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ABSTRACT

MULTI-USER COMMUNICATION OVER HYBRID FSO
UWB CHANNELS

UWB communication provides high data rates with a simple signal model over
RF channels up to 10 meters. In literature, several studies have been done to generate
and transmit UWB signals over optical carrier via fiber cables. Low noise and attenua-
tion values of fiber cables makes UWB over fiber technology best candidate for inter city
UWB signal distribution. On the other hand, high deployment costs is the weakness
point of the fiber cables especially for the inner city distribution. In this thesis we have
proposed a system to carry UWB signals over free space optic channel to fill the gap
between fiber and RF communication. Performance results show that proposed sys-
tem is able to provide reliable data communication for open air conditions. Moreover,
different receiver structures are analyzed with multiuser interference since the system
purpose is inner city data distribution. Multiuser performance is evaluated for differ-
ent fading regimes, synchronous-asynchronous user cases and dependent-independent

multiuser fading environments.



OZET

UWB FSO KARMA KANALLAR UZERINDEN COK
KULLANICILI ILETISIM

Yiiksek frekanshi UWB sistemler yiiksek veri hizlarini basit sinyal modeli ile fakat
10 metre ile sinirh dar bir alanda sunmaktadir. Literatiirde, UWB sinyallerin optik or-
tamda yaratilip fiber kablolar aracilig ile dagitilmasini inceleyen ¢esitli ¢alismalar mev-
cuttur. Diiglik giiriilti ve zayiflama oranlar fiber kablolar1 sehirlerarast UWB dagitimi
icin en iyi aday yapmaktadir. Ote yandan, yliksek kurulum ticretleri o6zellilkle sehir ici
iletigim i¢in fiber kablolarin en zayif ozelligidir. Bu tezde UWB sinayalleri optik olarak
boslukta tagiyabilecek yeni bir sistem onerilmistir. Onerilen sistemin UWB sinyal-
lerin taginmasi agisindan fiber kablolar ve yiiksek frekans arasindak boslugu doldurmasi
beklenmektedir. Incelenen basarmm sonuclart UWB sinyallerin boslukta giivenilir bir
sekilde taginabildigini gostermistir. Ayrica sistemin sehir i¢i veri transferini amagliyor
olmasi nedeni ile ¢cok kullanici girigsimine kars1 farkli alici tipleri incelenmistir. Cok
kullanici bagarimi eszamanli-eszamasiz kullanici durumlari, farkli sontimlenme tipleri

ve bagimli-bagimsiz soniimlenme ortamlar: i¢in analiz edilmistir.
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1. INTRODUCTION

Ultra wideband (UWB) communications is a fast emerging technology that offers
new opportunities and expected to have a major impact on the wireless world vision
of 4G systems The important characteristics of UWB signals are their huge bandwidth
(3.1 to 10.6 GHz, and more recently 57-64 GHz) and their very weak intensity, com-
parable to the level of parasitic emissions in a typical indoor environment (FCC part
15: -41.3 dBm/MHz). The ultimate target of UWB systems is to utilize broadband
unlicensed spectrum (FCC: part 15: 3.1-10.6 GHz) by emitting noise-like signals. The
major UWB advantages are potentially low complexity and low power consumption
that implies that UWB technology is suitable for broadband services in the mass mar-
kets of wireless personal area networks (WPAN). Furthermore, UWB combines the
high data rates with capabilities of localization and tracking features, and hence opens
the door for many other interesting applications as accurate tracking and location,
safety and homeland security. For these reasons, UWB is considered a complementary

communication solution within the future 4G systems.

However, the current high data rate UWB systems (e.g. 480 Mbps see [13]) and
future evolving multi-gigabit UWB version IEEE802.15.3¢ at 60GHz are inherently
limited to short-ranges of less than 10m. This is simply derived from the constraints
on allowed emission levels and fundamental limits of thermal noise and Shannon limits.
Larger coverage of high data rate UWB to say 10 10000 meters is most desired for

broadband access technology.

One way to extend UWB coverage is to carry UWB signal over optical fibers
(1], [5], [7],[8], [14], [15]. Fiber cables offer very high bandwidths that is the basic
requirement for ultra short UWB pulses. Fiber cables are nearly immune to background
noise and co-channel interference.And it provides nearly nonexistent integration into
the fixed wired networks or wireless wide-area infrastructures. Moreover, fiber cables
are not effected by multi path fading which is one of the most important problem for

UWB RF channels. Finally, generation of UWB pulses on the optical domain requires



cheaper and simpler components with advantages, such as light weight, small size, large

tunability and the immunity to electromagnetic interference [7], [14].

