ABSTRACT

In this thesis we give an accurate and general model that can be used to predict
short-range/time UWB reflection. This reflection occurs when the source and the receiver
are near asingle reflecting boundary. Our approach uses an image-based method based on
Laplace-transform formulation of the Sommerfeld half-space problem. The boundary
between two mediums is replaced by a point source of given strength and location. The
component amplitude of the image is chosen such that transverse electric and magnetic
fields are continuous across the boundary. The complete field formulation is based on a
simple branch-integral consisted in the reflection coefficient. Since the analysisis donein

the frequency domain, UWB pulseis recovered by an inverse of Fourier transform.
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Chapter 1
INTRODUCTION

1.1 Introduction

Ultra wideband (UWB) radio signals are comprised of sub-nanosecond
duration electromagnetic pulses. A sequence of pulses is used to encode a
transmitted symbol. The technology used to generate, transmit and receive UWB
signals was developed in the early 1960’s. UWB is also referred to as baseband,
impulse or carrier-free radio because it is characterized by extremely short duration
and low energy impulses which are transmitted over a wide range of frequencies
without using a dedicated carrier frequency. UWB’s high data bandwidth and
frequency diversity make it suitable for high-speed data communication in indoor

environments, where multipath fading is likely.

UWB is a relatively new term, however, the UWB radio is not a new concept.
At the end of 19th century and the beginning of 20th century the only known radio
technology was pulse radio. Heinrich Hertz used a pulsed spark discharge to
generate electromagnetic waves before sinusoidal carriers wetd.ustmivever,
only recently has UWB become competitive technology in wireless communication

after its pioneers Louis de Rosa, Conrad Hoeppner, Gerald Ross, and Henning



Harmuth, made it possible to efficiently generate and control UWB signals and

apply modulation, coding, and multiple access techniques.

In early 1940’s, Louis de Rosa, filed for two patents on the "radio detection
systems in which the transmission of impulses may occur either steadily or at
random” and "random impulse systéth'3l. In the first patent he proposed a
solution for the transmission of high voltage pulses and detection of echoes caused
by the presence of obstacles within the range of the system. In his second patent he
provided a method of generating a series of pulses occurring at random time
intervals. When used as a modulation method, it greatly minimized the possibility
of jamming. It was not until long after the World War Il that he received these
patents. Many patents at this time were put on hold because US government

thought they contained valuable wartime secrets.

Similarly, Conrad Hoeppner received a patent in 1961 that outlined a pulse
communication system meant to reduce interference and jamming, and to enhance
specificity, reliability, and secre[ﬂ/. Gerald Ross and Henning Harmuth are
responsible for modern contributions to UWB technology. In 1960’s they both
published papers incorporating the now 50-year-old concept of matched filtering
and they applied it into UWB systems. Ross and Harmuth’s research focused on the
study of main components of UWB transmission, pulse generation, and pulse

detection. Ross did his PhD dissertation in time-domain electromagnetics where he



described transient behavior of microwave networks through their impulse
responsél. A portion of his thesis was published in a paper in £68nd also

filed for his first patent where he outlined the design of a pulse gef@draRoss

had many patents, however, his 1973 patent pioneered the usage of UWB in
communication]. Harmuth’s interest started off through implementation of
Walsh function in communicatiol{si'%! and resulted in many different designs for
transmitters and receivers, such as transmitters and receivers using nonsinusoidal
carriers!l, and high-resolution radar for pulse durations ofs &nd spread-
spectrum transmissifrl. Since the basic designs for UWB systems appeared in
1970’s, the only improvement in UWB technology occurred in design of different

subsystems, but not in the system concepts themselves.

Due to its unique properties, UWB has already found its place in many
different wireless applications. One of the most significant features of UWB
technology is security. The interception of randomly spaced narrow pulses is
extremely difficult. Due to this reason, UWB system can accommodate large
number of users in multipath environment. Since 1970’s, UWB systems have been
successfully used in the ground, and wall penetration, position location, collision
warning for avoidance, fluid level detection, intruder detection, and vehicle radar
measurements. Newer applications are more focused on indoor wireless, like small

local area networks, wireless broadcast of high definition television (HDTV), and



through-wall imaging system to detect the movement of people behind walls. UWB
and its application to short-range personal area networking (PAN) is currently being
explored. UWB systems are capable of transmitting data 100 times faster than
Bluetooth's speed of 1 MdSl. This also makes UWB suitable for connecting

devices like camcorders, TVs, computers, and peripherals.

The many advantages that UWB technology has over other wireless
technologies has created commercial interest. However, UWB signals overlay large
parts of the radio spectrum. The UWB signal might disrupt a host of wireless
applications. National Telecommunications Information Administration showed
that UWB signals could make it more difficult for GPS receivers to lock onto
satellite signals, and could also reduce their accuracy. Possible harmful interference
of UWB signals to narrowband receivers and transmitters are not completely
understood either from analytical or experimental point of view. In the case of more
than one UWB communication system operating in asynchronous mode, the
assumed non-appearance of interference has yet to be validated. In the multipath
environment pulses that reach the receiver in or out of phase with the original signal

will interfere with reception to a greater or lesser extent.

The commercial use of UWB has been allowed, however, the Federal
Communications Commission (FCC) has to put strict limits on the new technology.

Consumer UWB radios are limited to operate with their -10 dB bandwidths in the



frequency ranges: below 960MHz, between 3.1 and 10.6 GHz, and between 22 and
29 GHz. However, FCC is still amending the rules concerned with who operates
certain applications and for what purpd¥8s For instance, through-wall imaging
systems are allowed for law enforcement, emergency rescue, and firefighter
personnel in emergency situations in limited bands below 960MHz ane &bl

GHz. In other words, new radios could be limited in the either distance they can
transmit or the data rates that they can acHigveBefore FCC restrictions, UWB

used the full bandwidth, which maximized capacity and at the same time
minimized the amount of energy in any given frequency band. Sending
information in pulses required relatively simple design, and therefore such systems
are cheaper than conventional radio structures. Conventional narrowband radios
require components that will limit the frequencies they are allowed to use. FCC

frequency restrictions on UWB signal might add cost to new commercial products.

In our work, the reflection of an UWB pulse from a planar dielectric surface
will be analyzed. To this end an exact image formulation will be presented and its
predictions evaluated. This work will form the basis to develop a comprehensive

image-method for modeling indoor wireless channels.

1.2 Background

The Sommerfeld half-space problem of electric dipole was defined by Arnold



Sommerfeld in 1909 in his paper "Propagation of waves in wireless telegf&bhy"

In this paper Sommerfeld tried to answer how the waves are propagated in wireless
telegraphy, whether they are like Hertzian waves ("space waves") or
electromagnetic waves ("surface waves"). According to Sommerfeld, wireless
telegraphy waves consist of both Hertzian and electromagnetic waves, otherwise,
Maxwell's equations and boundary conditions would not be satisfied. Sommerfeld’s
solution for vertical a dipole is defined by an integral which is not possible to
evaluate in terms of elementary functions in a closed form. The integral around the
pole of the integrand is a surface wave which is the same as Zenneck’s surface
wave at great distance. Sommerfeld had shown that electromagnetic waves can be
transmitted along a wire of finite conductivity, and Zenneck stated that the Earth’s

surface acts as a conducting wire.

Throughout the years this paper has been of great interest for many scientists.
Many agreed with Sommerfeld’s solution from his 1909 edition of the problem.
Nikola Tesla cited Sommerfeld’s work as verification to his "World System" of
wireless transmission in which Hertzian wave radiation is negligibly small
compared to the entire energy manifested as "current waves" which were
propagated through the ground by conduétfdn In 1930 Rolf developed curves
describing variations of the field for all ground conditiéfls Unfortunately, all of

the papers based on Sommerfeld’s solution from 1909, including Rolf’s, have a



sign error in them. Because of the sign error contained in Sommerfeld’s 1909 paper

it appears that Zenneck’s wave does not exist.

Although Sommerfeld fixed the sign error in his 1926 paper, his solution
started a heated debate soon after his 1909 paper. This debate continued on till the
early 1950’s. Many scientists argued in their papers that electromagnetic surface
waves did not exist. The first question was raised by Weyl in 1919 who used a
completely different method than Sommerfeld, and stated himself that his solution
is not the same as Sommerfeld's. BalWsater showed that although Sommerfeld
and Weyl used different approaches, their formulation of the problem was
equivalent. Even though Weyl had not made numerical checks, he should definitely

be given credit for realizing the inconsistency with Sommerfeld’s solution.

The first to notice a sign error in Sommerfeld’s original solution was Norton
in 1935. However, he never showed a detailed proof to his conclusions. Charles
Burrows of Bell Labs looked closely at differences of Sommerfeld’s and Weyl's
formulation in 1936. In 1937 after a series of experiments he concluded that "The
surface wave component of Sommerfeld is not set up by simple antennas on the

surface of the Earth” such as modeled by Sommerfeld in his afdlysis

Even at this point, the debate was far from over. In 1947, Epstein published a

paper in which he claims that the residue of the pole does not belong in the final



answer of the surface wave due to the fact that such a singularity does fH.exist
Bouwkamf?? proved him wrong in 1948, stating that he overlooked a singularity

in his solution.

