collapses are

used for performance evaluation of RESCUE.

Fig. 4.3 shows placement of sensors in an apartment of a building. There is one sensor per room
and they are shown in black dots. The sensors are assumed to stay attached to the same corners of

rooms after building collapse.

4.4 Communication Medium Model

To evaluate the total power loss between reader and sensors, medium assessment between them
needs to be performed. For the channel being considered, in addition to path loss and multipath
fading, there is a signal strength loss resulting from building ruins present along the link between
reader and sensors. This loss is characterized as shadow fading, and plays a significant role in
determining overall power loss present in the channel. Therefore, to correctly carry out received
power calculations, it is imperative to describe the channel in terms of materials present along the

communication link.

Using the building collapse simulator software, we construct a framed structure with the use of
beams. The software can only simulate an earthquake on framed structures. Therefore, the simulated
building does not contain any walls, floors and ceilings. Since durability of a building also depends

also on those parts, we add additional beams to corresponding locations to increase endurance.

We assume that the framed structure does actually have walls and ceilings. Supposed locations
of walls and ceilings are noted using coordinates of surrounding four corner joints in the framed

structure. At the end of a simulation, the software outputs the final coordinates of all the joints of
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the structure. Using this data, final locations of all the supposed walls and ceilings are evaluated and

used to evaluate the media between a sensor under rubble and a reader outside ruins.

To obtain the media in between, we divide direct line separating a reader and a sensor into large
number of discrete points. Each of the points is classified as being inside a concrete slab, brick wall
or in free space. Then, by adding number of points inside each medium type separately, approximate

amounts of concrete, brick and free space in the channel are captured.

Concrete slabs and brick walls inside the rubble are considered as individual cuboids. We propose
a technique to determine whether a point in three dimensional space is inside any of the existing
cuboid volumes, using cuboid coordinates. In Fig. 4.4, a cuboid in shown. ABC'D is a rectangle
that lies on a plane, parallel to and located in the middle of upper and lower surfaces of the cuboid.
Given such a cuboid and a point P(x,y, z) in a three dimensional space as shown in the figure, it
is possible to analytically determine whether the point is inside the cuboid. To achieve this, two
conditions need to be satisfied. First, distance from the point to the plane that ABC'D is located on
should be calculated. If the distance is the lower than h /2, where h is the height of the cuboid, then

the second condition should be checked. For the second condition, # angles need to be evaluated

using
0.4 — acos (AB_’X AP) -1l
|AB x AP|
0p = acos (BCLX BP)-n
|BC x BP)|
(CD x CP) -ii
O0c = acos =
|CD x CP|
0p = acos (D{X DFP) -
|[DA x DP)|

where 7 is the normal vector of the plane that ABC'D lies on. If all four # values are smaller than
7/2 or bigger than 7/2 at the same time, then, the point is inside the cuboid. Otherwise, the point

is located outside the cuboid.
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Figure 4.4: A cuboid and an arbitrary point P in three dimensional space.

4.5 Reader Transmission Power

One of the main aims of this study is to determine appropriate reader transmission power for the
reader. To successfully read data from a passive sensor, two conditions need to be satisfied. Firstly,
sensor received power should be higher than the activation power of sensor RFID tag to turn on.
Secondly, power reflected from a sensor has to be high enough to cross reader sensitivity level. By
combining these two conditions, the required minimum reader transmission power to read data from

a sensor is expressed as

Prxmin(dBm) = max

(PRS +2PL — 2(Gr + Gr)

—20109(p)), (Pac 4 PL—(Ggr+ GT)) (4.11)

where Prg is reader sensitivity, PL is power loss between reader and sensor, Gr and G are
antenna gains of reader and sensor respectively, p and P,. are sensor RFID tag backscatter power

ratio and activation power respectively. Reader received signal SN R can be evaluated as [65]

SNR = Prprec — NF(dB) — 10log(BW) + 174 (4.12)
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where Prprec 18 the reader received signal power, N F' is the noise factor, BW is the total band-
width of the receiver and —174 is the effective noise power available in 1H z bandwidth at 290 K

temperature. Prp,.. can be expressed by

PRDrec = PTXmin —2PL + Q(GR + GT) + 20[09(;)) (413)

In the performance evaluation chapter, in Fig. 5.4, we show the dependence of a reader received
signal SN R on read time of a sensor data. As SN R increases, time spent to access data from a
sensor decreases. However, such correlation does not continue further after approximately 30dB
SNR. Therefore, we evaluate the data collection performance by increasing reader transmission

power, until 30dB SN R is reached.