On the other hand, recently free space optics gain attraction as an optical ap-
proach to the wireless communication for high speed broadband access. Optical signals
are carried over atmosphere instead of fiber cables in the FSO systems different than
other optical systems. Thus, fiber cable costs are eliminated for the FSO systems which
satisfies the main motivation against fiber systems. FSO systems can cost one third
to one tenth the price of conventional underground fiber-optic installations [16]. Ob-
viously, FSO can not be compared with fiber systems from the attenuation viewpoint
that the free space optical link approach suffers a 41 dB loss over 10km compared to
the extremely low loss level of optical fibers that is about 3dB at wavelength 1.55um.
Moreover, under some weather conditions such as heavy fog, the maximum link dis-
tance is only at the range of a few hundred meters, regardless of the value of the
transmitted power or the size of the receive optics. To overcome this major drawback,
the most cost-effective solution is to incorporate an RF back-up. There are several

studies to transmit data using RF and FSO channels in parallel [17], [18], [19].

In this thesis, we propose a new concept for converging between the high data rate
wireless short-range communications based on UWB technologies and the free space
optical access technology. The main idea behind the proposed concept is to enable
the transmission of UWB radio signals transparently over optical channels. Since the
UWRB pulses are carried over optical link very simple optical receivers will be able to
convert optical signal into UWB pulses and feed into the UWB RF transmitter. RF
UWB communication is best for indoor communication whereas the fiber links are
best candidate to carry UWB signals intercity. UWB over FSO fills the gap urban

communication up to 10 kilometers with low cost.

Thus, first requirement for the proposed system is that system shall be able
to take optical signal as an input or signals can be generated in the optical domain
directly. Other requirement is output of the systems shall be converted easily to the

RF UWRB signal that matches the FCC of US mask. Also system shall provide low bit



error rates at high data rates. Finally, system shall support multiuser access. System
architecture, bit error rates for single and multiuser cases are given in the thesis. Also
BER simulations are validated with theoretical results for different turbulence regimes

and receiver models.

1.1. Thesis Outline

In Chapter 2, we introduce UWB signal model and FSO channel model. This
chapter may also be regarded as literature review part. In Chapter 3, an UWB over
FSO system is developed using various signal generation methods. Error performance
analysis of the proposed system are derived analytically. And simulation results are
given for various FSO channel parameters. In Chapter 4, performance of various re-
ceiver types are shown for different multiuser communication case. The simulation
results are given for FSO links according to the average SNR information provided by

the receiver. Finally, the concluding remarks are drawn out in Chapter 5.



2. Free-Space Optical Communications

Over the last two decades, wireless communications have gained enormous popu-
larity. Wireless offers an attractive option for many personal as well as organizational
communication needs because of flexibility, cost effectiveness, and mobility. Wireless
communication minimizes the cost of cabling and offers flexible installation leading to

simpler network infrastructure.

Two transmission techniques for wireless communications have been deployed;
Radio Frequency (RF) and wireless optical also called as free space optics (FSO). The
well-established industry experience in radio frequency led to quick development of RF-
based wireless technologies. The RF wireless systems offer a wide range of coverage and
a host of compatible devices. On the other hand, the growing demand of broadband
applications and congestion of RF spectrum have fueled interest in the development of

the infrared option with much higher data rates compared to RF.

As a channel for medium-range up to 1 km and short-range up to 10 meters, wire-
less optical radiation offers several significant advantages over radio. optical emitters
and detectors capable of highspeed operation at GHz speed are available at low cost.
The infrared spectral region offers a virtually unlimited bandwidth that is unregulated
worldwide. Infrared and visible light are close together in wavelength, and they exhibit
qualitatively similar behavior. Both are absorbed by dark objects, diffusely reflected
by light-colored objects, and directionally reflected from shiny surfaces. Both types of
light penetrate through glass, but not through walls or other opaque barriers, so that
infrared transmissions are confined to the room in which they originate. This signal
confinement makes it easy to secure transmissions against casual eavesdropping, and
it prevents interference between links operating in different rooms. For the outdoor
systems, receiver should be directly align with the incoming signal beam which makes

optical links more secure than RF links.



