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Communication and sensing inside metal confined environments
are very important for some military and civilian applications, but ef-
fective communication and sensing inside these environments has always
been a problem. In this research, communication and sensing inside metal
confined environments has been investigated.

In this work, first the different channel characteristics inside a
metal cavity were examined and compared with channel characteristics
in other environments like office and hallway. Then Capacity was eval-
uated for both SISO (Single Input Single Output) and MIMO (Multiple
Input Multiple Output) antenna configurations inside the metal cavity for
different spectrum shaping techniques. Sensing inside metal cavity was
also investigated.

From experimental results, it was observed that UWB channel
in rectangular metal cavity has many characteristics such as long delay
spread, a large number of rich multipaths, more channel energy, better
spatial focusing and good channel reciprocity as compared to office and
hallway environments. Capacity is also higher in metal cavity as com-
pared to other environments. Among the spectrum shaping techniques,
waterfilling gives the maximum capacity. Sensing of objects inside metal
cavity was also investigated. The time delay of target response is longer
in metal cavity as compared to office environment, it can be attributed to
the complex environment of metal cavity.
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CHAPTER 1

INTRODUCTION

1.1 Motivation and Scope of Research

Twentieth century has seen remarkable developments in the field of telecom-
munications. Wireless communication is indeed a very promising area in the field of
telecommunication that came into picture in the last century. Wireless replaces the
wired communication, making the communication more easier and efficient. There
has been many advancements in the field of wireless communication in the last two
decades. One of the most important and promising advancements in the field of wire-
less communication is Ultra-Wide Band(UWB). Federal Communication Commission
(FCC) authorized the unlicensed use of 7.5 GHz bandwidth of spectrum from 3.1 GHz
to 10.6 GHz in the year 2002 for UWB communication. This led to opening of a new
chapter in the wireless communication research. UWB communication has attracted
the attention of many researchers worldwide since its inception. UWB is mainly used
for indoor communication since it allows transmission of low power signals.

Communication inside metal confined environments like intra-ship, intra-vehicle,
intra-engine, manufacturing plants, assembly lines, nuclear plants, etc., is very criti-

cal but achieving effective communication in these kinds of environments has always



been a problem. Due to resonance caused by the metal walls, narrow band wireless
technologies have proved ineffective in these environments [I]. But UWB wireless
technology can resolve the resonance into many time-resolvable pulses which corre-
spond to extremely rich multipath. By using RAKE receiver or multicarrier technolo-
gies, the energy of these pulses cannot be collected effectively. But it can be done by
employing a time reversal channel-matching technique [I]. Due to large bandwidth of
UWB, higher data rate can be achieved in these kind of short range communications.
Sensing of objects and person inside metal confined environment especially in intra-
ship environment which is required for Naval forces was also considered big problem
in these environments. But UWB can be effectively used in these environments for
sensing and detection of objects and persons.

The objective of this thesis is to investigate the channel characteristics of metal
confined environment. Channel capacity for different spectrum shaping techniques
is also investigated. Sensing inside metal confined environments is also examined in

detail.

1.2 Literature Survey

There has been tremendous increase in the research activities related to UWB
since 2002. Many researchers have investigated the UWDB channel characteristics in

indoor environments like office, hallway [2] 3, 4] and industrial environment [5]. But



not much work has been done on investigating a channel inside the metal confined
environment. Felsen [6] was the first to study the physical mechanisms of short pulse
propagation in a confined metal environment from a transient radar cross section.
UWRB capacity has also been studied for indoor environments [7] but UWB capacity
in metal confined environments has never been studied .

In [8], sensing experiment is performed for 4-6 GHz band in free space. Al-
though the measurement band falls in the frequency range of UWB, a more clear
resolution can be obtained in time domain by using the full bandwidth of UWB

spectrum.

1.3 Research Approach

A rectangular metal cavity was constructed in the lab to emulate the metal con-
fined environments. First the channel characteristics inside the rectangular metal cav-
ity were examined. The measurement was done in frequency domain and the MAT-
LAB software was used to process the measured data. Capacity was also evaluated
for Single Input Single Output(SISO) and Multiple Input Multiple Output(MIMO)
antenna configurations inside the metal cavity. For capacity evaluation in MIMO
case, virtual array technique was used for measurement. Capacity was evaluated
for different spectrum shaping techniques. Four spectrum shaping techniques were

considered here i.e Waterfilling, time reversal, channel inverse, and constant power



spectral density(PSD). Similar set of measurement was also performed in office and
hallway environments to compare with the rectangular metal cavity results. For ex-
amining the sensing inside metal cavity, holes of different diameters were made in
metal cavity to sense the target inside it. The experiment was done in frequency
domain and the time domain response was obtained using the Inverse Fast Fourier

Transform (IFFT) technique.

1.4 Organization of the Thesis

Chapter 2 presents the fundamentals concepts of UWB communication. UWB
pulse shapes, different modulation, and demodulation schemes and applications of
UWRB are discussed.

Chapter 3 investigates the different characteristics of UWB channel in metal
confined environments. Channel characteristics in metal cavity was also compared
with those in office and hallway environments.

Chapter 4 focuses on capacity evaluation in metal confined environments. Ca-
pacity calculation is presented for both SISO and MIMO case employing different
spectrum shaping techniques.

Chapter 5 analyzes the sensing inside metal confined environments. Results

of metal cavity were compared with office environment results.



Chapter 6 presents the conclusions and contributions of the thesis and also

recommend future work in this direction.



CHAPTER 2

FUNDAMENTALS OF UWB

Ultra wideband (UWB) communication system has emerged as one of the most
promising technology in the field of wireless communication recently. The term Ultra
wideband was first coined by the U.S. Department of Defense in 1989. This is due to
the fact that UWB communication system instantaneous bandwidth is many times
greater than minimum required bandwidth to deliver particular information. This

large bandwidth is the defining characteristic of UWB communication system.

2.1 History of UWB

Ultra wideband is not a new innovation, its roots lies in the very first wireless
transmission via the Marconi Spark Gap Emitter. The transmitted signal is created
by the random conductance of a spark [9]. The signal transmitted was a UWB signal
because its instantaneous bandwidth is much greater than its information rate. The
research on UWB started in the early 1960s. This research was led by Harmuth at
Catholic University of America, Ross and Robins at Sperry Rand Corporation, and
van Etten at the United States Air Force(USAF) Rome Air Development Center.
With the development of sampling oscilloscope in 1960s, the research on UWB took

a step further. The sampling oscilloscope provided a method to display and integrate



UWB signals. It also provided simple circuits necessary for subnanosecond, baseband
pulse generation. In early 1970, research was carried out on using UWB for radar
communications. In 1974, the first ground-penetrating radar based on UWB was
launched. UWB was used for only radar applications until the early 1990s. But a
paper written by Robert Scholtz in 1993 presented a multiple access technique for
UWB communication systems. This proved to be a turning point in UWB commu-
nications because with a multiple access technique UWB can be used for wireless
communication also. This was followed by extensive research on UWB propagation
in the late 1990s and early 2000s. The Federal Communications Commission(FCC)
did an extensive investigation on the effects of UWB emissions on existing narrow-
band systems. Finally in 2002, FCC granted an unlicensed spectrum from 3.1 GHz to
10.6 GHz, at a limited transmit power of -41.3 dBm/MHz for use in high-speed UWB
data services. In 2003, the first FCC certified commercial system was installed, and
in April 2003 the first FCC-compliant commercial UWB chipsets were announced by

Time Domain Corporation [10].