In our simulations of building collapse, we examine only one five storey building subject to six
different earthquakes. To calculate required transmission power higher storey buildings, we use
shadow fading distributions of five storey collapsed building. We assume that the percentage of
both concrete and brick in the channel are similar in ruins of five storey and higher storey buildings.
The dimensions of the rubble of various storey buildings [66] are used to evaluate total power loss

in the channel.
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Chapter 5

PERFORMANCE EVALUATION

In this chapter, we evaluate the performance of the proposed RESCUE architecture. We aim to
determine total read duration and transmission power for optimal performance. We use two simula-
tors for performance estimation. Extended RFIDSim simulator was used for read time calculations.
MATLAB was used for channel content, power loss and transmission power calculations. We ana-

lyze how channel BER affects the results.

5.1 Power Loss

As mentioned previously, a simulation is carried out to derive channel content to every sensor from
each reader location. Using channel content, total power loss is calculated by (4.1). Finally, mini-

mum of calculated values for each sensor is selected as power loss between reader and sensor.

For calculation of channel content, concrete width, brick wall width and the number discrete points
that link between reader and sensor is divided to are 30cm, 15¢m and 107, respectively. The rest of
the parameters are as following: f = 866M Hz,dy = 0.5m,~ = 4. The frequency was selected
to match the frequency at which experimental study was conducted. dg and ~ values were chosen

considering channel density.

There are 4 sensors in each apartment and 10 apartment in the 5 story building. The distribution of
the lowest power loss values is given in Fig. 5.1. The figure represents power loss values from all 6
collapse scenarios. As a result, in total number 240 power loss values are represented in the graph.
The lowest value for power loss is around 45dB and highest value is close to 90dB. The highest

distribution of values is between 65dB and 85dB.

The reader stays 3m away from the rubble at all times, and its antenna is circularly polarized.
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Figure 5.1: Distribution of minimum power loss values for 6 different collapse scenarios.

Table 5.1: RFIDSim simulation parameters.

Parameter

Value

Reader Tari value
MAC layer delays
Tag backscatter ratio
Reader antenna gain
Tag antenna gain
Operation frequency
Background noise
Noise Factor
Receiver bandwidth
Temperature
Reader sensitivity

Tag sensitivity

25us (~ 32kbps)
None

15%

13dB

10dB

866 M hz
—100dBm
22dB

1.6 MHz
290K (= 16.85°C)
—90dBm
—18dBm
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Figure 5.2: Bit-error-rate for different tag data encoding schemes in RFID Rician fading channel.
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Figure 5.3: Total read time of one images from forty sensors under ruins vs. reader transmission
power.
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Figure 5.4: Dependence of read time on SNR for 8KB data reading.

5.2 Read Time and Transmission Power

Parameters used during simulation are given in Table 5.1. In the experimental part, we use Omni-ID
Dura 3000 tag. Activation power of the tag is —20dBm. Free space read range of this tag is 35
meters with 30d Bm transmit power. Using this information, tag antenna gain can be calculated to
be 12dB. Since power coming from the antennas also passes from the envelope detector of a sensor,
some of the energy is dissipated on the envelope detector resistors. Therefore, we take sensor
antenna gains to be 10dB. Tag activation power level is much higher than noise level. Additionally,
since length of data that reader sends is short, we neglect bit-errors on tag’s side. Reader sensitivity

is taken as —80dBm. There is a commercially available reader with this sensitivity [67].

Channel BER is evaluated using (4.8). To numerically calculate channel error probability, 5 points
were used. 7/ is taken as 10° and Rician fading parameter is taken as K = 10. The resulting BER
values are shown in Fig. 5.2. Each curve corresponds to a different cycle number (M) that represent

4 data encoding schemes.

The total time spent by reader transmitting power to read one image from all 40 tags is evaluated
using RFIDsim simulation and is shown in Fig. 5.3. The figure displays results for all 6 collapse

scenarios. It can be observed that for high transmit power levels read time for all cases does not
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decrease further from approximately 20 seconds. Since reader BE R decreases with increasing
received SV R, the amount of retransmissions decrease as well. This results in similar read times.
This is best illustrated in Fig. 5.4. It should also be noted that total read time is directly proportional
to the amount of data reader requests from sensors. As a result, if reader chooses to read higher
number of images stored in sensor’ memory, read time increases as much. When calculating total
read time, we exclude times at which no sensor responds to reader Query command. Even though
reader transmits power during this period, duration is in the order of milliseconds, which is short in

comparison.