There are also several drawbacks of the wireless optical systems. Because in-
frared cannot penetrate walls, communication from one room to another requires the
installation of infrared access points that are interconnected via a wired backbone. For
the outdoor systems any blocking object, such as a bird flying through the optical link
between transmitter and receiver may drop communication for short time. In optical
environments there exists intense ambient infrared noise, arising from sunlight, incan-
descent lighting and fluorescent lighting, which induces noise in an infrared receiver.
Another problem for the outdoor wireless optical systems is the atmospheric conditions
that cause fading and attenuation. In virtually all short-range, optical applications,
IM/DD is the only practical transmission technique. The signal-to-noise ratio (SNR)
of a direct detection receiver is proportional to the square of the received optical power,
implying that IM /DD links can tolerate only a comparatively limited path loss. Often,
infrared links must employ relatively high transmit power levels and operate over a
relatively limited range. While the transmitter power level can usually be increased
without fear of interfering with other users, transmitter power may be limited by con-
cerns of power consumption and eye safety, particularly in portable transmitters. The

characteristics of radio and optical wireless links are compared in Table 2.1 [30].

Radio and infrared are complementary transmission media, and different applica-
tions favor the use of one medium or the other. Radio is favored in applications where
user mobility must be maximized or transmission through walls or over long ranges
is required and may be favored when transmitter power consumption must be mini-
mized. Infrared is favored for short-range applications in which per-link bit rate and
aggregate system capacity must be maximized, cost must be minimized, international

compatibility is required, or receiver signal-processing complexity must be minimized.

Wireless optical systems are used for two main purposes. These are indoor and
outdoor systems. An outdoor system which is also called as long distance system
usually connects receivers and transmitters that are 100s of meters apart. An outdoor
system is mainly used for bridging two different networks. As a result, long distance
systems must offer a high bit rate, which conventionally requires the use of high optical

power sources such as laser. Accordingly, transmitters and receivers are commonly



Table 2.1. Comparison Between Radio and IM/DD Infrared Systems for Indoor

Wireless Communication

Property of Medium Radio Wireless optic Implication for wireless optic
Bandwidth Regulated? Yes K [a] Approval naot required.
Less coverage,
FPaszses Throuah Walls? Yes o Wore easilvse.cun.ad.
Independent links in different
roams.
Multipath Fading? Yes Mo SinRledInk eSO
multipath Distortion? es es
Fath Loss High High
Diominant Moise Other Lsers Background Light Limited range.
Input ¥ty Represents Amplitude FPower Difficult to operate outdoors.
SMR Proportional to High transmitter poser
_|-|X(5)fff5 _“X(E)Fdz requiternent.
Average Power J‘ Choose wavefonm X with high
Proportional to [lx@fa ()t peak-to-average ratio.

mounted on buildings roofs or in safe places where humans cannot interrupt the beams.

2.1. Free-Space Optical Channel Characteristics

It is important to know the characteristic behavior of the FSO channel in order to
design good detection algorithms at the receiver. The non-stationary atmospheric pro-
cesses, divergence (or beam spreading), absorption, scattering, refractive turbulence,
and displacement, are the factors that most limit the performance of FSO systems. A

brief description of each is given in the following paragraphs.

2.1.1. Divergence

Laser beams diverge on the free space or reflection occurs depending on the

receivers reflective index and the angle between receiver lens and received signal’s



prorogation axis. Divergence determines how much useful signal energy will be collected
at the receive end of a communication link. It also determines how sensitive a link will

be to displacement disturbances
2.1.2. Absorption

Molecules of some gases in the atmosphere absorb laser light energy; primarily
water vapor, Carbon Dioxide (COs), and Methane, Natural Gas (C'H,). The presence
of these gases along a path changes unpredictably with the weather over time. Thus
their effect on the availability of the link is also unpredictable. Another way of stating
this is that different spectrum windows of transmission open up at different times, but
to take advantage of these, the transmitter would have to be able to switch (or return)

to different wavelengths in a sort of wavelength diversity technique.
2.1.3. Scattering

Another cause of light wave attenuation in the atmosphere is scattering from
aerosols and particles. The actual mechanism is known as Mie scatter in which aerosols
and particles comprising fog, clouds, and dust, roughly the same size as the lights
wavelength, deflect the light from its original direction. Some scattered wavelets travel
a longer path to the receiver, arriving out of phase with the direct (unscattered) ray.