The debate on Sommerfeld’s solution was put to stop by the work [83Ott

and Banos and Weslé§l. Ott properly clarified the existence of Sommerfeld’s
surface wave. In order to develop his saddle-point integration method for the
existence of the first order pole, Ott had to combine Weyl's and Sommerfeld’s
methods, and therefore, re-derived Sommerfeld’s formulation of the problem. Even
Ott's great effort could not stop the debate completely. Banos and Wesley looked
even closer into Sommerfeld’s problem and pointed out discrepancy in papers that
tried to pove Sommerfeld wrong. Banos summarized the work of the most

significant contributors who helped clarified Sommerfeld’s prottém

Sommerfeld’s paper from 1926 had a sign change and addition of one term
that disappeared in the previous formulation due to the sign error. That term
demonstrated characteristics of Zenneck’s wave. Still, this did not change much
since the existence of the wave is not determined upon one term, but the entire
wave. Sommerfeld’s 1926 solution proved the existence of surface waves for
certain values of impedance and observation angles, and it proved that contribution

to the complete field is dependent on distance.



Although the validity of Sommerfeld’s solution is not questioned anymore,
the interest in his paper did not disappear. Since limits of the Sommerfeld integral
are infinite, many authors have dedicated time in developing various numerical and
asymptotic techniques for its efficient evaluation. Many of the developed
algorithms use various assumptions and approximations in order to give a closed

form solution, and therefore, their solution is not exact.

One of the new techniques that was used to evaluate Sommerfeld’s integral
using an error-free approximations was the exact image theory. This method was
originally proposed by Lindell and Alanen in 1984, for vertical electric and
magnetic dipoldé® 26, They noticed that singularities of the integrand also exist
in a mirror image of the original dipole. This led them to express the reflection
coefficient for the given image formulation, as a Laplace transform over an image
source function. The final result is a rapidly convergent image integral. Based on
Lindell's and Alanen’s solution for electric dipole, Di and Gillféhextended the

theory and applied it to local and extended reacting surfaces in acoustics.

Recent interests in Sommerfeld’s problem focus more on its implementations
and applications like using method of moments as an algorithm for perfectly
conducting bodies of revolution for ground-penetrating f&8arTime domain
solution is used for evaluation of remote-sensing systems, for detection of shallow

buried object, and probing the field in a geological medium. Both frequency and
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time domain solutions are being researched and evaluated for indoor wireless

application&.

1.3 Problem Statement and Objectives

Despite the valuable contribution of the authors who worked on exact image
theory method, they have lacked to outline the limitations and advantages of
obtaining the entire field by this method. There is a need for significant

improvement in the prediction.

As an emerging technology, the UWB signal brings many uncertainties and
unknowns, especially in its interference with other wireless systems. Accurate
prediction of propagation effect will allow to easier address other issues such as
modulation, demodulation, coding schemes, power, and bandwidth which will help
the optimization of appropriate design. It is the intent of this work to give an
accurate and general model that can predict short-range/time UWB reflection. This
reflection occurs when source and receiver are near a single reflecting boundary
across which electric and magnetic fields are continuous. For instance, indoor
wireless applications most likely have the transmitter and receiver mounted close to
the wall or ceiling. In this kind of environment near-surface and near-field effects

are likely to happen.
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Our approach uses an image-based method based on a Laplace-transform
formulation of the Sommerfeld’s half-space problem. The boundary between two
mediums is replaced by point source of given strength and location. Improvement
to the originally proposed problem by Lindell and Alanen is a more simple solution
of the total field. The complete field formulation is based on a simple branch-
integral consisting of the reflection coefficient. Since the analysis is done in the

frequency domain, the UWB pulse is recovered by an inverse Fourier transform.

In summary, the thesis will be comprised of five chapters. In Chapter 2
modulation and demodulation of UWB signals will be examined. The Laplace
transform formulation of Sommerfeld half-space problem using exact image theory
is given in Chapter 3. Chapter 4 shows the implementation of the solution gained in
previous chapter. The UWB pulse is recovered by an inverse Fourier transform.

Finally, Chapter 5 summarizes and concludes the thesis.
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Chapter 2
BASIC PRINCIPLES OF MODULATION AND DEMODULATION

2.1 Introduction

In UWB systems pulse-trains are used to transmit symbols from source to
receiver over the communication channel. The symbols to be transmitted are
encoded using pulse position modulation (PPM). The data rate of the transmission
is the ratio of the number bits encoded per pulse and time-average repetition period
used between successive pulses. Because the transmitter is only operated over the
pulse duration, UWB systems require lower power than that of conventional carrier
based transmitters. However, additional processing is needed to modulate the pulse
train and to shape its energy spectrum so that it does not interfere with conventional
narrow band radio transmissions. To shape the spectrum, pseudo-random coding of
the time-shifts may be used to minimize interference and jamming of narrow band

receivers.

For a UWB system to be effective one need not to receive every pulse that is
transmitted. Statistical inference of the transmitted symbol can be made from the
statistical features derived from an ensemble comprised of many pulses. In order to

recover the UWB signal in the presence of additive noise, a filter that yields
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maximum output response to the input signal must be chosen. The most often used

filter for this purpose is the matched filter.

In this chapter we will discuss the basic principles of modulating the binary

data using PPM, and demodulating the received signal with the matched filter.

2.2 Pulse Position Modulation

In this section we will present how a binary data sequence is modulated using
the PPM method. In PPM, data to be transmitted is encoded into the time delay
between transmitted pulses. The time delay for theymbol will be defined as
where its magnitude is related to the symbol being transmitted. Given a sequence of

input symbols the transmission takes the form of a pulsedf@gin
S) = 3, p(t—=) 21
where the functiorp(t) is the monocycle Gaussian waveform

t2
o)=L e (2.2)
o
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This pulse is generated by applying Gaussian time varying vol{apée a

dipole antenna.

_ (2.3)
V(t) = —Voe 252

The temporal pulse width of the input voltage is equal.tdhe spectrum of the

input voltageV (w) can be obtained applying the Fourier transform(th

o’o? 2.4
V(o) = -VooV2re 2 (24)

For the dipole antenna, the generated electric field strength is proportional t o the

time derivative of the source supplied currerft). As a result p(t) will be

: di _ .
proportional toa. If one considers the impedance of the antefhap be real

valued, the time derivative of the current is

. 1d
0= d_f (2.5)

The spectrum of the time derivative of the current is equallé)td\/(a)) with

current’'s amplitude defined dg =V, /R. Therefore, the time derivative of the
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current will be Gaussian monocycle with a non-zero center frequency. The Fourier

transform ofi’(t) is

o?o? 2.6
1"(w) = lgjoo\N2ze” 2 (2.6)

The center frequency df(w) is evaluated at the centroid bi{w) with respect to

.

J.a)l’(a))da)
0 Nz 1.25 (2.7)

TI’(w)dw o2 o

0

WD =

The second moment df(w) with respect to ¢ — w.)? yields the square of the

bandwidth of the Fourier transform of the pulse.

j(w — 0)?"(0)dw
0 _ N4-r _ 0.66 (2.8)

WDpy = s
[1@)do V2o o

0
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Hence, for a short time duration pulse< 1, the center frequency and bandwidth

is O(1/o).

Initially, p(t) starts at zero-time on the transmitter’s clock, but it gets shifted

by the amount of,, wherer, is defined as

T = |Tf + MAt +-T-| (29)

As we can see the time-shift is comprised of three terms. The vaFialdpresents

the frame period. During each frame period only one pulse is transmitted. A

uniform pulse signal would be defined%sp(t —IT;), whereT; is a fixed duration
1=0

of each time frame or pulse repetition time. The variakierepresents the
incremental time shift to be used to encode a given symbol. We will condidier

be equal to the width of the Gaussian monocycle pulse. The symbol given by the
indexm will be shifted bymAt. For a binary data one may label the data 0 and 1 as

m = 0 andm = 1 respectively.