2.2 Definition and Concept of UWB

According to FCC UWB is defined as a signal with either a fractional band-

width of 20% of the center frequency or 500 MHz (when the center frequency is above



Figure 2.1: Fractional bandwidths of UWB and narrowband communications systems.

6 GHz).The fractional bandwidth can be calculated by using the formula

~2(fu — fr)
Br="r+ 1) 1)

where

fu represents the upper frequency of the -10 dB emission limit and

fr represents the lower frequency limit of the -10 dB emission limit.

Figure [2.1] compares fractional bandwidths of UWB and narrowband commu-
nications systems.

A very wide bandwidth of UWB results in better multipath mitigation, in-
terference mitigation by using spread spectrum techniques, improved imaging and
ranging accuracy and higher data rate. A lower center frequency for a given band-
width allows better materials penetration. UWB systems use very short duration
pulses to transmit data over a large bandwidth. The FCC put some emission limits
for UWB communication systems so that the existing systems can work effectively
without any interference from UWB systems. Figure and Figure [2.3| show the
UWB emission limits for indoor and outdoor communications systems. The power
spectral density of UWB Signal is quite small due to the large bandwidth. UWB
system has no carrier. Carrierlessness and very wide bandwidth are the two major

characteristics of UWB.



Figure 2.2: UWB emission limits for indoor communication systems.

Figure 2.3: UWB emission limits for outdoor communication systems.

2.2.1 Features of UWB

The features of UWB are listed below [10]:

1. UWB RF energy is spread over a broad spectrum (7.5 GHz).

2. Energy is spread over a broad range and at such low power as to appear as

harmless noise to other devices.

3. Lower power consumption makes it an attractive solution across a wide spec-
trum of products, including handhelds, consumer electronics, computers, and

peripherals.

4. Short duration pulses help to resolve the various paths of propagation and hence

provide robust performance in dense multipath environments.

5. Its throughput is many times that of any narrowband solution; 500 Mbps and

greater data rates are possible.

6. It can coexists with Wi-Fi and Bluetooth solutions.
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2.3 Types of UWB Signals

UWB communication system utilizes a data transmission scheme that is very
different from the traditional narrowband data transmission scheme. In UWB com-
munication systems, a series of very narrow pulses typically with the pulse widths
about 0.5 nanoseconds are transmitted, whereas in narrowband communication sys-
tem, a continuous carrier wave modulated with information is transmitted. Figure
2.4 compares the wavelength and the spectra of a traditional wireless communica-

tions narrowband system and a UWB impulse radio system. Gaussian pulses can be

Figure 2.4: Comparison between Narrowband system and a UWB impulse radio
system .

used to model UWB Signals. Gaussian pulses are easy to generate and it lowers the
complexity in signal transmission. For producing a wide bandwidth signal, a pulse
with narrow pulse width is used. Gaussian pulse is described as [11]

2

py(t) = Ae™?) (2.2)

where
t is the time variable and
7 is the parameter that determines the pulse width.
The normalized first and second derivatives of the Gaussian pulse [12] can also

be used to model UWB signals and they are described in Equations [2.3] and
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t

Tty
Py (t) = A e ) (2.3)

Pgo(t) = # (1 - (§)2> e 05" (2.4)

Figure shows the Gaussian pulse along with its first and second order

derivatives in time domain and also their spectra in frequency domain.

Figure 2.5: UWB Pulses and their Spectra

2.4 UWB Modulation Techniques

In a UWB communication system, the pulse itself contains no data. Therefore
long sequences of pulses defined by the pulse repetition frequency (PRF) with data
modulation are used for data transmission or communication. In UWB communica-

tions, modulation techniques can be categorized as[13]
1. Time-based techniques
2. Space-based techniques

Figure [2.6] shows the different modulation methods for UWB communication.

Figure 2.6: Different modulation methods for UWB communications
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Figure 2.7: Pulse position modulation(PPM) technique

2.4.1 Pulse Position Modulation

Pulse Position Modulation(PPM) is the most widely used modulation tech-
nique in UWB communications. The most important parameter in PPM is the delay
of the pulse because each pulse is delayed or sent in advance of a regular time scale.
This leads to the establishment of a binary communication system with a forward or

backward shift in time. So the signal can be represented as

si=p(t—m) (2.5)

where
p(t) is waveform at unmodulated nominal position and
7; is time shift for i-th modulation state.

Figure [2.7] shows the Pulse position modulation technique.

2.4.2 Bi-Phase Modulation

In Bi-Phase Modulation(BPM), modulation is achieved by inverting the pulse
polarity i.e to create a pulse with opposite phase. So the signal in BPM can be
represented as

si=oip(t), oi =1,-1 (2.6)

where
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p(t) is waveform at unmodulated nominal position

0; is the the pulse shaping parameter.

So BPM cannot define more than two states. The benefit of using BPM is
that the mean of sigma is zero thereby removing the spectral peaks without any
pseudorandom modulation. Figure [2.8[ shows the Bi-phase modulation technique.

Figure 2.8: Bi-phase modulation(BPM) technique

2.4.3 Pulse amplitude modulation

In Pulse amplitude modulation(PAM) technique, the amplitude of the pulses

is varied to contain digital information. So the signal in PAM can be represented as

S; = O'zp(t), g; >0 (27)

where

p(t) is waveform at unmodulated nominal position;

0; is the the pulse shaping parameter, and

o; defines the quantity of modulation states.

PAM signals are less immune to noise. So it is not preferred modulation
method for most short-range communication. Figure [2.9] shows the Pulse amplitude

modulation technique.
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Figure 2.9: Pulse amplitude modulation(PAM) technique

2.4.4 On Off Keying

In On Off Keying(OOK), the absence or presence of a pulse signifies the digital

information of “0” or “1”, respectively. OOK can be represented as

S; = O'lp(t), g; = O, 1 (28)

where

p(t) is waveform at unmodulated nominal position

o; is the the pulse shaping parameter.

A pair of o parameters defines OOK as a binary modulation method. In OOK,
the presence of echoes of the original or other pulses makes it difficult to determine

the absence of a pulse. Figure shows the On Off Keying modulation technique.

Figure 2.10: On Off Keying(OOK) modulation technique

2.5 UWB Demodulation Techniques

In the process of demodulation, the original information data modulated on
the monocycle train from the distorted waveforms is extracted. A good receiver is
one which extracts all the original information with the highest level of accuracy. A

receiver generally consists of a detection and decision device. The most commonly
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used detection devices in UWB are Correlation Detection Receiver and Rake Receiver.

These are discussed in details in the following sections.

2.5.1 Correlation Detection Receiver

Correlation Detection Receiver(CDR) [10] is widely used for detection in the
field of UWB communications. It is usually known as a correlator. Figure shows
the block diagram of a correlation detection receiver.

Figure 2.11: Block diagram of a correlation detection receiver

The received RF signal is first multiplied by a template waveform. The result
of this multiplication is then fed to an integrator which produces a reduced amplitude,
stretched signal output. This multiply-and-integrate process occurs over the duration
of the pulse and is performed in less than a nanosecond. Then this output of the
integrator is fed to a decision block, which makes the decision based on the voltage
level of input signal. For example in the case of PPM modulation, the correlator
will act as optimal early/late detector. So when the received pulse is one-quarter of
a pulse early the output of the correlator is 41, when it is one-quarter of a pulse
late the output is -1, and when the received pulse arrives centered in the correlation

window the output is zero.
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2.5.2 RAKE Receiver

In UWB communications, reflections and other effects of the channel cause
multiple copies of the transmitted pulse to appear at the receiver. These multiple
copies are commonly referred to as multipaths. Rake receiver [13] is used to combine
the signal components that have propagated through the channel by different paths.
This will lead to improvement in signal-to-noise ratio(SNR) of the system. But when
Rake receiver is used the receiver complexity increases because additional circuitry

will be required to track multiple pulses and to demodulate them.