Thus destructive interference may occur which causes attenuation.

Divergence, absorption and scattering effects can be shown in one equation which
is called as free-space optic link equation

P, =P 5 exp(—a x R) (2.1)

A,
(D x R)
where P, is received power at the photo-detector, P; is transmitted power from the
light source, A, is the area of photo-detector, D is the divergence of laser beam, R
is the distance between transmitter and receiver and « is the attenuation coefficient.

Here, Pt(Déigz)? part is called as geometric loss which is caused by divergence and



exp(—a x R) called as attenuation loss which is caused by absorption and scattering.

a factor depends on atmospheric conditions and can be found by experiments.

2.1.4. Turbulence

In the laminar region light refraction is predictable and constant, whereas in the
turbulent region it changes from point to point, and from instant to instant. Small
temperature fluctuations in regions of turbulence along a path cause changes in the
index of refraction. One effect of the varying refraction is scintillation which is caused
by random fluctuations in the amplitude of the light. Another effect is random fluc-
tuations in the phases of the lights constituent wavelengths. Refractive turbulence is
common on rooftops where heating of the surface during daylight hours leads to heat

radiation throughout the day.

2.1.5. Displacement

For an FSO link, alignment is necessary to ensure that the transmit beam di-
vergence angle matches up with the field of view of the receive telescope. However,
since FSO beams are quite narrow, misalignment due to building twist and sway as
well as refractive turbulence can interrupt the communication link. One method of
combating displacement is to defocus the beam so that a certain amount of displace-
ment is possible without breaking the link. Another method is to design the FSO head
with a spatial array of multiple beams so that at least one is received when the others
are displaced. The latter technique circumvents the problem of displacement without

sacrificing the intensity of the beam.

2.2. Atmospheric Turbulence

Atmospheric-induced scintillation is a major impairment of FSO communications
systems. Because of the complexity associated with phase or frequency modulation,
current free-space optical communication systems typically use intensity modulation

with direct detection (IM/DD). Atmospheric turbulence can degrade the performance



of free-space optical links, particularly over ranges of the order of 1 km or longer. In-
homogeneities in the temperature and pressure of the atmosphere lead to variations
of the refractive index along the transmission path. These index inhomogeneities can
deteriorate the quality of the received image and can cause fluctuations in both the
intensity and the phase of the received signal. These fluctuations can lead to an in-
crease in the link error probability, limiting the performance of communication systems.
Turbulence is divided in three regions depending on the fading severity. First one is
weak turbulence which can be experienced in the open air conditions. Second one
is moderate turbulence refer to the conditions where scintillation indexes exceeding
0.75 Final region is strong turbulence where the scintillation indexes equals to 1. In
general, a scintillation index is a complicated function of the beam parameters, prop-
agation distance, heights of the transmitter and receiver, and the fluctuations in the
index of refraction. In fact, the main source of scintillation is due to fluctuations (due
to temperature variations) in the index of refraction, which is commonly known as
optical turbulence. In all scenarios, the impact of turbulence on the complex field may

be modeled as a multiplicative, complex exponential term.
2.2.1. Weak Turbulence

For this case, the probability density function (PDF) of the log-normal distributed

received intensity is given by

Al = ——exp (—M) I>o0 (2.2)

T o1 2mo? 803

The scintillation index is the normalized variance of fading intensity and it is defined
as 02, = E[I?]/E[I]* — 1 = €% — 1. For instance, the log-normal distribution for the
light intensity in (2.2) represents the condition where the amplitude fluctuations are

weak and single scatters dominate the channel, which is valid for 0 < o%; < 0.75.