With T, =0, and with the occurrence ah equal to 0 or 1 being equally

probable and statistically independent, the pulse tréih, is defined as
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X(t) = 3 8(t 1T — mAY) (2.10)
1=0

where §(t) is Dirac function. As mentioned previously, transmission takes place
using the Gaussian monocycle given in Eqn(2.2), with the given encoded time

delay. WithoutT,, s(t) takes the following form,

s(t) = g p(t —IT; — mAt) (2.11)

One can considess(t) as being the result of convolutior(t)xp(t), where

X(t) = Ea(t —IT¢ —mAt). In order to find the power spectral densitys(if), we
=0

need to find the power spectral densityx(tf) and p(t). Power spectral density of

s(t) is defined as

S4(®) = S(®)Spp) (2.12)
whereS,,(w) and Sy,(w) are power spectral densities x{t) and p(t) respectively.
Power spectral density gf(t) is simply the squared magnitude of the Fourier

transform ofp(t)



18

Spp(a)) = | P(w) | ? (2.13)

Since the pulse is generated as a time varying vo@eand the transmitted field

is proportional to th€&(t), we can represent the power spectral densifytjfas

, 2.14
Sp(@) = |1'(@)|? (214)
where |’(w) is given in Eqn (2.6). Power spectral densityxgf) is the Fourier
transform of its auto-correlation functioR,,(z), whereR,,(z) is obtained through

the expression

oo NT¢

Ru(®) =T [ x(Ox(t+ )t (2.15)
0

whereN is the frame number. Figure 2.1 shoRg(7) completed by simulation for

T; >0, andR(7) is symmetric on the both sidesBf = 0. By observationR,,(t)

yields the following expression
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1 1l 1 oo
Rxx(t):5 hy 5(t—|Tf)+zl 3 5(t—|Tf+At)+21 3 S(t—IT, - At) (2.16)
|=—c0 [=—co |=—c0
1 1 1
+=5(t) - = 5(t—At) - = 5(t + At
5 0(1) =5 5(t—At -7 6(t+AD)
Fourier series coefficients &,(t) are
1111 1 11 .. 1. 2.17)
= — _+_ela)0kAt+_e]wokAt +___eja)At__eJa)At ( .
S T;|2 4 4 >~ 24 1

2 :
where fundamental frequeney, = T—” Therefore, the power spectral density of
f

X(t) can be written as

[ o]

Sx(@) = Tlf |: > [1 + COS(a)OIAt):I5(a) - Iwo)] + 7[1 - cosAL)] (2.18)

=00

If we consider formulations of power spectral densities(bf and p(t), we can re-

express the power spectral density(@f as

Sef(w) = [Tlf Lg‘, [1 + cos(wpl At)]5(a) - Iwo)] + 7[1 - cos@AL)] ]| "w)? (219
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0
0 1 2 3 4 5
T+

Figure 2.1. Auto-correlation of(t)

As we can see in the aforementioned expressfy) is the sum of the
discrete and continuous spectrum. Spectral nulls in the continuous spectrum occur

at even integral multiples of/At, and spectral nulls of discrete spectrum occur at

2n+1 . _
—( Al i for integral values oh. This feature can be used to advantage when one

needs to guard a particular frequency for interference from the UWB signal.

Sampling of the spectrum is the result of the periodicity introduced by the periodic
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frame interval. Sampling can be problematic if the frequéngycorresponds to a
guarded frequency. This means that by the careful design of the pulse shape, being
able to manipulate the value &f, we can minimize UWB interference by creating

spectral nulls in regions where interference is problematic.

In order to flatten the spectrum, tH& monocycle ofp(t) can be shifted by
additional amount],;, whereT, is generated as a random number. A requirement to
demodulate the signal is that the receiver random numbers be synchronized with
the transmitters random number sequence. In Figure 2.2 two superimposed bits, "1"
and "0", are shown in a single frame interval of @&s2where we chose = 107 s.

Both pulses are originally positionedtat O. It can be seen that for this example
the pulse representing bit "0" is not shifted as much as the pulse representing bit
"1,

The shift ofAt does not apply to "0" bit, sinaa = 0. Although, this is not
the universal case, both of the pulses are shifted by some random ritimaed
they might appear in any of the compartments within the frame. In thisiGases

generated with uniform pseudo-random number generator.
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Time(sec)

Figure 2.2. Superimposed plot of two bits in a single frame

A sample of the modulated signal by PPM is shown in Figure 2.3. In Figure 2.3 five

consecutive frames are shown. Sampling time for this given example is

2
Ts= —”, wherew, and wy,, are previously defined in Eqns (2.7) and (2.8)
[OR + WDpw
respectively. Each frame time is definedTgs= 10T,. Because of time-hopping
codes monocycles are not uniformly spread within frames, which makes the pulse-

overlaps less likely to happen.
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Amplitude

ool

1 | | ; ; ;
0 2e-08 4e-08 6e-08 8e-08 le-07 1.2e-07

Time(sec)

Figure 2.3. Sample of modulated signal {1, 0, 1, 1, 0}

2.3 Matched Filter Demodulation

In this section we will examine the process of detection of a pulse in the

presence of additive white nois&}). The signal is modified as

st) = E ot — 7,) + n(t) (2.20)
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In order to demodulate the signal, one must mediate the influenuog) adt the
receiver. One way to do so is to use a matched filter. A general block diagram of the
matched filter is shown in Figure 2.4, whe(® is the PPM signaln(t) is the noise

signal, anchy (t) is the filter impulse response.The resulting signa(i§ + ny(t).

s(t) + n(t) %O+ (D)
hy ()

Figure 2.4. Block diagram of the matched filter

The matched filter yields the maximum output response to the input signal in the
presence of additive nolS8l. The objective is to maximize the signal to noise ratio

att = t,,. Using the energy, the ratio that needs to be maximized is

| o) | (2.21)
n(t)

where n3(t) is the mean-square noise output of the matched filter. The filtered

signalsy(t) can be defined through the inverse Fourier transform as
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1 7 . 2.22
()= 5 | Hu(@)S(@)e”!do (2.22)

where S(w) and Hy (w) are Fourier transforms dd(t) and hy(t) respectively.

Similarly, sy(t) att = t,,, can be expressed as

So(tm) = % T Hu (0)S(w)e!*'"dw (2.23)

The power spectral density of the nois&jfw) = % wheren is the variance of the

noise for half of the spectrum. Therefore, the mean-square of the noise amplitude is

0=, i 2 IHu(@)[*do (2.24)

With substitution of Eqns (2.23) and (2.24) into Eqn (2.21) the expression of

squared signal to noise ratio results in
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o0 , 2 (2.25)
Sl JHM(w)S(a))e""tmda)
Soltm) | %

WO [ Hu(@)de

In order to simplify the numerator’s expression in the signal to noise ratio, the

Schwartz inequality is introduced

2

s T | 100 | “dx T | £,(x)]%dx (2.26)

oo

j £,(X) F,(X)dx

-0

The equality in Eqn (2.26) occurs whép(x) = k. f, (x). Assuming thatf,(x) is
FFT of filter’s transfer functionH (@), and f,(x) is FFT of PPM signalS(w),

Schwartz inequality is expressed as

2

]?HM(a))S(a))ej“’tmda) < T |HM(a))|2dw ]? |S(a))|2da) (2.27)

For the constraint where signal-to-noise ratio needs to be maximum, substitution of

Egn (2.27) into Eqn (2.25) yields
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2 1 7 2.28
|sz(2t_(rtn;| - T sl (2.28)
0

For condition of equality to be satisfied,

Hy (@) = k.S (0)e ' (2.29)

or in time domain,

hy (1) = KcS (tn = t) (2.30)

Arbitrary constank, is assumed to be 1 for convenience in further analysis. This
draws the conclusion that the impulse response of the filjdt), is equal to the
complex conjugate of the signa(t) delayed by the sampling timg,. With the

given information, the block diagram of the matched filter is shown in Figure 2.5.

y(®) = s(t) + n(t) h () = S*(t. - 1 ()

Figure 2.5. Block diagram of the matched filter
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The signaly(t) represents the modulated UWB signal with additive noise, which is
put through the matched filter giving the output siggél. This definition of
matched filter requires that the sigisét) is known apriori. The output signg(t)
represents the convolution of the input sigy@) with the impulse response of the

filter s (t,, — t)

[e o)

g(t) = S (tm— tky(t) = J S (tm— &) y(t - £)dé& (2.31)

—0o

The expression for the filtered signal can be further simplified, with the substitution

y =t,— &. Now, the expression fay(t) is

(oo}

o) = [ SOV +t—twdy (2:32)

—0Q

This expression defineg(t) as time cross-correlation function betwesh) and

y(t)

g(t) = Ryt —tp) (2.33)

Keeping in mind thay(t) = s(t) + n(t), g(t) becomes the sum of auto-correlation of



29
the signal and cross-correlation between sigstg)l, and noisen(t)

g(t) = Ryt — t) + Ren(t — t) (2.34)
If cross-correlation of(t) andn(t) is zero then the peak output is given Ry(0)

that is att = t,,,, where

Re(7) = T s (r)s(y +7)dy (2.35)

—0o0

andz =t —t,,. The block diagram of the cross-correlator is given in Figure 2.6. The

output of the multiplier is integrated in order to ggj(t).

y(®) = s(t) + n(t) J Ry ()

s(t+t.,)

Figure 2.6. Block diagram of the matched filter correlator

Figure 2.7 shows two pulses; one is a pulse without additive regi3eand

other is the same pulse with additive noigg). In this case we have assumed ideal
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propagation conditions and Gaussian distributed additive noise with the mean of

0.024147 and variance of 1.03433.