One of the parameters of a Read command is the word size of the data to be requested from a
sensor. It is an important parameter because depending on receiver BE R, read time of a sensor may
dramatically change. Another parameter that affects read time is tag data encoding cycle number.
As shown in Fig. 5.2, each SN R value corresponds to 4 different BE R values. As cycle number
increases from F'MO to Miller — 8, the duration of each bit during backscattering doubles. Longer
duration results in fewer bit-errors. Therefore, there exists a trade-off between deceasing total read
time and minimizing BER. Fig. 5.5 shows read time of one sensor for 4 different M and BER
values. When calculating total read time shown Fig. 5.3, we pick the most optimal word size and
cycle number for every request, depending on reader SN R. Even though M is specified during
Query command, in order to set optimal M, reader can send a second Query command by taking

into account SN R of the first sensor response signal.

For the data shown in Fig. 5.3, time axis represents the total time spent by reader to read all data on
all sensors. With lower power levels, sensors under ruins can be partially read. The total time spent
and transmitted power level to read data from only certain percentage of tags are given in Fig. 5.10.
As reader transmission power increases, the number of sensors that can be read increases as well. In
the figure, the reading of a new sensor results in increase in the read time. As the transmission power
increases further, the total read time starts to decrease until another sensor is read. This is similarly

due to the fact that SV R increases with the transmission power, which decreases total read time.

Fig. 5.3 represents the read time and transmission power for collapsed 5 storey building. To de-

termine the required transmission power for various storey buildings, we use simulation data from
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Figure 5.5: Read time for different word sizes and tag data encoding schemes.

simulated 5 storey building collapse. One of the main components of power loss in the channel is
shadowing. Fig. 5.6 and Fig. 5.7 show the fraction of concrete and brick in the channel for the sim-
ulated 5 storey building collapses. We use concrete and brick fraction corresponding to 0.9C' D F to
evaluate maximum transmission power that is needed to read all the sensors under ruins. Fig. 5.8
illustrates calculated transmission power levels and read times to access one image from one sensor

for building sizes ranging from 2 to 20 storeys.

Fig. 5.9 shows average data rate in tag-reader communication with increasing SN R. Data rate

starts to saturate around 135kbps at 30dB SN R, similarly due to decrease in BER.

Even though reader transmission power levels as shown in Fig. 5.8 are much higher (10W — 1MW)
than allowed 2WW EIRP in Europe and 4 EIRP in US by regulations in UHF band, proposed reader

is to be used only for emergency disaster recovery operations for a short period of time.
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Figure 5.9: Average data rate during backscattering for different SN R values.
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Figure 5.10: Total read time of partial reading of tags under ruins for all six cases.
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Chapter 6

EXPERIMENTAL RESULTS

In this chapter, we present the details of the experimental study. First, we describe all hardware
and software tools that have been used to realize the experiment. Then, we specify the details of

experimental setup, and how the experiment have been carried out. Finally, we give results obtained.

The are two main goals in the experimental study. The first goal is to read data on passive RFID tag,
when the reader and tag are separated by a medium consisting of brick and concrete materials. The
second goal, is to measure the receive signal power strength at the location of the tag, where it is
being successfully read by the reader. By using received power magnitude, we calculate the power
loss between reader and tag. We compare the obtained values the theoretical results obtained by the

channel power loss model given Chapter I'V.

6.1 Experimental Setup

Impinj R420 [68] RFID Reader was used for the experimental study. Although the reader allows
connecting four different antennas at the same time to provide wider reception angle, we used
one antenna throughout the experiment. The antenna that was employed in the experiment is M'T-
243017/NRH [69]. The antenna is circularly polarized and has gain of 11dBic, which is approxi-
mately equivalent to 9dBi. Passive RFID Tag used in the experiment is Omni-ID Dura 3000 [41].
The tag has 35m read range with 30dBm transmit power in free space. The user memory of the
tag is 512 bits. To operate the reader, Impinj MultiReader Software was used. By connecting the
Impinj RFID Reader, the software can be used to send any C1Gen2 propocol command to tags. For
spectrum analysis, we use Universal Software Radio Peripheral (USRP) [70] and GnuRadio [71]

software. USRP is a software-defined radio that connects to a computer and serves as a wireless



Chapter 6: Experimental Results 38

Laptop = WiFi Router

USRP N WirFi
A T
AT <> >
I P

v SvClGen2 == (—:? {:;’/

Tag Antenna RFID Reader

Figure 6.1: Experimental equipment diagram.

communication front-end. Gnuradio is a software toolkit to be usually used with an RF front-end
hardware such as USRP. We used a software built on Gnuradio to display power magnitude of the

signal present on USRP antenna.