2.6 Applications of UWB

The various properties of UWB technology like wide bandwidth, short pulse
duration, persistence of multipath reflections, and carrierless transmission makes it
highly suitable for a large number of applications. Some of the applications of UWB

are listed below.

2.6.1 High-rate WPANs

Due to large bandwidth, UWB technology is best for Wireless Personal Area
Networks(WPANs). The transmission distance is only tens of meters or less in
WPANSs, and so UWB can provide very high-rate data communication. Some of

the examples of WPAN applications are the following:
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e High speed connections by wireless universal serial bus(WUSB) among com-
puters and peripherals like printers, scanners, etc,. in the home or office envi-

ronment.

e Home entertainment systems with wireless connections between various com-

ponents.

e Replacement of cables by wireless connections between various multimedia de-

vices, such as camcorders, digital cameras, portable MP3 players, etc.

2.6.2 Stealthy Communications

In UWB, the data signal can be spread by using a fast-running pseudoran-
dom(PN) code. Transmission power can be lowered by processing gain which is
achieved by correlating the PN code with a local reference at the receiver and received
Signal to Noise ratio(SNR) will still be the same. Due to such a wide distribution
of signal energy in bandwidth, UWB signal will be hard to be intercepted and the
response of most intercept receivers to UWB pulses is therefore very weak. This will

lead to stealthy communications at lower transmission power.
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2.6.3 Through Wall Detection

UWRB provides a high resolution due to its wide bandwidth. This can be used
for through wall detection of the motion of a person or a object. This is a very

important military application.

2.6.4 Sensor Networks

Nowadays sensor networks are used in many areas like automobiles, home
surveillance, etc. For many years, wires were used in sensor networks but wires
increased cost of installing and maintaining sensor networks. Recently, UWB tech-
nology becomes an attractive alternative for sensor networks as it reduces the cost of

installation and also the complexity in maintaining the sensor networks.

2.6.5 Position Location and Tracking

Global Positioning Satellite systems(GPS) can estimate any location on a globe
with accuracy, which has previously been impossible. GPS is good for outdoor en-
vironments but it proved inefficient in indoor environments. UWB is an excellent
solution for indoor environments. UWB localizers can be strategically placed in a
network of wireless signposts along a trail to mark the route. They can be used to
find people in a variety of situations, including fire fighters in a burning building or

children lost in the mall or amusement park.
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2.7 Summary

This chapter presents the fundamentals of UWB communications. UWB pulse
shapes were discussed. Different kinds of modulation and demodulation schemes for
UWRB and regulatory issues regarding the use of UWB for communication were also

discussed. Finally, some applications of UWB were presented.



CHAPTER 3
UWB CHANNEL SOUNDING IN METAL CONFINED

ENVIRONMENTS

3.1 UWRB Channel Sounding

Channel sounding is the experimental way of measuring the various character-
istics of a wireless channel. In UWB, channel sounding can be done in two domains
i.e time domain and frequency domain. Both the techniques are discussed in detail

in the next section.

3.1.1 Time Domain Channel Sounding

In time domain channel sounding, a narrow pulse is sent through the propa-
gation channel and the Channel Impulse Response (CIR) is recorded using a Digital
Sampling Oscilloscope (DSO). A special waveform like sine, square, or ramp can be
used to modulate the narrow pulse [3]. This helps in analyzing the effects of different
paths on the received signal. The bandwidth of the received signal depends on the
shape and width of the transmitted pulse. The time domain channel sounding setup
consists of a pulse generator, a transmitter antenna and receiver antenna, a triggering

signal generator, Low Noise Amplifier (LNA) and a DSO. The setup for time domain

20
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Figure 3.1: Time domain channel sounding setup block diagram.

channel sounding is shown in Figure |3.1

The whole setup consists of two sections i.e, transmit and receive parts. The
signal generator and pulse generator constitute the transmitter part and DSO along
with LNA constitutes the receiver part. The signal generator is used to trigger the
pulse generator and pulse generator generates the pulse that is transmitted through
the channel. On the receiver side the signal is passed through LNA and amplified.
The final results are displayed on the DSO. A triggering signal from signal generator
is used to synchronize the DSO to record the measurements. By using averaging the
signal to noise ratio (SNR) is improved. The main advantages of time domain channel
sounding are less complexity, lower cost and channel responses is readily available in

time domain.

3.1.2 Frequency Domain Channel Sounding

Frequency domain channel sounding is done using a Vector Network Ana-
lyzer(VNA). In VNA, the transmitter and receiver are co-located. So RF signal is
generated as well as received by VNA. Channel Sounding is carried out by sweeping
a set of narrowband sinusoid signals through a wide frequency band. The VNA is

operated in transfer function mode where one of its ports serves as the transmitting
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port and the other as the receiving port. S-parameters are used to express the com-
plex frequency channel transfer function. Two-port VNA can measure four individual
S-parameters such as S, S12, So1, and Ss. The setup for frequency domain channel

sounding is shown in Fig. [3.2

Figure 3.2: Frequency domain channel sounding setup block diagram.
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In S5 and Sio parameters, one port acts as transmitter and other serves as
receiver. But in S7; and S, parameters a single port acts as both transmitter and
receiver. S1; and Spp parameters are used for detection and sensing experiment mea-
surements. When Sy; parameter is used to measure channel transfer function, VNA
sends a frequency tone f through the channel and channel transfer function is rep-
resented as So1(f) corresponding to frequency tone f. By sweeping the input signal
over a frequency range from fy to f1, channel transfer function in that particular band
can be obtained. If N is the number of frequency points per sweep with frequency

step k MHz,their relationship with bandwidth B MHz can be represented as

where B is

The maximum detectable delay 7,4, of the channel can be calculated as

Tmax = (33)

In frequency domain channel sounding, cables and connectors can be calibrated
before measurement to compensate for various errors and frequency dependent losses
that can occur during the measurement process. The three different kinds of mea-

surement errors[15] are the following
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1. Systematic errors: This type of errors are caused by imperfections in the test
equipment and test setup and are related to signal leakage, signal reflections,

and frequency response. Calibration can removes these errors.

2. Random errors: These errors are present mainly due to instrument noise. So
they can be removed by increasing the source power or by narrowing the IF

bandwidth.

3. Drift errors: These errors occur mainly due to change in temperature of mea-
surement environment. Some advanced level calibration is required to remove

these errors.

Frequency domain channel sounding provides larger dynamic range which im-
proves the measurement precision. But frequency domain channel sounding have
some limitations also. First, VNA is susceptible to measurement errors due to in-
band interferents because discrete frequencies using narrowband tones are measured
for the channel. Second, measurement in frequency domain requires static environ-
ment through out the measurement, so it is not good for measurement of nonstation-
ary channels. But time domain channel sounding can support nonstationary channel
measurements. Channel Impulse Response(CIR), which yields the required informa-
tion to characterize the UWDB channel is obtained by taking the Inverse Fast Fourier

Transform (IFFT) of the received signal.
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3.2 Channel Characteristics

Channel characteristics describes a communication channel. The various chan-

nel characteristics are described below.