25 T T T T
‘ ‘ Pulse without noise ----*----
5L  Pulse with noise ——— |
; * X ;
[} 05 r %** % S T
%_ VE )@K%H%H* s B To wx%% ————— -
< sl A |
1 >oe>0<’

-15 .
2t 4

e
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time/At

Figure 2.7. Comparison of pulse with the noise and pulse without the noise

Pulses from Figure 2.7 are passed through the matched filter. The result of the
correlation shown in Figure 2.8 compares the ideal noiseless signal and the actual

filtered received signal with additive noise applied. Signal to noise ratio for the
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pulse in Figure 2.8 is -6.56 dB.

12 ! ! ! !

"With noise

Without noise

Normalized Rsy (t)

0 10 20 30 40 50 60 70
time/At

Figure 2.8. Response of the matched filter for one realization

Information of UWB signal does not strictly depend on one pulse. For one
information symbol, approximately 1000 pulses are sent from transmitter to

receiver. Figure 2.9 represents response of the matched filter for 1000 realizations.



32

1 T T T T T T
Average of 1000 pulses  x
1 1 1 Ideal response
o 3 3 3 3 3 3
° 3 3 3 3 3 3
E T 2 e
©
£
2 07
-0.2 - .
-04 .
ok
0 10 20 30 40 50 60 70
time/At

Figure 2.9. Response of the matched filter averaging 1000 realizations

When the receiver is synchronized with the transmitter, it can detect the delay
between the expected and actual pulse arrival time, and it must determine whether
or not a pulse from the transmitter was delayed relative to its anticipated position.
Since transmitter is using randomly generated numbers for PPM, the receiver needs
to use the same random number generator in order to be synchronized with receiver

and to be capable of affective demodulation.
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Figure 2.10. Correlator described in Eqn (2.36)

The receiver is a bit duration correlator employing

du(t) = pt-T) - p(t - At -T,) (2.36)

The received signa$(t), is demodulated with the correlator sigrd)(t). The

correlator is comprised of two terms. Both of the terms represent Gaussian

monocycles with the same characteristics as the pulse used in the modulation.
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Figure 2.11. Demodulated signal {1,0,1,1,0}

However, the first term of the correlatptt — T,) is the pulse shifted only by a
random numbefT,, as bit "0" was shifted during the modulation. Similarly, second
term of the correlatop(t — At — T,) is the pulse shifted by the same amount bit "1"

was shifted in the modulation. The correlaty(t), is shown in Figure 2.10.

In order to determine whether "0" or "1" has been transmitted, the

demodulated signas,(t), is compared with zero-threshold, where
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T (2.37)
s4(t) = j s(t)dy, (t)dt
t=0
If the value of the integral over the frame is larger than 0 then transmitted bit is set

to "0", and if the value of the integral over the frame is less than 0 then transmitted

bit is set to "1". Figure 2.11 represents the demodulated signal shown in Figure 2.3.
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Chapter 3
SPHERICAL WAVE REFLECTION FROM A PLANAR INTERFACE

3.1 Introduction

To faithfully transmit data from the source to the receiver one must consider
and in many cases mediate impairments introduced by the intervening media. In
indoor wireless communications these impairments are the result of reflections
from walls and obstacles in a room or building. These reflections or multipath
signals modify the frequency response of the channel and interfere with the line of
sight signal being detected at the receiver. The short time duration and relatively
long repetition time of ultra wideband pulses make them less susceptible to
multipath interference. However, multipath does affect the SNR and may become a

problem if the repetition time is decreased.

In this chapter we will evaluate the reflection of a spherical wave generated
by a dipole antenna from a planar surface. The amplitude and spatial characteristics
of the reflected wave will also be examined. To do so, an exact image theory based
on the Laplace transform is introduced. It is shown that a branch integral can be
used to solve for the image source contribution. The integrand is convergent, and

accuracy by numerical evaluation is easily established.



Electromagnetic
Source

Figure 3.1. Energy generation by electromagnetic source (a) Spherical Wave (b)

Spherical Wave

@

Uniform Plane Wave

(b)

Plane-wave approximation at oblique incidence

In long range propagation problems, where the source to receiver distance is

much greater than a wavelength, the assumption is that reflection coefficient of the

37

spherical wave is essentially identical to that derived using plane wave theory.

When a point electromagnetic source emits energy, the energy spreads outwardly

from the source along the wavefront. To an observer in the far-field, the wave
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appears planar as it was a part of a uniform planar wave (Figure 3.1). In indoor
propagation the plane wave approximation will be of limited utility when near-field

estimates of the amplitude are required.

The polarized wave units of the reflection and transmission coefficients can
be decomposed, using superposition, into its parallel and perpendicular polarized
components. In radio waves, it is common to designate wave polarization by the
plane of the electric field vector. If the electric field vector lies parallel to the plane
of incidence than the radio waves are characterized as parallel-polarized. If electric
field vector lies perpendicular to the plane of incidence the radio waves are
classified as perpendicular-polarized. Therefore, the incident \{@&vé,) is
decomposed into perpendiculaolarized component &, H;,) and parallel-

polarized component&, H;)).

3.2  Free Space Propagation

In the previous chapter it was mentioned that the pulses are transmitted as
Gaussian monocycles. Therefore, only the case where the voltage is produced as a
Gaussian monocycle shall be considered. Since voltage is Gaussian shaped in time

(Egn (2.3)), the current has Gaussian form as well. It is represented as,
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SR i 3.1
i(t)zﬁoe 262 = jye 207 &1

whereR s the resistance, amglis the current’s peak value. For further analysis the

t2

current will be referred to by its peak value, and multiplication by the facto?

is to be understood. The Fourier transformi@j will be expressed a$;(w).
When the current is known , the customary approach for finding the electric and
magnetic fields at the observer poi@(r, 9, ¢), is by using the retarded magnetic
vector potentialA. The geometry is depicted in Figure 3.2. The current is assumed

to have onlyz component.

O(r,0,0 )

X

Figure 3.2. Electric dipole and the spherical coordinate system
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Therefore, the retarded vector potential has only zheomponent. The

Fourier amplitude of the retarded vector potential is defined as

hlg
Az = 1o Arr el

(3.2)

wherer is the distance between the source and the obsangthe diameter of the
source,l is the Fourier transform of, and the wavenumbér= o The spherical

components oA are found as follows

hlg .
A = A,cos8 = 1o — e cose (3:3)
Arr

(3.4)

. hlp, .. .
A, =—-A,sing = —u, ﬁ el sing
T

The orientation of the source renders gheomponent ofA equal to zero.
The vector components of the electric and magnetic fields can be found from the

spherical components &

H =iV><A (3.5)
Ho
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~ ~ (3.6)
E=— VxH
—Jwg
The spherical components of magnetic and electric fields are
loh e(—Jk 1) (3.7)
H, = Eel r(T+ 2 sing
loh ..(2
4r r2  —jwegrs
loh (o 1o 1 - (3.9)
E,= el —— 4+ D4 — sing '
7 4r ( r r2 —joers

1 : ,
where ny =+ uyle,. The terms contalnlngF are considered to be far-field

1 1 . ,
components, whereas thrg and 3 terms are considered near-field components.

. 1 .
At large distances from the source the only teﬁlﬁ?) are retained. Therefore,

expressions for electric and magnetic fields can be simplified to

(3.10)
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E‘]“’ﬂo'oh
0 4rr

singe (3.11)

Inverting the Fourier transforms given by Egns (3.10) and (3.11), and lqs%;g

yields

_ h d. ry .. (3.12)
h¢(t)_47zrc dtlo(t C)sme

_Moh d (T (3.13)
& (t)= yp |o(t C)sma

Thus, the field strength of the electric dipole varies as the first time-derivative of the
current. For different antennas the relationship between the current and field
strength might be different, however, the field never varies like the antenna current.
Radiation of the antenna is caused by the acceleration of charges which is

proportional to the first derivative of the current, not by their constant nfidtion

3.3 Parallel Polarization

The geometry used to describe the reflection of a parallel-polarized wave

from a planar interface is shown in Figure 3.3. The planar boundary- &t
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separates two mediums. Medium 1 occupies 0, and medium 2 occupies
remainder of the space. Incident electric field vedEgy is parallel to the plane of
incidence, and incidence magnetic field vedt_qn, is perpendicular to the plane of
incidence. Therefore, the condition thE‘i”x Hi; should result in incident

propagating wave is derivetbag k;.

Medium 1€, 1, ) Medium 26, b )

ATV ATTVAAAY

Figure 3.3. Parallel-polarized plane wave incident at an @agigon planar boundary

Assuming ae*! time dependence the propagating incident wavenumber

vector k; is given by
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ki = ky[Xsing, — 2cos6;] (3.14)

wherek; is wavenumber of medium 1 characterized by its electric permittiyity,
and magnetic permeabilityy;. Wavenumber,k;, is defined ask; = o/ €.