For propagation distances less than a few kilometers, variations of the log-amplitude
are typically much smaller than variations of the phase. Over longer propagation dis-

tances, where turbulence becomes more severe, the variation of the log-amplitude can
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become comparable to that of the phase. Based on the proposed system and assuming
weak turbulence, we can obtain the approximate analytic expression for the covariance

of the log-amplitude fluctuation X of plane wave [27] as

9 7/6 L
0% = 0.56 (7”) / C?(z)(L — z)*/5dx (2.3)
0

where A is wavelength, L is propagation distance and C), is the wavenumber spectrum
structure parameter, which is altitude-dependent [28§]

20

C2(2) = Koz~ Pexp (_—Z> (2.4)

where K| is parameter describing the strength of the turbulence and z, is effective

height of the turbulent atmosphere. For atmospheric channels near the ground (z <

—2/3

18.5m), C? can vary from 107¥m~%/3 for strong turbulence 10~"m=2/3 to for weak

turbulence, with 107*m =%/ often called as a typical average value [29)].

x

Standart Deviation of Log-Armplitude Fluctuationg

............... : ---------—P—Cﬁzmﬂmm sk
10'4 I | | i i I 1 |

100 200 300 400 500 G600 700 800 900 1000
Propogation Distance Lim)

Figure 2.1. Standard deviation of the log-amplitude fluctuation versus propagation

distance for a plane wave

Fig. 2.1 shows the standard deviation of the log-amplitude fluctuation ox for
a plane wave as a function of the propagation distance L. Regarding the proposed

system, L is chosen between 100 and 1000, carrier wavelength A is chosen as 1550nm
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and C?(z) is assumed to be constant.
2.2.2. Moderate Turbulence

Under moderate turbulence conditions, both the small and large scatterers are ef-
fective and the intensity fluctuations are modelled by the Gamma-Gamma distribution

described by the PDF

a+tp

ngflKa,ﬁ <2 ozﬁf) (2.5)

where I'(-) and K, (-) are the Gamma function and the nth-order modified Bessel func-
tion of the second kind, respectively. Small and large scale scattering effects that are

represented by « and (3, respectively in (3.13) are related to the atmospheric conditions

by

- -1
0.49x?
a = |exp 76 | 1
i (14 0.65d2 + 1.1x12/5)
- -1
0.51x2 (1 + 0.69y12/3) >/
8 = |exp X ) -1 (2.6)
(1+0.9d2 + 0.62d2y12/5)"

where x? = 0.5C2k™/6L11/6 is the Rytov variance for a plane wave and the parame-
ters where C? is an altitude-dependent parameter and in literature often referred as
refractive-index structure parameter, k = 27/ is the optical wave number, where A is
the wavelength of the transmitted pulse and L is the link distance [25]. These param-
eters are related to the scintillation index by 02, = a™' + 37! 4+ (o)~ and moderate

turbulence regime is often characterized as the one with 0.75 < 0%, < 1.
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2.2.3. Strong Turbulence

Finally, the strong turbulence conditions are modeled as one-sided negative ex-

ponential distribution given by
1 I
f(I) ==exp (—?) , I >0 (2.7)

where I denotes the mean light intensity. This case represents the condition with many
non-dominating scatterers. This saturation regime corresponds to scintillation index

% > 1.
2.3. Ultra Wideband Signal

UWB usually refers to impulse based waveforms that can be used with different
modulation schemes. The transmitted signal consists of a train of very narrow pulses
at baseband, normally on the order of a nanosecond. Each transmitted pulse is referred
to as a monocycle. The information can be carried by the position or amplitude of the
pulses. In general, narrower pulses in the time domain correspond to electromagnetic
radiation of wider spectrum in the frequency domain. Thus, the baseband train of
nanosecond impulses can have a frequency spectrum spanning from zero to several
GHz, resulting in the so called UWB transmission. The unique advantages of the UWB
spectral occupancy are enhanced capability to penetrate through obstacles, ultra high
precision ranging at the centimeter level, potential for very high data rates along with
a commensurate increase in user capacity and potentially small size and processing
power. Despite these attractive features, interest in UWB devices prior to 2001 was

primarily limited to radar systems, mainly for military applications.

In 2002, FCC released a spectral mask allowing (even commercial) operation
of UWB radios at the noise floor fig. 2.2 over an enormous bandwidth (up to 7.5
GHz). Regarding the wireless communications in particular, the FCC regulated power
density of the UWB signal in a narrow frequency band is very small (below -41.3

dBm), compared to other modulation schemas. Thus, UWB signals are threatened
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as a small additive noise by other narrowband systems such as the global positioning
system (GPS) and the IEEE 802.11 wireless local area networks (WLANSs) that coexist
in the 3.6-10.1 GHz band. Although UWB signals can propagate greater distances at
higher power levels, current FCC regulations enable high-rate (above 110 MB/s) data

transmissions over a short range (10-15 m) at very low power.