3.2.1 Channel Transfer Function

Channel transfer function H(f) is measured directly by using VNA. It rep-
resents the channel gain over a particular bandwidth of interest. S-parameters are

measured and recorded as the channel transfer function which are represented as Si1,
S12, S21, and Say.
3.2.2 Channel Impulse Response

Channel Impulse Response(CIR) h(t) can be obtained from channel transfer
function H(f) by IFFT process. CIR characterize the channel behavior for a partic-

ular input impulse.

3.2.3 Channel Energy

Channel energy can be defined as the peak of autocorrelation of channel im-

pulse response. The energy of the channel can be calculated as

B, = / " 2wt (3.4)
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where
T}, is the time duration of the channel

h(t) is channel impulse response.

3.2.4 Channel Reciprocity

Channel State Information(CSI) is very important in a wireless communication
system. When CSI is available at the transmitter, precoding can be done easily. To
achieve CSI at transmitter a continuous feedback of channel is required from the
receiver and this leads to more complexity at receiver side. But if the channel exhibits
reciprocity i.e the channel impulse response from transmitter to receiver and from
receiver to transmitter are the same, then there is no need of continuous feedback of
channel from the receiver to transmitter. So channel reciprocity eliminates the need
of continuous feedback of channel to the transmitter to acquire CSI and thus reduces

the receiver complexity.

3.2.5 Spatial Focusing

Spatial Focusing is a property in which most of the channel energy is focused
on the intended receiver rather than the unintended receivers. As a result, signals at
all receivers other than the intended receiver will be of much degraded signal quality.

To achieve spatial focusing, time reversal technique is used. In time reversal, a time-
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reversed complex conjugate of the channel impulse response is used as the prefilter
in the transmitter side due to which energy can be focused in space and time domain
on the intended receiver.

Let the intended receiver be represented as ry and unintended receiver as r;.
The spatial focusing can be characterized by the metric D(rg,r;) called directivity,

which is defined as

D ; 3.5
(7"0, r ) mal’|Rh0h(T0, t)|2 ( )
where
Ryon (10, 1) is autocorrelation for intended receiver ry and is given as
Rh0h<T07 t) - h(T07 _t) * h(TOa t) (36)

and Ry, (r;, t) is crosscorrelation between the unintended receiver r; and the

intended receiver and is given as

Rhih(m,t) = h(’f’o, —t> * h(’f’,,t) (37)

h(rg,t) represents the channel impulse response between transmitter and in-
tended receiver and and h(r;,t) represents the channel impulse response between
transmitter and unintended receiver. The value of directivity D(rq,r;) determines

how well the spatial focusing is achieved.
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Figure 3.3: Rectangular metal cavity used for channel sounding.

3.3 Measurement inside Rectangular Metal Cavity

This section describes the measurement done inside the rectangular metal
cavity. The setup of measurement is described first and then measurement results

are presented.

3.3.1 Measurement Setup

Frequency domain channel sounding is performed inside a rectangular metal
cavity by using VNA Agilent N5230A(300kHz-13.5GHz). The size of the aluminum
rectangular metal cavity was 4.87 m by 2.43 m by 2.43 m. The rectangular metal
cavity is shown in Figure [3.3] The setup for channel sounding in rectangular metal
cavity is shown in Figure [3.4

Figure 3.4: Setup for channel sounding in rectangular metal cavity.

This setup is used for analyzing channel transfer function, channel impulse
response, and channel energy inside the rectangular metal cavity. The measurement
is performed for Single Input Single Output(SISO) case for Line of sight(LOS) situa-
tion. The transmitter antenna is fixed, and the receiver antenna is moved along the

middle line of rectangular metal cavity. The distance between transmitter antenna
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and receiver antenna was varied from 0.5m to 4m in steps of 0.5m. Table [3.1]lists the

main parameters for the measurement

Table 3.1: Measurement Parameters setup

Parameter value
Frequency Band 3GHz-10GHz
Bandwidth 7GHz
Number of Points 7001
Transmission Power 10dBm
Frequency Step 1MHz
Antenna Polarization vertical
Averaging Number 128

Antenna Height 1.35 m
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Figure 3.5: Setup for analyzing channel reciprocity.

Figure 3.6: Setup for analyzing spatial focusing.

For analyzing the channel reciprocity, an aluminum sheet was placed in the
middle of rectangular metal cavity that divides the cavity into two compartments
with size of 8 feet by 8 feet by 8 feet. The transmitter antenna is placed in one
compartment and receiver antenna in the other. The distance between transmitter
antenna and receiver antenna is fixed at 4m. S5 serves as channel transfer function
for the forward link and S;; serves as channel transfer function for the reverse link.
The parameters used for measurement are the same as listed in Table [3.1] Figure|3.5
shows the setup for measurement used for analyzing the channel reciprocity.

For analyzing Spatial focusing, the distance between transmitter antenna and
receiver antenna is fixed at 4 m and the receiver antenna is moved in horizontal line
that is perpendicular with the middle line of rectangular metal cavity. There are
18 points for receiver antenna and the gap between each point is 3 cm. First point
ro corresponds to intended receiver and all other points correspond to unintended
receivers and are denoted as r; where ¢ = 1,2,.......... 17. The parameters used are the
same as listed in Table |3.1} Figure shows the setup for measurement used for
analyzing spatial focusing.

Measurement was also performed in office and hallway environment using the
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set of parameters as described in Table [3.1] to compare the channel characteristics in

these environments with those in rectangular metal cavity environment.

3.4 Measurement Results

3.4.1 Channel Transfer Function

The channel transfer function at distance 1m, 2m, 3m, and 4m between trans-

mitter antenna and receiver antenna inside the rectangular metal cavity is shown in
Figure 3.7

Figure 3.7: Channel transfer function at distance 1m, 2m, 3m, and 4m between
transmitter antenna and receiver antenna in rectangular metal cavity.
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The channel transfer function at distance 1m, 2m, 3m, and 4m between trans-
mitter antenna and receiver antenna in office and hallway environment is shown in

Figure |3.8 and Figure |3.9, respectively.

Figure 3.8: Channel transfer function at distance 1m, 2m, 3m, and 4m between
transmitter antenna and receiver antenna in office environment.

Figure 3.9: Channel transfer function at distance 1m, 2m, 3m, and 4m between
transmitter antenna and receiver antenna in hallway environment.
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It was observed that the channel transfer function remain stable with vary-
ing distance in rectangular metal cavity. But in office and hallway environments,
the channel transfer function is not stable and it changes as the distance between

transmitter and receiver antenna was varied.

3.4.2 Channel Impulse Response

The channel impulse response at distance 1m, 2m, 3m, and 4m between trans-

mitter antenna and receiver antenna inside the rectangular metal cavity is shown in

Figure [3.10]

Figure 3.10: Channel impulse response at distance 1m, 2m, 3m, and 4m between
transmitter antenna and receiver antenna in rectangular metal cavity.
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The channel impulse response at distance 1m, 2m, 3m, and 4m between trans-
mitter antenna and receiver antenna in office and hallway environment is shown in

Figure and Figure [3.12] respectively.

Figure 3.11: Channel impulse response at distance 1m, 2m, 3m, and 4m between
transmitter antenna and receiver antenna in office environment.

Figure 3.12: Channel impulse response at distance 1m,2m,3m and 4m between trans-
mitter antenna and receiver antenna in hallway environment.