The equipment diagram is shown in Fig. 6.1. The USRP is connected to a computer as mentioned
earlier. The computer is connected through WiFi to the Router, that is also linked up with the RFID

Reader. This provides an easy way to wirelessly control the reader from a computer.

6.2 Experimental Results

We carry out experiments and take measurements for three different media between tag and reader.
In the first two cases, we take measurements and read the tag through brick wall and concrete slab
mediums between the reader and the tag, respectively. The transmission power of the reader is set

to 30d Bm and hence with the effect of antenna gain, total EIPR is 39dBm.

In the first case, the medium is a 50cm wide brick wall. Reader antenna an USRP are placed on
opposite sides of the wall to measure signal attenuation. Spectrum measurement obtained through
USRP is given in Fig. 6.2(a). Received power, as it can be seen from the graph, is roughly 15dBm,
which corresponds to 24dB power loss. This value is compared to theoretical calculation using

(4.1), which equals to 20.3dB.
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In the second case, measurements were taken for reinforced concrete medium. As a medium we
use reinforced concrete floor separating two storeys of a Ko¢ University building. The width of
the reinforced concrete is 40cm. Reader and antenna were placed on upper floor, with antenna
facing down while tag and USRP were on the lower floor, with tag facing up. The measurement of
received power is shown in Fig. 6.2(b). With 1m separation between antenna and USRP, receive
power is —10dBm. Thus, measured power loss between antenna and tag is —49dB. Using power

loss expression (4.1), the theoretical value of total power loss is —46dBm.

The third case was realized with a real rubble in an environment with ruins. Images of setup are
given in Fig. 6.4. Fig. 6.4(a) shows the placement of antenna and tag with respect to rubble.
Antenna is placed on top of the rubble as shown in Fig. 6.4(b) and tag, along with laptop and USRP,
is put under the rubble as shown in Fig. 6.4(c). Fig. 6.4(d) shows other hardware.

Closer image of the medium between antenna and tag is given in Fig. 6.5. As it can be seen, the
medium is made of both reinforced concrete and brick. Approximate width of concrete section
is 40cm and width of brick section is 10cm. During measurements, we fix the tag higher from the
ground. The total distance between antenna and tag is around 1.2m at the time of measurements and
reading. Fig. 6.3 shows receive power graph at the point of tag location. Measured power level by
USRP is —15dBm, and therefore, power loss through the rubble can be characterized as —54dBm.
The equivalent theoretical value for power loss is —53dBm, which is very close to experimentally

measured power loss.

Slight discrepancies between the values in all cases are expected. Several parameters such as type
of brick, type of concrete, gap between reinforced bars. Furthermore, it should also be noted that in
the third case of the experiment, tag was only readable when directional antennas of tag and reader

were face to face. This confirms that the fading on the channel is Rician.
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Figure 6.5: Medium between antenna and passive RFID tag.
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Chapter 7

CONCLUSION AND FUTURE RESEARCH DIRECTIONS

In this study, we evaluate the performance of passive communication through channel with collapsed
building ruins. We propose RESCUE system that consists of a special RFID reader and sensors.
Sensors store pictures of building interior taken at the time of an earthquake using sensor camera.
After an earthquake, reader collects image data from sensors to estimate total number of victims
left under ruins. Power loss equation is developed that takes into account multipath fading and
shadowing effects. Moreover, we use an earthquake simulator to obtain different building ruins and
these ruins are used in the theoretic study evaluate the performance of RESCUE. Total read time
of all the sensors and corresponding transmission power values are calculated for various storey
buildings. Finally, we present results of an experimental study. We successfully read a passive
RFID tag in three different cases of medium type. We plot measured receive power levels and
calculate the experimental power loss for all three cases. We plan to formulate more detailed channel
model that takes into account additional effects such as diffraction, reflection and scattering. Future
work for this study also include building the RESCUE system and testing it in collapsed building
environments. We will carry out more rigorous experimental study where we will measure total

operation time and required maximum transmission power.
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