Similarly, reflected and transmitted waves can be expressed as

k. = k;[Xsine, + 2cosg,] (3.15)

K, = k,[X SinG; — 2c0s6,] (3.16)
whereg, and ¢, are reflection and transmission angles shown in Figure 3.3. The
position \ector isT =[zz+ xX]. The electric fields for plane waves can be

expressed as

Eij(2) = Egy (% cosg; + 2sing,)elki ot (3.17)
E,(2) = —E}(X coss, — 2sing, el it (3.18)
(3.19)

Ey(2) = E5 (X coss, + 2sing,)elk it

where the quantitieE(i)“, Eg» and EE,” are respectively the complex amplitudes of
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the incident, reflected, and transmitted electric field. Substituting ik; fior, k,

andr, the electromagnetic fields are given by

Ei||(z) = EB”()’Z coSso; + 2Sinei)ejkl[xsinsi—zcosei]—jwt (320)
Er||(Z) =- EBH()’Z cosf, — Zsin er)ejkl[xsin9r+zcoser]—jwt (3.21)
(3.22)

Eq(2) = E(X cose, + 2sing,)eldxsna-zcosal-jot

Given that Vx E = jouH, magnetic fields for parallel-polarized wave yield

expressions

l:'i||(z) — _y % ejkl[xsinei—zcosei]—ja)t (3-23)
M

Hrll(z) -y % elkilxsing-+zcose]-jot (3.24)
s
t

Flt||(z) — —)7 % ejkz[xsinet—zcoset]—jwt (3.25)
2

wheren, andn, are intrinsic impedances for medium 1 and medium 2 respectively.
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The intrinsic impedance is definedas= A fori = 1,2
&

Total electric field for parallel polarization in medium 1 is the sum of
incident and reflected parallel-polarized electric field waves, and total parallel-
polarized electric field in medium 2 is equal to the parallel-polarized transmitted

electric field.

Ey(2) = Ey(2) + E(2 (3.26)

Ezu(z) = Et||(z) (3.27)

At the boundary = 0), the tangential components of the electric and magnetic

fields are continuous.

Ey(0)- X = E5(0)- R (3.28)

The following expression is obtained upon using Egns (3.17), (3.18), (3.19), and

applying the continuity condition on the tangential components of the electric field

atz=0.



47

' (haxsing;- (kaxsing,- i 3.29a
E'on(COS@i gl (kixsingi—ot) _FIICOSQr gl (kixsing; wt)]: E'OHTHCOSQteJ(kZXS'net ot) ( )

whereT = Ef/Ep, and 7 = E§/Epy. The magnetic field in medium 1 is defined as

a sum of incident and reflected parallel-polarized magnetic field components. The
total magnetic field in medium two is characterized only by transmitted parallel-
polarized magnetic field. Applying the continuity condition on the tangential
component of the magnetic field at the interface yields

i i
ﬂ (ej(klxsinei—wt) +1—~“ej(k1xsin9,—wt)): ﬂ T”ej(kzxsinat—wt) (3.29b)

M n2

By Snell’s law

k, sing; = k, sing, = k, siné, (3.29¢)

Using Egns (3.29a-c) the reflection and transmission coefficients of parallel

polarization yield following expressions

[ _ M.C0S8, — 1, COS6, (3.30)
™ 5, cosé; + i, cose,

_ 21, COSH; (3.31)
11 COSH; + 17, COSH;

Ql
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3.4  Perpendicular Polarization

Medium 1¢,, 1, ) Medium 26, b )

ATV TTVAAAY

Figure 3.4. Perpendicular-polarized plane wave incident at an @ngien planar

boundary

Previously it was said that any polarized wave can be decomposed by using
superposition. If the same incident, reflected and transmitted waves (Eqgns
(3.14)-(3.16)) are used as in the parallel polarization analysis, it can be seen from
Figure 3.4 that perpendicular polarization electric fields are perpendicular to the
incident plane of propagation, and associated magnetic fields are parallel to same

plane. Furthermore, the condition tii&t x H;, is collinear withk; .

The geometry used is detailed in Figure 3.4. Equating the tangential
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components of the electric and magnetic field at the inteefad@ yields.

EBL(ejklxsinei n rLejklxsinH, ) _ EBJ_TJ_ejkzxsinet (3.32a)
E! o o El o
= ( — cosg, e’ | cosp, T, elkaxsiner ) = — —% 7, cosp,elexsin (3.32b)
n1 n2

wherel', = E{,/E}, andz, = E{,/E},. By Snell’s law

k, sing; = k; sing, = k, siné, (3.32¢)

Solving Eqgns (3.32a-c) for the reflection and transmission coefficients of

perpendicular polarization yields following expressions

_ COs6; — 1, COSH; (3.33)
+ 7 5,c0S8, + 17, COSH;

_ 21, COSH; (3.34)
11 COS6; + 11, COSH,

T

For the case where medium 1 is the air and medium 2 is sea water the relative
permittivity € =e,/e; is 72, whereas as the relative magnetic susceptibility

1= u,lu, is equal to one. The reflection coefficients for both polarizations are
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shown in Figure 3.5.

1.1 T T T T T T
‘ ‘ ‘ ‘ Parallel Polarization —+—
Perpendicular Polarization

[T]

0 i i i i i i i
0 0.2 0.4 06 0.8 1 1.2 1.4 16

Incidence angle 6i (Radians)

Figure 3.5. Parallel and perpendicular polarization reflection coefficients versus the

angle of incidences =72, u =1

When incidence angl®;, is zero, parallel and perpendicular reflection coefficients
are equal in magnitude. At normal incidence the incident angle isget®, and

therefore, two reflection coefficients match as expected. On the other hand, at

gazing incidence wheas; :% the magnitude of both reflection coefficients are
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equal to 1. Hence the wave is fully reflected. For non-magnetic materials, when
parallel reflection coefficient is equal to 0, the angle of incidence is called
Brewster’s angle. At Brewster’s angle the entire parallel-polarized component of
the incidence wave is transmitted into medium 2. However, perpendicular-
polarized component is not zero. Brewster’'s angle is also called polarizing angle
due to the fact that the parallel-polarized component is fully transmitted into second
medium, and perpendicularly-polarized component of the incident wave is reflected

by the surface. Hence, the reflection process acts as a polarizer.

Reflected and transmitted angles can be expressed in terms of angle of

incidence by Snell’s laws

[ _ M20080 ~ ma (3.35)
| =
lp) COSHi + no

r-mn COS6; — 1,00 (3.36)
1™ 5, coso, + n,a

VK2 - KZsirf g

where,a =
Ky
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Figure 3.6. Absolute value of the parallel-polarized reflection coefficient as a

function ofg; for see water, glass, and dry soil surface

Reflection coefficient demonstrates angular variations for different types of

medium. Figure 3.6 shows angular variation of the parallel-polarized reflection

coefficient for an incident wave coming from air onto three different dielectric

surfaces: sea watee £ 72), glass £ =10), and dry soil £ =3). The relative

electric permittivity of concrete wall is approximately equal to the electric
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permittivity of the dry soil, therefore, further analysis will be done wih3.

3.5 Inverse Laplace Transform of the Reflection Coefficient

For ease in our analysis a substitution is introduced into the previously
derived reflection coefficients for both polarizations. The normalized vadakik:

be defined as

q= COsS; (3.37)

where u is relative magnetic permiability defined as the ratio of two mediums’

magnetic permiabilitiesy = &, ande is relative electric permittivity defined as

M1

the ratio of two mediums’ electric permittivitiengz. Applying these
I3

1

substitutions the obtained relations for reflection coefficients are as follows (Eqgns

(3.38) and (3.39))

eq—\1+ P (3.38)
eq+\1+0P

[y(a) =



V1+02-uq
V1+0%+uq

()=
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(3.39)

Parallel-polarized reflection coefficiert,(q), was chosen for further analysis of

Laplace transform. Reflection coefficidnf(q) can be represented in the following

form

@) = {J[ﬂo 1ﬂ||(Q)} + R(q)

(3.40)

(3.41)

The functionR(g) depends on the parameter Figure 3.7 depicts the absolute
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value of R(q) and its variation with different values ef where ¢ is taken as

complex value.