35

It was observed that the delay spread of channel impulse response is about
800 ns in rectangular metal cavity while in office and hallway environment it is less
than 100 ns. The long delay spread of channel impulse response in rectangular metal
cavity consists of large number of rich multipaths which are not present in office and

hallway environment.
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3.4.3 Channel Energy

The energy of the channel impulse response in rectangular metal cavity in
comparison with channel energies in office and hallway environments is shown in

Figure |3.13|

Figure 3.13: Energy of channel impulse response for rectangular metal cavity,office
and hallway environments

It was observed that the channel energy in rectangular metal cavity is much
higher than those in office and hallway environments. For example, when the distance
between antennas is 3 m, the channel energy in rectangular metal cavity is nearly 20
dB larger than those in other environments. Meanwhile, the channel energy in rect-
angular metal cavity is almost the same as the distance between antennas increases.
But the channel energy in office or hallway environment drops apparently when dis-
tance increases from 0.5 m to 3 m. This characteristic can save the transmitted power

for the short-distance communication.

3.4.4 Channel Reciprocity

Channel reciprocity is measured using the setup shown in Figure [3.5] Figure
shows the channel reciprocity. Figure shows the zoom in version of channel

reciprocity.
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The correlation between forward link and reverse link was calculated and it is
found to be 0.99. This shows that the forward and reverse links are nearly identical in
rectangular metal cavity. This property will be useful in designing Time-Division Du-
plexing (TDD) communication system in rectangular metal cavity and more channel
state information can be exploited in the transmitter side. In this way, the complexity

of the receiver side will be shifted to the transmitter side.

3.4.5 Spatial Focusing

The autocorrelation Ry, (ro,t) between transmitter and intended receiver is
shown in Figure and the crosscorrelation Rp,p,(r1,t) between transmitter and

unintended receiver one is shown in Figure [3.17]

Figure 3.14: Channel reciprocity in rectangular metal cavity.
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Figure 3.15: Zoom in version of channel reciprocity in rectangular metal cavity.

Figure 3.16: Autocorrelation between transmitter and intended receiver in rectangu-
lar metal cavity.

Figure 3.17: Crosscorrelation between transmitter and unintended receiver one in
rectangular metal cavity.

Directivity was calculated by using Equation 3.5 Figure|3.18/shows the direc-
tivity of spatial focusing in rectangular metal cavity.

Figure 3.18: Directivity of spatial focusing in rectangular metal cavity.
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It was observed that directivity drops by almost 20 dB when the unintended
receiver is only 3 cm away from intended receiver. In hallway environment, directivity
drops by 10 dB when the unintended receiver is 1 m away from the intended receiver.
So communication inside rectangular metal cavity is more secure than hallway envi-

ronment.
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3.5 Summary

This chapter first discussed the UWB channel sounding techniques. Then
different channel characteristics were discussed. Measurement setups for analyzing
different channel characteristics inside rectangular metal cavity were also presented.
Then measurement results for different channel characteristics were presented for
rectangular metal cavity and also compared with traditional communication environ-
ments like office and hallway environment. It was observed from measurement results
that UWB channel in rectangular metal cavity has many characteristics such as long
delay spread, a large number of rich multipaths, more channel energy, symmetrical

channel and better spatial focusing.



CHAPTER 4

UWB CAPACITY IN METAL CONFINED ENVIRONMENTS

Channel capacity is one of the most important issues in the wireless commu-
nication industry today. Higher data rate is demanded in every sector whether it
is military or commercial sector. The increase in data rate is not only required for
long range communication but also for short range communication like intra-ship,
intra-vehicle, manufacturing plants, etc. In this chapter, capacity inside metal con-
fined environment is investigated. Firstly, capacity is calculated for both Single Input
Single Output(SISO) and Multiple Input Multiple Output(MIMO) cases for different
spectrum-shaping schemes. Four spectrum-shaping schemes are considered here i.e
water filling, time reversal, channel inverse, and constant power spectrum density.

Then measurement results are provided for both SISO and MIMO cases.

4.1 SISO Capacity Analysis

In a SISO system, the input signal A(t) is subjected to a precoding filter X (¢)
and and the output S(¢) of precoding filter is the transmitted signal. Figure shows
the block diagram of a SISO system .

Figure 4.1: Block diagram of a SISO system.

41
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In Figure H(t) represents the channel impulse response, N(t) represents
the additive white Gaussian noise, and R(t) represents the received signal.
The input signal A(t) is a white Gaussian random process with zero mean and

unit variance i.e

E[A()] =0 (4.1)

Raa(ty,ta) = 0(t1 — ta) (4.2)

The transmitted signal S(t) at the transmitter antenna is
S(t) = X(t) = A(t) (4.3)
and the received signal R(t) at the receiver antenna is
R(t) = H(t) = S(t) + N(t) (4.4)
The correlation of transmitted signal S(¢) is given as
Rs(1) = E[S(t + 7)5"(¢)] (4.5)
Power Spectral Density(PSD) of transmitted signal S(¢)[19] is given as
Rs(f) = X () (4.6)

where X (f) is transfer function of precoding filter X (¢).
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If only situation when f > 0 is considered, then the transmitted power is

f1
P- / Rs(f)df (47)

fo

The Noise power in the receiver side is expressed as
N = NoW (4.8)

where Nj is the PSD of N (t).
The equivalent ratio of the transmitted signal power to the received noise

power (TX SNR) is defined as

b=t (49)
The Capacity is given as
C = /f1 log, (1 + %H(f)’?)df (4.10)
fo 0
The Spectral efficiency is given as
O[] ogy (14 BelDUOR) 4y -

W fi—Jo
4.1.1 Capacity for Waterfilling Scheme

When the waterfilling scheme is used as the spectrum-shaping scheme then

No

Rs(f) = (n— VT, )|2)+ (4.12)
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where (z)* = max[0, z], the constant u is the water level chosen to satisfy the power

constraint with equality

fi
| Bsthar=p (4.13)
fo
and the spectral efficiency in this case is
2
O J (og, (MIRED))df
w Ji—=Jo

(4.14)

Spectral efficiencies for water filling scheme in rectangular metal cavity, office

and hallway environments are shown in Figure [£.2l The measurement setup used is

shown in Figure [3.4

Figure 4.2: Spectral efficiencies of water filling in rectangular metal cavity, office and
hallway environments.

It was observed that spectral efficiency is the largest for rectangular metal
cavity and the least for office environment. At TX-SNR of 100 dB, the spectral
efficiency in rectangular metal cavity is 4 bps/Hz higher than both hallway and office
environments. Also there is very little change in the spectral efficiency in rectangular

metal cavity with increasing distance.

4.1.2 Capacity for Time Reversal Scheme

When time reversal is used, it follows that

X(f) = aH*(f) (4.15)
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with

Rs(f) = o®[H(f)[? (4.16)

the constant « is the factor chosen to satisfy the power constraint with equality

fi
P = Rs(f)df (4.17)
fo
fi
S AGLEG (4.15)
fo
f1
= o [P (4.19)
fo
and
P
o= | (4.20)
T H(f)df
SO
PIH(f)|?
Rs(f) = 57— | (f>|2 (4.21)
T (f) 2
The spectral efficiency in this case is
1 PIH(f)[*
¢ _ Jig loga (1 wor i)Y (4.22)
W fi—Jfo '
[T log, (1 + HHEDE g
_ TG (4.23)

Ji—fo
Spectral efficiencies for time reversal scheme in rectangular metal cavity, office

and hallway environments is shown in Figure 4.3|
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Figure 4.3: Spectral efficiencies for Time reversal scheme in rectangular metal cavity,
office and hallway environments.

It was observed that spectral efficiency is the largest for rectangular metal
cavity and at TX-SNR of 100 dB, spectral efficiency is 3 bps/Hz higher than both
hallway and office environments.

4.1.3 Capacity for Channel Inverse Scheme

When Channel Inverse Scheme is used, it follows that

XN =47 (4:24)
with
Rs() = T (4.25)

the constant « is the factor chosen to satisfy the power constraint with equality

f1
P = | Re(pd 4.26

/fo s(F)df (4.26)
f1 o2

_ /f e (4.27)

= o fl;d 4.28)

- /f Y (4

with
o= P (4.29)

f e d
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Thus,
P
Rs(f) = -3 (4.30)
[
and the spectral efficiency in this case is
S P
log 1+ 1 df
g _ fo 2 ( No fi) |H<f)|2df) (4.31)
w fi—Jo
f1 W
logy (14 —75——)df
_ fo ? fJ{; \H(f)\Qdf (432)
Ji—Jo
W
= logy (1+—20—) (4.33)

i1
f fo [H(f )\de
Spectral efficiencies for Channel inverse scheme in rectangular metal cavity,

office and hallway environments is shown in Figure

Figure 4.4: Spectral efficiencies for Channel Inverse scheme in rectangular metal
cavity, office and hallway environments.

It was observed that spectral efficiency is the highest for rectangular metal cav-
ity and spectral efficiency is 3.5 bps/Hz higher than hallway and office environments
at transmitter SNR of 100 dB.

If the transmit signal has constant PSD from f, to fi, then

Rs(f) = (4.34)

=l
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Figure 4.5: Spectral efficiencies for Constant PSD scheme in rectangular metal cavity,
office and hallway environments.

so the spectral efficiency in this case is

1] PIH(H)I? d

- et 4:39)
fi 2

J;, log, (;;r_ﬂj\cff(f)! )df (436)

Spectral efficiencies for Constant PSD scheme in rectangular metal cavity,
office and hallway environments is shown in Figure 4.5

In this case also spectral efficiency of rectangular metal cavity is the highest
and it remains nearly constant with increasing distance as compared to office and
hallway environments. At SNR of 100 dB, spectral efficiency of metal cavity is 4

bps/Hz higher than hallway and office environments.

4.1.4 Comparison of Spectrum Shaping Schemes

In this section all the four spectrum shaping schemes, i.e water filling, time
reversal, channel inverse, and constant PSD, are compared in rectangular metal cavity
as well as in office and hallway environments. Spectrum efficiency in rectangular metal
cavity is shown in Figure for all the spectrum shaping schemes plotted together at
various distances. Similarly, spectrum efficiencies in hallway and office environment

are shown in Figure 4.7] and Figure [4.8
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Figure 4.6: Spectrum efficiency in rectangular metal cavity.

Figure 4.7: Spectrum efficiency in hallway environment.

Figure 4.8: Spectrum efficiency in office environment.

It was observed that in all three environments at 10 dB SNR, Waterfilling
schemes performed the best in terms of spectral efficiency. Time reversal scheme
performed slightly better than constant PSD. Channel inverse scheme gives out the
least spectral efficiency when it is employed at the transmitter side. But for metal
cavity at 45 dB SNR, constant PSD exhibits better performance than Time reversal
scheme. For Office and hallway environments, constant PSD perform better than

Time reversal at 60 dB SNR.
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4.2 MIMO Capacity Analysis

MIMO capacity was analyzed using a rectangular metal cavity of size 8 feet
by 8 feet by 8 feet. The virtual array technique was employed to do sounding for
MIMO UWB channel. The measurement setup used for MIMO capacity analysis is
shown in Figure [4.9|

Figure 4.9: Setup for analyzing MIMO capacity.
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The number transmitter antennas is denoted by /NV; and receiver antennas by

N,.. The channel transfer function is H( f) with bandwidth W = f; — fy where fo(> 0)

is the starting frequency and f;(> 0) is the end frequency.

Hll (f) H12 (f)
Hoy (f)  Haa (f)

Hy,1 (f) Hn,2(f)

Hin, (f)

HQNt (f)

Hy,n, (f)

(4.37)

where H,,,,(f) is the channel transfer function from the tranmitter antenna n to the

receiver antenna m. Its corresponding channel response in time domain is

hn (t) hlg (t)

h21 (t) hzg (t)

hynoi (t) ha (t)

The precoding matrix filter is

XH (t) X12 (t)

Xor(t)  Xao ()

Xy (1) Xna2 (1)

han, (t)

h2Nt (t)

hy,n, (1)

Xin, (1)

Xon, (1)

Xn,w, (1)

(4.38)

(4.39)



and its corresponding matrix transfer function is

Xu(f) Xw(f) .. Xin(f)
X1 (f)  Xoo(f) -+ Xown, (f)

_XNtl(f> X2 (f) -+ Xy (f)
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(4.40)

The transmitted signal before the precoding matrix filter is A(¢). The entries

of A(t) are Ay(t), As(t),..., and Ay, (t),

An, (1)

(4.41)

all of which are independent white Gaussian random processes with zero mean and

unit variance, i.e

RAiAi(tlth) = 5(t1 - tg), Z - 1, 2, ‘e 7Nr
Thus, the transmitted signal at the transmitter array is
S(t) = X(t) x A(t)

where each entry of S(t) is

(4.42)

(4.43)

(4.44)

(4.45)



53

Figure 4.10: Block Diagram of MIMO system.

and the received signal at the receiver array is
R(t) = h(t) = S(t) + N(?) (4.46)

where N(¢) is the additive white Gaussian noise vector the entries of which are inde-
pendent random processes with zero mean and Ny PSD. The block diagram of MIMO
system is shown in Fig. [£.10]

The correlation matrix of S(t) is
Rs (1) =E[S(t+7)S"(1)] (4.47)
and the PSD matrix of the tranmitted signals at the transmitter array is

Rs (f) =X (f) X" (f) (4.48)

If we only consider the situation of f > 0, then the transmitted power is

f1
P= / tr [Rs (f)]df (4.49)

fo

The equivalent ratio of the transmitted signal power to the received noise power (TX

SNR) is defined as

p= G (4.50)
The capacity is [20]
f1
C= / log, det (INT(f) + H(f>RS]i[f)HH(f))df (4.51)
fo 0
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Its corresponding spectral efficiency is

1 H
o S ogydet (T, () + HUORSIDHID ) g
W fi— T

(4.52)

4.2.1 Capacity for Waterfilling Scheme

The singular value decomposition (SVD) of NoH ~(f)[H~(f)]" can be written

as

NoH M (NHT (P = U(f)diag{Xi(f) i = 1,2, ... NJU"(f) (4.53)

where diag(a) , if a is a vector with n components, returns an n-by-n diagonal

matrix having a as its main diagonal. Because of the property of a unitary matrix
Ny "HHE(f)[H(f)] can be expressed as

No tHY(F)IH(f)] = U(f)diag{\7'(f) i = 1,2, ..., NJU" () (4.54)

Then,Rs(f) can be given by

RA(f) = U(f)diag{A(f) i = 1.2, .. NJU(f) (455)
where A;(f)=(up — N(f))" i = 1,2,...., N; and (z)"=maz[0,z]. Here the

constant p is the water level chosen to satisfy the power constraint with equality

Ny f1
Zj'Mﬁ#=P (4.56)
i=1 7 Jo

So, the spectrum efficiency in this case is

o X[ (los, (ﬁ)ydf
W fi—To

(4.57)
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Figure [4.11| shows spectrum efficiencies of water filling if different antenna configura-

tions are employed.