Te=1+700 +

% e=72
X x e=10+12i x
X x €=40+ 1i

0.1 [ T e N 8
3 +

(R(@)l

0.01 ' ' ' ' _
0.1 1

Figure 3.7. The absolute valueRfq) varying with different values of parameter

The reflection coefficient will be represented as Laplace transform integral of

an unknown functiorg(p).
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T 3.42
ry(a) = | S(pe™dg 342
0

where S§(p) is to be determined through the further analysis. From Eqn (3.42),

Si(p) can be expressed as the inverse Laplace formulatib{af

jootC

1
Sl(p):gj J F”(Q)epqdq (343)

—jootC

Combining Eqns (3.40) and (3.43(p) is defined through the relation

jootC

-1 1 3.44)
- . R(q)ed (3.
S(P)= 79+ 5,5 | Ra)e™dg

—Joo+C

In evaluating complex integrals, it is essential to examine all singularities of the
integrand. The singularities of the functi®tq) exist at points wher&(q) is not

analytic. From the expression f&(q) it can be seen that there are two possible

poles and two branch points. Two possible poles occurgatta where

a= . A key element in the analysis is the selection of the sign of the term

2 —

v1+ g2 When the real part af is positive, the positive branch will be chosen.
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Otherwise the negative branch will be used.

As g approaches one can write

1+ a2

q—\/rqzz(x+a)—{\/raz} 14 XX+ 29) (3.45)

whereq—a=x. Letting a=1Ne2—1 the termV1+ a2 = eNe?—1. Taking the

Taylor series about = 0 of the numerator oR(q) yields

o (e~ 1y

e-1_ (3.46)
e+1 eNe? -1

(g—a)+O((q - a)?)

lim
X—+a
Since the leading term is multiplied by« a) a pole-zero cancellation occurs. The

function is analytic foq = 1~Ne2 - 1.

For q=- a the termV1+ a2 = - gNe2— 1. Taking the Taylor series about

x = 0 of the numerator oR(q) yields

2 _ 1y
xi”Ja(q—V“qz) - =28(j€2—1_)1 (a+a)+0((a+a)?) (3:47)

Since the leading term is multiplied by a) a pole-zero cancellation occurs.
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Hence the function is analytic for= -1Ne2 - 1.

Y] g-plane

*]

)

Figure 3.8. Definitions of branch line f&(q)

In the given problem poles are canceled by zeroes as in the expression at

g=1= 1 and have no effect on the solution. However, the effect of the

&2 —

branch point has to be taken into accotr{t]) is double-valued function, and has
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the same branch pointg as the function/1+ g2. Given thatg = x + jy the branch

line can be defined as= 0 and-1< y <1 and is shown in Figure 3.8.

- A /SJ\ j+A

'j' A \f-j -j+ A

Figure 3.9. Branch points and branch line Rjq)

Assuming that branch line is defined between two branch points (Figure 3.9), the

two branch points yield the following expression

+j+A —-j-A

S = T80+ 5| | F@e da+ | Faerag (3.48)

2r )| J
j+A +j-A

where,
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Figure 3.10. Numerical solution f&(p) - (%)&(p) for water (¢ =72).
£

F(q) actually represents the first term Bfq) (Eqn (3.41)) and it has the only

contribution to the image source. Introducing yet another substitutienyy, the

60

(3.49)
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expression fo§(p) is

£

_1
Si(p) = mé(p)—

8_ —————sin(py)dy (3.50)
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Figure 3.11. Numerical solution f&(p) —( ]5(p) for dry soil (e =3).

e+1
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We are interested in the indoor case where one of the reflection cases that can occur
is when the wave travels from air onto wall. The expressiofa) (Eqn (3.50))

can be solved numerically for the mentioned case (Figure 3.10 and Figure 3.11).

10

IR(@)] or [R'(a)l
T

0.1 : : : : —
0.1 1

Figure 3.12. Absolute value &f(q) andR’'(q) — (8 :L i) (e =3).
€

It can be seen from both graphs tBg(tp) decreases inversely with, and it
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decreases exponentially. In Figure 3.3(p) is numerically solved for the wave
traveling from air onto the water, and in Figure 3.11 for the wave traveling from air

onto to dry soil.

In order to show that the proper branch point was selected in evaluation of

the reflection coefficient, the Laplace transform was take)(q)

R(@) - | Si(Pedp (3.51)
0

In Figure 3.12R(q) andR'(g) are matching, which demonstrates that image source,

F(q), along with the branch points were chosen accurately.

3.6 Radiated Field

Given that magnetic and electric fields are continuous across the boundary
between two mediums, boundary can be substituted with a point source. A point
source is considered as shown in Figure 3.13, where point source is located at

coordinatesX, y, z) = (0, 0,z).

The total reflected field is defined as
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T(r, 6, ky) = TM dp (3.52)
b
z

Zs | (XY, 2)

kl
X

k2 Oi

_ZS I

Figure 3.13. The point source located at (@,),receiver located ak(y, z),
P
K\ e — 1).

and image source is located at (0;5£,—

The corresponding image source is located in the complex plane at (0,0, -
__ b
kivue -1

Z ), thereforey is defined as
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(3.53)

. 2
P
= X+ Y2 +|z2+ 2+ ————
4 V y ( s i, (——,ug—l)

wherex? + y? is horizontal distance between source and receiver, bexaasdy;

are zero. If distance between the image source and receiver is defindioess

(2= X2+ y2 4 (24 2)° (3.54)

Considering the normalizing factor previously used (Eqn (3.37)) and distance

(Egn (3.54))y can be simplified to the following expression

B r\/1+ 2jp cosé, _( p )2 (3.55)
4 rky Vuel \rkp\ue—-1

The first term ofS(p) (Eqn (3.50)) is a delta function which is zero @£ 0.

Therefore, the total field of the image source can be rewritten as

-

ejkll’ e—1 °o eJklf(?—l)

(K = =—| =+ [ s¢p) —5—dp (3.59)

) v
:

whereSgp) is the second term &(p),



0.79

0.78

0.77

0.76

0.75

[T or|TT|

0.74

0.73

0.72

0.71

0.1

0.2

0.3 0.4

0.5 0.6 0.7 0.8
Incidence angle 6i (Radians)

66

. . : - . r
Figure 3.14. Parallel-polarized reflection coefficiéhtyersus the total field] ol
whenk;r = 100, 000 and = 72

(3.57)
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Figure 3.15. Parallel-polarized reflection coefficiéhtyersus the total field] ok
whenk;r = 100 ands = 72

Detailed derivation of the entire reflected field is presented in Appendix A. The
solution can be easily evaluated using numerical methods. From Figures 3.14 and
3.15 it can be seen that the total fidlj,depends on the value kfr, wherek; is

the wavenumber. For the large valuekgf, reflection coefficient and the total field

match well (Figure 3.14).
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Figure 3.16. Parallel-polarized reflection coefficiéhtyersus the total field] ok
whenk;r = 100,000 and =3

However, the field does not lonely depend on khe value, or frequency and
distance between the image source and receiver. It also depends on the electric
permittivity, €. Figures 3.14 and 3.15 represent the field for the wave which travels
from air onto the see water. Furthermore, Figures 3.16 and 3.17 represent the wave

traveling from air onto dry soil, or the wall in this case.
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Figure 3.17. Parallel-polarized reflection coefficiéhtyersus the total field] ok
whenk;r = 100 ande = 3

It appears that for the smaller valueghe field is likely to behave more like

reflection coefficient.
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Figure 3.18. Error for different values lofr whene = 3

However, Figure 3.14-3.17 show magnitudes of parallel-polarized reflection
coefficient and total field. This does not provide complete picture of the fields
behavior due to the phase change which is not shown on these graphs. In order to
get better idea of the field's dependence on the valudsroénd ¢, error was
found. Error represents the percent difference between the plane wave reflection

coefficient and that obtained by the field calculation.
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For very small value ok;r error is larger for smaller values ef(Figure
3.20). However, as the value kfr increases the error is inversely proportional to

the k;r value (Figures 3.18 and 3.19). Furthermore, for the smaller valee®r

decreases faster.

100 F T T T T

% error

| | |
0 0.2 0.4 0.6 0.8 1
Incidence angle 6 i (Radians)

ky r=100,000

0.01

Figure 3.19. Magnitude of error for different valuekgf whene = 72

When thek;r value is high that means that either distance from source to receiver
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is large or that frequency is high, meaning that at large distances plane wave is
good approximation for spherical wave. On the other hand, for the smaller values of
k,r reflection coefficient and the total field differ. Since we are looking into short-
range reflection this result is of great significance for further analysis in obtaining

the impulse response of the wave propagation.

100 T T T T

% error

i i i
0 0.2 0.4 0.6 0.8 1
Incidence angle 6 i (Radians)

Figure 3.20. Magnitude of error whégr = 1 fore = 3 ande = 72
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As seen from aformantioned results, the signal is more likely to reflect at
higher amplitudes, at low frequencies, and short distances. Hence, the point source
acts like a low pass filter, and therefore, on the plane wave reflection coefficient the
spectrum will shift. Due to the high reflection, once converted into time-domain,
the pulse will spread. The problem can occur if the pulse spreads wider than a
assigned frame time. In this case, pulse might be detected as noise, and it would be

canceled out.
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Chapter 4
INFLUENCE OF THE SHORT-TIME/RANGE REFLECTION
ON THE UWB SIGNAL

4.1 Introduction

During UWB transmission, the UWB signal will be reflected from obstacles
before reaching the receiver. Long-range reflections do not have high impact on the
signal recovery. However, when the short-range reflections occur the pulse changes
its original position. If the pulse shift is small the receiver may decode the signal

with error during demodulation.

In previous chapters we described the principles used in signal modulation
and demodulation, and determined the radiated field around the dipole antenna.
PPM is a common method for modulation of UWB signal, as well as the matched
filter and correlator that are used for demodulation. However, the short-range/time
reflection in the channel through which UWB signal is propagating does not have a
standard solution and it is still problematic in the UWB technology. In an indoor
case, where the receiver will most likely be attached to the wall, the occurrence of
short-range reflections is eminent. Prediction of the channel transfer function can

be used to minimize the reflected wave’s effects at the receiver.
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In this chapter we will determine the channel impulse response consisting of
a single reflection from a dielectric boundary. In particular we are interested in the
short-range/time reflections that occur in indoor wireless transmission. Therefore,

we will discuss the influence of the short-range reflection on the UWB signal.

4.2 Time-domain Solution

In this section we will present the time-domain solution of the radiated field
from a dipole antenna using the results outlined in Chapter 3. This time-domain
solution of the field can be used as an approximate model of the impulse response
of the channel through which the UWB signal is sent. Given two mediums, it is
assumed that within a channel only one short-range reflection occurs. Furthermore,

the impulse response of the channel is considered to be time-invariant.

By knowing the features of the reflected signals that can occur within a
channel one can significantly decrease the influence of the signal interference at the
receiver. We are most interested in the closed environment case, and therefore, we
will consider computing the radiated field for wave propagating from air onto the

wall. In this case relative electric permittivity of the walkis 3.

The reflected wave is observed at a distané®m the image source and

angleg; measured relative to the normal of the boundary as shown in Figure 3.2.
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Given that the source provides a time-harmonic excitaiéti to the medium, an

20 The amplitude of the

outwardly traveling wave ensues with wavenuniget s
1

component of the Hertzian potential for this wave is given by

jKor
M(wo, T, 6,) = {e }A(a)o, r,6) (4.1)
4rr
where,
0 ejkor(%—l 45
A(w01r16i):J$|(paw0) T dp ( ' )
) 7z
p
and
2 : 2
v© _,, 12p coss _( p ) (4.3)
r2 Kol Jue—1 \kora/ue—1

The time-domain response can be obtained by applying the inverse Fourier

transform toAin Eqn (4.1).
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157 . 4.4
a(t,r,ei): E J‘ A(a)Oyr'ei)e_Ja)OtdwO ( )

elor | . r .
The term{4 . } in Egn (4.1), offers a time delag and scales the aforementioned
T

1 . . . , .
result byﬂ . Hence, the time domain solution for the Hertzian potential of the
T

reflected wave is

a(t - % r.6) (4.5)

ﬂz(t,r,ei)z Anr

The inversion of the Fourier transform can be performed using the Fast
Fourier transform after suitable nondimensionalizations and discretazations are
performed on the complex amplitud®e The first step is to scale frequency and
time with respect to the sampling frequerfgy The nondimensional quantities are

denoted by ™.

0)0:[2” fo]fsz (?)ofs (46)
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(4.7)

(4.8)

When expressed in terms of the nondimensional paraniet®gsandf, A yields

the following expression

oo iy g,l) Lo
A@o..6) = [ S((p. @ f) —5— |dp (4.9
° T
where,
~2 . 2
v-_ ., 12pcoss _( p ) (4.10)
aof Vue —1 \agf\ue—-1

FZ

Therefore, the nondimensionalized expression for the time-domain solution of

A(@,, T, 6;) becomes
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1% o 4.11
af.f.0) =5 j A(&o, 7, 6,)€7 17 d 3, T, (411)

. . : 2k .
To obtain a discrete representation of Eqn (4.9), one eq&:atues;\rl— wherek is

the index of the frequency harmonic ahldis equal to the number of frequency
samples between 0 arfd. The result is periodic in time and frequency. Herice,

takes on integral values between O &hd 1. The result is not periodic in space. So
I can take on any value. Expressia(@rk/N, T, 6,) = Ak, T, 6,) in Eqn (4.9) yields

the discrete Fourier transform

- af,r,o 1 N-1 _2nkt
a@ o) = 2000 LN p e (4.12)
fs N k=0

x N o
Henceais the area o in af— in each sample time interval.
S

The FFT algorithm assumes that the signal is periodic. Each period of the
signal consists o\ points. Time-domain solution for the radiated field is a real
valued signal. The resulting real valued time-domain signal can be achieved if its
spectrum is conjugate symmetric. In other words, the second half of the signal
needs to be the complex conjugate of the first part. Figure 4.1 shows complex

amplitudeA for & = 3. Time-domain solution d(t, , 6;) is shown in Figure 4.2.
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Figure 4.2. Time-domain impulse response(®j for e = 3,7 = 6. 67,0 = 0. 24rad

4.3 Relationship Between the Hertzian Potential and the Electric Field

In the previous analysis we assumed current which was harmonically time

varying ase”/!. Given the wave equation
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(4.13)

o I, .
[V2+w2ug:| fle ot = —3 ~90 5(x)e it
—jwe

For vertically directed dipole the solution for the z-component of the Hertzian

potential is

.= oM o (4.14)
—Jwe

In spherical coordinates Hertzian potential can be presented as

=11, +11,6 (4.15)

where I1, =11, cosg;, and I1, = —I1,sing;. Electric field is proportional to the
Hertzian potential. The relation between the two is described in the following

expression

E = V(VII + w?e ull) (4.16)

When one expands the aforementioned expression, the electric field yields

following expressions
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10 oy, L0 , (4.17)
EB—Fa—[r—za—r( ) |’S 9 895|n0H:|+a),U€H9
_ 9 2 J 2 (4.18)
f‘a[rzar( M+ rsin 0895n91‘[]+wy3r{r
Using the expression given fb, and the spherical coordinate transformation
E, = | (a))h |:1 i + a)z,as:|l_[ sing, (4.19)
joe | r or
_l(o)h (4.20)

E, = [1cose,
' joe [arz @ ﬂg]

and w? with —(jw)?, expressions for electric

Replacingair with jovJeu a(jior)’

fields become

E, = (4.21)

lo)h|ver 9
e | 1t 9(jker)

- ja),uej|l_[ sing,
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- J (4.22)
Er =—ul(o)hjo Aikor )2 1|[1cose,
In the far-field the dominant terms in the aforementioned expressions are
E, = —joul (0)hIIsing; (4.23)
(4.24)

E, = joul (w)hIlcose,

4.4  Implementation of the Model

The block diagram of the process of modulating, sending, and recovering
UWB signal is shown in Figure 4.3. Given the binary sequence, binary signal is
modulated using PPM, and signal is transmitted as monocycle Gaussian waveform.
The received signal is comprised of the transmitted and reflected waveforms and
added noisen(t). In our case we can assume that additive noise is Gaussian
distributed. The variance of the noise will govern the degree of ensemble averaging
required to correctly recover the transmitted symbol. During the propagation of the
signal through the channel, the signal is convolved with the impulse response of the

channelh(t).



85

Transmitter Receiver
Channel

PPM

I=co

s() =, p(t-t, )

Binary sequence

h(t)

Binary sequence

dM ®) m Pre-filter -

Demodulation s(t+t,)

Matched Filter n()

Figure 4.3. Block diagram of receiver and transmitter

When the signal reaches the receiver, the signal is put through filters. The
function of the pre-filter is to equalize the response of the channel. To recover a
single pulse under ideal conditions an stable inverse filter can be applied.However,
in a real situation where thousands of pulses are transmitted to the receiver along
different paths, the impulse response may not be minimum phase. For a non-
minimum phase channel response the realization of inverse pre-filter for the
channel is not possible. However, in this thesis we will not explore for solution of

the optimal pre-filter.
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Source

z. L. Receiver
k '
1

Image source

Figure 4.4. Position of the source and receiver

After the signal is pre-filtered, a matched filter is applied. At this point signal
still contains noise. Hence, the matched filter will help to reduce noise effects in the
determination of the time shift assigned to each received pulse. Knowing the exact
shift of each pulse allows us to recover PPM signal. The recovered PPM signal can
be demodulated with the pre-determined correlator yieldiggt). Based on
determined pulse-shifts demodulator decodes the PPM signal into the binary

sequence.