Figure 4.11: Spectral efficiency for Waterfilling scheme for different antenna configu-
rations of MIMO case in rectangular metal cavity.

At high TX SNR, the spectrum efficiency of 3-by-3 is almost 4.7 dB larger
than that of 1-by-1 and the spectrum efficiency of 2-by-2 is almost 3 dB larger than
that of 1-by-1. MIMO introduces apparent increase in capacity.

4.2.2 Capacity for Time Reversal Scheme
For time reversal scheme, it follows that
X (f) = aH" (f) (4.58)

the constant « is the factor chosen to satisfy the power constraint with equality

P - /f:ltfr[Rs(f)]df (4.59)
= /f:ltr (X (£) X" (f)]df (4.60)
= a"’/f:l tr [H” (f)H (f)]df (4.61)
- o /ffiiw (F)Pdr (162
with
a= P (4.63)

f M 2
ff;;;% (N df
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The spectral efficiency in this case is
o S log, det (INT H(ORe(NB7 (1) )df
W e
[ log, det <INT DXNXE) )df
[ Lo de (INT o — 0)
fffl log, det HH(f)H(f)HH( f) df
Nof ; Z |Hij (f)|>df
f ng et Nr + f
g Z |Hij (£ df

4.2.3 Capacity for Channel Inverse Scheme

For channel inverse scheme, it follows that

X (f) = oBH" (f) [H(/)H" ()]
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the constant « is the factor chosen to satisfy the power constraint with equality

f1

P = /f tr [Rs (f)]df .
f1

= | e [XOXT () (4.72)

f1 _
= 0‘2/f tr | (f) [H(f)H" ()] [H(f)HH(f)]‘lH(f)}df (4.73)

fi _
= aQ/f tr | H (f) H" (f) [H(H B ()] BB (f)]ﬂdf (4.74)

f1 -
= oﬂ/f tr_[H(f)HH (f)rl]df (4.75)
with

:\/ G (4.76)

Jo e [ HE ()] ] df

P

X (f)= HY H(HHY () 4.77
(f) \/f’;ltr[[H(f)HH(f)]_l}df () [H(HHT(f)] (4.77)



The spectral efficiency in this case is
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4.2.4 Capacity for Constant PSD Scheme
If equal power is allocated to each transmitter antenna, then
P
Rs(f) LI(f) (4.85)
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Figure 4.12: Spectral efficiency of MIMO case in rectangular metal cavity.

The spectral efficiency in this case is

' H
C ffo log, det (INT (f)+ %{))H(ﬁ)df (4.86)
W o fl - fO |
1 H
ff]; log, det (INT (f) + %ﬁ\hm)df
B . (4.87)
H
J;, log, det (IN,.(f) + W)df
) i (4.88)

Figure [4.12] shows the spectral efficiencies of MIMO case when different pre-
coding schemes are employed in rectangular metal cavity.

It was observed that at low SNR of 20 dB, Waterfilling scheme performs better
in terms of spectral efficiency as compared to other spectrum shaping schemes. Time
reversal was better than constant PSD and channel inverse performs the worst in
terms of spectral efficiency at 20 dB SNR. But constant PSD performs better than
time reversal for SNR of 45 dB or higher. Waterfilling exhibits the best performance
among all spectrum shaping schemes even at higher SNR.

So far in this chapter only multiplexing gain of MIMO is explored. If the
entries of A(t) , i.e. Ay(t) ,As(t) ,...., An,(t), are the same white Gaussian random
processes, then array gain or diversity gain can be attained. Taking time reversal
as an example and call this scheme time reversal beamforming. Figure shows

spectrum efficiencies of time reversal and time reversal beamforming.
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Figure 4.13: Spectrum efficiencies of time reversal and time reversal beamforming for
MIMO case in rectangular metal cavity.

At low TX SNR, the spectrum efficiency of time reversal is almost the same
as that of time reversal beamforming, but the former becomes bigger and bigger than
the latter as TX SNR increases. If TX SNR is equal to 100 dB, the former is almost 4
dB larger than the latter. Although time reversal has better performance in terms of

capacity, it brings more complexity in the receiver side to achieve the higher capacity.

4.3 Summary

In this chapter, SISO and MIMO capacities were analyzed in rectangular metal
cavity. Capacity was analyzed for different precoding schemes for both SISO and
MIMO systems. It was observed that spectral efficiency is the best in rectangular
metal cavity as compared to office and hallway environments. For SISO system,
constant PSD and waterfilling schemes perform very closely. For MIMO, the spectrum

efficiency of water filling is larger than that of any other spectrum-shaping scheme.



CHAPTER 5

UWB SENSING IN METAL CONFINED ENVIRONMENT

One of the most important application of UWB technology is sensing and
detection. UWB Ground penetrating radars have been used by US military since
the 1970’s. Sensing of objects are not only limited to military applications but in
some civilian applications also, devices are required to “see” through metal walls and
into enclosed spaces to locate and track concealed persons. For example, if a worker
accidentally gets trapped inside shipping containers on a shipping port, it is very hard
to locate that person using existing technologies. But UWB is the ideal technology
for sensing in metal confined environments. Channel impulse response is used as a
tool for sensing in UWB because it can be resolvable in time. So there is no multipath
fading present in UWB.In this chapter, sensing inside the rectangular metal cavity
will be discussed. First, sensing and detection in an office environment is presented
and then in a rectangular metal cavity is presented. Then results from both the cases

are analyzed.

61



62

5.1 Sensing in Office environment

5.1.1 Measurement Setup

Measurement were performed in office environment for Line of Sight(LOS)
case. For sensing experiment, VNA was used in S;1 mode. Table lists the main
parameters for the measurement.

A Horn antenna with a gain of 15 dB was used. Diameter of the target used
was 30 cm. The distance between target and antenna was varied from 1.25 m to 2

m. Figure [5.1] shows the measurement setup used.

5.1.2 Measurement Results

The channel impulse responses corresponding to locations of the target at
varied distance from the antenna are shown in Figure [5.2]

It was observed that the channel impulse response for the target is getting

Table 5.1: Measurement Parameters for sensing experiment setup

Parameter value
Frequency Band  3GHz-10GHz
Bandwidth 7GHz
Number of Points 7001
Transmission Power 10dBm
Frequency Step 1MHz
Averaging Number 128

Target Height 1.35 m
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Figure 5.1: Setup for target sensing in office environment.

Figure 5.2: Channel impulse response of target at different distances in office envi-
ronment.

Table 5.2: Difference in calculated and actual delay for office environment

Distance(m) Calculated delay(ns) Actual Delay(ns) Difference(ns)

1.25 m 8.33 9.00 0.67
1.50 m 10.00 10.65 0.65
1.75 m 11.66 12.35 0.69
2.00 m 13.33 14.00 0.67

delayed in time as the distance is increased from 1.25 m to 2 m. Table [5.2| shows the
differences in actual and calculated delay.

It is observed that there is a very little difference between calculated and actual
delays for all the distances. The small delay can be due to the time taken by signal
to reach from antenna to VNA. But it is clear that even for a low power of 10 dbm,

target can be sensed for a distance up to 2 m effectively.