In order to observe the influence of the single reflection on the UWB pulse

the scenario shown in Figure 4.4 is assumed. In this case, the source is located at



87

(x,2) =(0,z), receiver at X,z =(X,,z). Distance between image source and
receiver is defined as distance~or the given scenario to be explored, the assigned
position for the source is ax,(z) = (0, 3m), and the receiver is ak(z) = (X,, 1m).
Position of the receiver is changed by adjusting the distanda this manner we
can observe the pulse reflection at different distances and angles, whereabdth

0; are calculated from the positions of the source and receiver

r?=\x2+(zs+2)? (4.25)
6, = sin—l(ﬁ) (4.26)
r

With finite height of the sourcezd > 0) for points of observation in medium 1 the

angle has the finite range<y; < %

Calculated impulse response can be used to minimize the effect of any
additional delays and pulse overlaps that occur due to the reflections during the
transmission of the pulse train. Figure 4.5 is a time-domain comparison of a single
pulse of PPM and the same pulse after it was convolved with the impulse response
of the reflected field. PPM pulse was generated using previously defined parameters

in Chapter 2.
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Convolution was done in the frequency domain, and result is obtained by
taking the inverse of the Fourier transform with the previously described method. It
can be seen that the short-range reflection has a strong impact on the pulse shape
and the position within a time frame, both of which can be potential cause for the
pulse interference. The time shift pfc; and the amplitude reduction caused by
spherical spreading is not considered. This choice will allow one to directly

compare the the incident and reflected waveforms more easily.

Figure 4.5 represents the pulse reflection when the receiver is at distances 1m
and 10m. Compared to the original pulse, in both cases the reflected pulses are
shifted in the positive time-direction. However, Figure 4.6 demonstrate reflected
pulses when the receiver is located at 50m and 100m. Both pulses are out of phase
compared to the original pulse. Also, compared to the original pulse, the reflected
pulses engage different shape. Time-shift caused by the single reflection of the

pulse is proportional to the distance of the receiver from the image source.
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Chapter 5
CONCLUSIONS

This thesis presented the solution for a single short-range reflection of UWB
pulse using an image-based method based on Laplace-transform formulation of the
Sommerfeld half-space problem. The improvement to the originally proposed
problem is a more simple solution of the field. The complete field was calculated by

evaluating a simple branch integral consisted in the reflection coefficient.

Chapter 2 described basic principles of modulation and demodulation that
can be used in UWB. In order to shape energy spectrum and minimize interference
with narrow band radio transmission, modulation technique of PPM was chosen.
Demodulation was done in two stages: signal cancellation and signal demodulation.
UWB pulse recovery in the presence of additive noise was achieved by using the
matched filter, which maximizes the ratio of the output response to the input signal.

The final stage of demodulation was achieved using a bit duration correlator.

The advantage of PPM is the usage of the random time-hopping code. In this
kind of modulation, monocycles are less likely to overlap and interfere with each
other. It was shown that, in the modulation, by adjusting the pulse width one could

change the position of spectral nulls, and therefore, guard a particular frequency
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and minimize the interference of the UWB signal.

Affective demodulation can be achieved only if both the transmitter and the
receiver are synchronized and that they use the same random number generator.
Matched filter was designed in such manner that its impulse response was equal to
the conjugate of PPM signal. More accurate recovery of UWB pulse was achieved

when averaged out over many realizations.

In Chapter 3, the reflection of a spherical wave generated by a dipole antenna
was evaluated from a planar surface. Given that the electric field and the magnetic
field are continuous across the boundary of two mediums, the boundary was
substituted with a point source. The corresponding image source had the same
characteristics as the point source including its singularities. Since the poles and
zeroes of the reflection coefficient cancel out, the only contribution from the
singularities to the image source is provided by branch points. The solution of
reflection coefficient therefore consisted of a simple branch integral which

converged and could be easily evaluated numerically.

For very high frequencies and large distance between a source and the
receiver plane, wave reflection was a good approximation for a spherical wave
reflection. The field around the dipole antenna showed a high degree of dependence

on the values of the wavenumber, the distance between the image source and the
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receiver, and the relative electric permittivity. Error was inversely proportional to
the k;r value. Furthermore, error decreased faster for the smaller valueS loé
signal was more likely to reflect at high amplitudes, low frequencies, and short

distances.

The calculations of the complete field were done in the frequency domain. In
Chapter 4, recovery of the UWB pulse using inverse FFT was shown. Also, we
demonstrated the calculation methods for calculating the field impulse response
using the Fast Fourier Transform algorithm. Without predicting the impulse
response of a short-range reflection, the UWB pulse might be demodulated
erroneously. In addition, the time-shift and the shape of the pulse were found to
depend on the distance between the source and the receiver. For the shorter
distances, pulses acquired an additional shift, and for the larger distances both the

shape and the phase of the pulse changed.
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Appendix A
DETAILED DERIVATION OF THE ENTIRE FIELD

Parallel-polarized reflection coefficient derived in Chapter 3 (Egn (3.38)) is in the

following form

eq—\1+ P (A1)
eq+\1+02

L) =

Due to the rational fractionjm I'(q) is subtracted from the original expression.
J—o0

Detailed simplification of the mentioned step is given below

R(q) =T(a) - C!EQO Iy(a)

(A.2)

3 gq—\/1+q2_g—1
eq+N1+2 e+l

(e + 1 eq-VIT & |- (e D eq+ VP + 1
(eq +41+ qz)(e +1)

R(q) =




3 e2q—eV1+ R +eq—V1+ 2 —e?q-eV1+ Q2 +eq+1+Q?
(\/1+q2+gq)(g+1)

2 q-N1+@? eq-V1+@?
e+l eq+1+092 eq—1+02

2 FPH1-qV1+ - eon1+ @2+ eqf
el (eq)®~1-q?

2 e+ -qV1+q¥(e+1)+1
e+l qX(e2-1)-1

(e+1)[q2—q\/1+ 02 + i}
e+l

B 2¢
(e +1)(e2-12) o - 1
e2-1
__ ¢ [q_ 1+q]+1+£
21 1
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(A.3)

Removal of lim T’ (qg), provided easier observation of behavior of singularities.
J—o0

Combination of Egns (A.3) and (A.2) results with the expression



96

2 1
. [q— Trqz] L1-e (A.4)
+ £ 1+¢
1 ¢2-1 P 1
1-¢2

Ly(a) = i;

Parallel-polarized reflection coefficient can be expressed in terms of Laplace

transform as

ry(a) = [ S(me™dp (A.5)
0

where §(p) is to be determined. Therefore, the inverse Laplace transform of the
same is expressed as

jootC

1
S(P)=5- | Ti@erda

(A.6)

—jootC

jootC

S(P =5, | [Im i@+ R evap

—jootC

(A.7)

The integral oflim T'(q) is an impulse function, which simplifies the integrator to
gJ—oc0

jootcC

S = 1o+, - | RePdp

2”1 —j<>0+C

(A.8)

In Chapter 3 it was shown that the only singularities that influence behavior of the
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integral are the branch points, and theref@ép) can be determined through the

fairly simple branch integral

j+A -j-A

e—-1 1 (A.9)
- _ ap aP
SR = 1 9P+ 5 _j{AF(Q)e dq+j_jA F(a)e®dq
where,

e 20V1+@?

F@)= (A.10)
2 _
a -1

In order to establish the expression that is convenient for numerical evaluations, the

substitutiong = jy, is introduced

e-1
S((p) = P s(p)+

1 . -1 .
e 1 2jy\1-y? P iy — 2jyN1-y? ePigy |(A-11)
> — —
-1-y%— 1 —ys—

e2-1 e2-1

Detailed derivation 0§(p) is given below
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(A.12)
1 2y\1 - y I 2y\1 -
SR = S0+ 2| j eay- [ 2NV qmgy
2 V2
. y+82—1 LY 52—1
-1 —
iJ‘ y 1_y2 epJYdy
1- 82 ) 2.
e2-1
Vi-yt y piy y_ﬂ.—yz piy
e’Ydy+ e’Ydy
1- 82 zj 0 Y2+ 1
82—1 e2-1
_e-1 20 1| ¢ YNI=Y2 oy VAT Sl A
= o(p)— > —J—le dy+J e’Ydy
e+l 1-e*z)| 2 y2+ 0 Y2+
e2-1 82—1
_ yVl y P _ Pl |4
( p) 5 e y
g+1 1-¢2 7j 2
0y +82_1
1
-1 4 V1-y2 .
= s(p)+ —J AL sin(py)dy (A.13)
e+1 1-¢2 o y2+ 1
e2-1

The total field is defined as
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gk (A.14)
dp
7

T(r, k) = [ S(p)
0

A point source of diameterh is considered to be at the coordinate

(x,¥,2) =(0,0,z) (Figure 3.13). Therefore,

. 2
p (A.15)
= X+ Y +|z2+ 2+ ————
7 \/ y ( s klfg—l)

The distance from the image source to the receaiyes,defined as

r=x2+y2+(z+z2)? (A.16)

. . . o . .
Previously used normalizing propagation factp# T is implemented back
uE —
into they function
2jp cosé, ( p )2 (A.17)
v=r 1+ -
rky Ve 1 \rkpVpe—1

Finally, implementing Eqn (A.17) into Eqn (A.14), the field expression is
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ar | o0 Har(F-) (A.18)
[ si(p) = dp
0 T

T(r, k) = <

r
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