5.2 Sensing in Rectangular Metal Cavity

The sensing inside rectangular metal cavity was performed by making hole of
two different diameters in one of the wall of the cavity. The target was placed inside
the cavity in line of sight of the hole and antenna was placed outside of the cavity

facing the hole. The diameters of the hole was 10 cm and 25 cm respectively. Two



64

Figure 5.3: Measurement setup when antenna is very close to the hole.

measurement cases were used

1. Antenna was placed as close as possible to the hole (6 cm).

2. Antenna was placed 1 m away from the hole.

For the first case, measurement were done for holes of both the diameters. For

the second case, only the hole with the diameter 25 cm is used.

5.2.1 Measurement Setup

The measurement parameters used was the same as listed in Table |5.1. The
diameter of the target used was 60 cm.
Antenna close to the hole. The setup for the measurement is shown in

Figure |5.3| and Figure [5.4] shows the schematic diagram of the setup.
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Figure 5.4: Schematic diagram of the measurement setup.

The distance between antenna and target is varied from 1.25 m to 2 m insteps

of 0.25 m.
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Figure 5.5: Measurement setup when antenna is 1 m away from the hole.

Antenna 1 m away from the hole. The setup for the measurement is

shown in Figure [5.5] and Figure [5.6| shows the schematic diagram of the setup.
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Figure 5.6: Schematic diagram of the measurement setup.

Figure 5.7: Channel impulse response of target at different distances for small hole
in rectangular metal cavity.

Figure 5.8: Channel impulse response of target at different distances for big hole in
rectangular metal cavity.

5.2.2 Measurement Results

Antenna close to the hole. The channel impulse responses correspond-
ing to variation in position of the target with distance from antenna for the small
hole(diameter 10 cm) and the big hole(diameter 25 c¢cm) is shown in Figure and
Figure [5.8], respectively.

Table [5.3] and Table [5.4] show the difference in actual and calculated delays
for the small and big hole, respectively. Table compare the relative amplitude of

channel impulse response for big and small holes.

Table 5.3: Difference in calculated and actual delays for small hole in rectangular
metal cavity

Distance(m) Calculated delay(ns) Actual Delay(ns) Difference(ns)

1.25 m 8.33 10.45 2.12
1.50 m 10.00 12.15 2.15
1.75 m 11.66 13.75 2.09

2.00 m 13.33 15.45 2.12
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Table 5.4: Difference in calculated and actual delays for big hole in rectangular metal
cavity

Distance(m) Calculated delay(ns) Actual Delay(ns) Difference(ns)

1.25 m 8.33 10.50 2.17
1.50 m 10.00 12.15 2.15
1.75 m 11.66 13.80 2.14
2.00 m 13.33 15.50 2.17

Table 5.5: Comparison between relative amplitude of CIR for big and small hole.

Distance(m) CIR for big hole(mV) CIR for small hole(mV) Difference(mV)

1.25 m 5.49 3.75 1.74
1.50 m 3.13 2.16 0.97
1.75 m 1.94 1.37 0.57
2.00 m 1.82 1.31 0.51

It is observed that there is a very small difference between time delays for small
and big hole in rectangular metal cavity. But the amplitude of CIR is bigger for big
hole than for small hole. In comparison to office environment, the delay is a little
longer which can be attributed to the complex environment within the rectangular

metal cavity.
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Antenna 1 m away from hole. The channel impulse responses of different

target positions, when antenna is 1m away from the big hole are shown in Figure [5.9

Table |5.6[ shows the difference in calculated and actual delay when antenna is
1 m away big hole.

It is observed that delay gets longer as compared to the case when antenna
is close to the hole. Also, amplitude of CIR for different target positions drops very
little as compared to the previous two cases. It can be explained as the distance
between hole and antenna is increases, the hole acts as a power coupler and focuses

the power on target really well as compared to the case when antenna is close to the

hole.

Figure 5.9: Channel impulse response of target at different distances for big hole
when antenna is 1m away from hole.

Table 5.6: Difference in calculated and actual delays when antenna is 1 m away big

hole

Distance(m) Calculated delay(ns) Actual Delay(ns) Difference(ns)

1.25 m 8.33 11.25 2.92
1.50 m 10.00 12.55 2.55
1.75 m 11.66 14.15 2.49

2.00 m 13.33 15.80 2.47
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5.3 Summary

In this chapter, sensing inside rectangular metal confined environments were
discussed. Sensing in office environment is presented first. Sensing inside rectangular
metal cavity is discussed in details. Measurement results of office environment and

rectangular metal cavity are analyzed and compared.



CHAPTER 6

CONCLUSIONS AND RECOMMENDATION FOR FUTURE WORK

The objective of this thesis was to investigate the various characteristics of
channel in metal confined environments. Channel capacity was also investigated by
employing different spectrum shaping techniques for SISO and MIMO case in metal

cavity. UWB sensing inside metal confined environment was also investigated.

6.1 Conclusions

From measurement results it was observed that channel characteristics inside
rectangular metal cavity is better when compared to office and hallway environments.
The delay spread of channel impulse response is about 800 ns in rectangular metal
cavity while in office and hallway environments it is less than 100 ns. A large number
of rich multipaths are present in a metal confined environment. The channel energy in
rectangular metal cavity is much higher than those in office and hallway environments.
Also, the channel energy in rectangular metal cavity remains almost the same with
increase in the distance between antennas. But the channel energy in office or hallway
environment drops when distance between antennas increases. Spatial focusing is
also better in rectangular metal cavity as directivity drops by almost 20 dB when

the unintended user is only 3 cm away from intended user whereas it drops by only
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10 dB when the unintended user is 1 m away from the intended user in hallway
environment. Channel inside metal cavity is 99% identical which indicates a very
good channel reciprocity.

The capacity in rectangular metal cavity is larger than those in office and
hallway environments. For SISO case, maximum capacity is achieved by using wa-
terfilling scheme as compared to other spectrum shaping techniques. For MIMO case
also waterfilling provides the maximum capacity. This results clearly illustrate that
confined metal environment has the potential to support high data rate transmission.

Sensing experiment results show that when antenna is close to the hole, big
hole(diameter 25 cm) is better for sensing then a small hole (diameter 10 cm) and also
big hole is good for sensing the target when the antenna is 1m away from the hole.
Difference in actual delay and calculated delay shows that the difference increases for
rectangular metal cavity as compared to office environment but this can be due the

complex environment of rectangular metal cavity as compared to office environment.

6.2 Future Work

This thesis work has opened numerous areas for future work. Some of the

areas are as follows:

1. System performance will be done, using more practical system setup.



2. Implementation issues can be explored.

3. Other precoding schemes such as Dirty-paper coding should be explored.

4. Sensing should be investigated using some advanced methods.
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APPENDIX A

LIST OF SYSTEM SIMULATION M-FILES

The following is a list of m-files required to run the system simulation in MAT-

LAB. These were written by the author and can be found on the CD attached to this

thesis.

Gaussian_pulse.m

Gaussian_pulse_first_order.m

Gaussian_pulse_second_order.m

Channel IFFT

Channel_energy.m

Channel_reciprocity.m
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Spatial_focusing.m

Spectral_efficiency_SISO_wf.m

Spectral_efficiency_SISO_tr.m

Spectral_efficiency_SISO_ci.m

Spectral_efficiency_SISO_CPSD.m

WaterFilling.m

Comparison_spectrum_shaping_tech_SIS0.m

Spectral_efficiency_MIMO_wf.m

waterfill_block.m

Comparison_spectrum_shaping_tech_MIMO.m
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Spectral_efficiency_MIMO_tr.m

UWB_Sensing.m
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