40
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Figure 2.2. FCC spectral mask for UWB communication

UWB communication is used for short-range (generally within 10-20 m) wireless
personal area networks (WPANs). UWB signal provides high-quality real-time video
and audio distribution, file exchange among storage systems, and cable replacement
for home entertainment systems, portable consumer electronic and communication de-
vices. Another application is sensor networks that consist of a large number of nodes
spread across a geographical area. Key requirements for sensor networks operating in
challenging environments include low cost, low power, and multifunctionality. High
data-rate UWB communication systems are well motivated for gathering and dissem-
inating or exchanging a vast quantity of sensory data in a timely manner. Typically,
energy is more limited in sensor networks than in WPANSs because of the nature of the

sensing devices and the difficulty in recharging their batteries.
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2.3.1. Monocycle Waveforms

UWRB systems are depends on the ultra short duration impulsive signals. Thus
impulse characteristics is directly effects the system behavior. There are several con-
siderations when concerning to design an UWB signal. First and the most important
restriction is the regulation of US of FCC. FCC defines a spectrum mask for UWB
signals to decrease the interference of UWB to the other communication networks like
GSM. Simple transmitter design and coexistence of other spread spectrum systems
are also main criteria. Typical pulse waveforms used in research include rectangular,

Gaussian, Gaussian doublet, and Rayleigh monocycles [6].

A rectangular monocycle with width 7T, and unity energy can be represented by
ﬁ [U(t) — U(t — T,)] where U(.) denotes the unit step function. The rectangular
pulse has a large DC component, which is not a desired property. Even so, the rectan-
gular monocycle has often been used in academic research because of its simplicity. A

generic Gaussian pulse is given by

pt) = ——car [—; (’5;“)1 23)

where p defines the center of the pulse and o determines the width of the pulse. Some

popular monocycles are derived from the Gaussian pulse. The Gaussian monocycle is

the second derivative of a Gaussian pulse, and is given by

S]] e

where the parameter o determines the monocycle width 7},. The effective time duration

of the waveform that contains 99.99% of the total monocycle energy is T, = 7o centered
at = 3.50. The factor Ag is introduced so that the total energy of the monocycle is
normalized to unity, i.e [ pZ(t)dt = 1.

The Gaussian doublet is a bipolar signal, consisting of two amplitude reversed
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Gaussian pulses with a time gap of T,, between the two pulses. The mathematical

} . (2.10)

expression for the monocycle is

N

Arnplitude

Figure 2.5. Gaussian doublet

2.3.2. Modulation Schemas

Mostly used modulation methods for UWB system are pulse position modulation
(PPM) and pulse amplitude modulation (PAM). Also various modulation options for
UWRB systems are discussed in terms of their spectral characteristics and hardware
complexities in[20] for TH modulation and in [22] for TH, DS and OOC modulations. In
PPM modulation every symbol represented with a pulse delay and in PAM symbols are
represented by amplitude of the pulses. Notice that phase modulation is not applicable

to UWB systems due to it’s carrier-less nature. A PAM signals can be shown as

[e.9]

XPAM(t) = Z(lkp(t — ka) (211)
k=0
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where T is the frame period, p(t) is UWB pulse and ay, is the PAM code which depends

on data symbol. For a binary system

—1 if dy =0,
1 if dy=1

PPM is based on the principle of encoding information with two or more posi-
tions in time, referred to the nominal pulse position, as shown in Figure 2.6. A pulse
transmitted at the nominal position represents a 0, and a pulse transmitted after the
nominal position represents a 1. The picture shows a two-position modulation,where

one bit is encoded in one impulse.

>
>
>

N, SRR

Narminal Pulse Position Delay for

symbol 1"
Figure 2.6. Pulse Position Modulation Structure

The PPM equation can be written as

XPPM(t) = ip(t — k’Tf — dkTp) (213)

k=0
where dj, € {0,1} is k data bit and 7}, is time delay for symbol '1’.
Additional positions can be used to provide more bits per symbol. The time

delay between positions is typically a fraction of a nanosecond, while the time between

nominal positions is typically much longer to avoid interference between impulses.
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In the proposed system, direct detection is used that converts intensity of the
optical signals into the electrical signal. Negative components will be lost at the receiver
side that makes PPM is the only modulation schema that provides requirements of the

proposed system. Thus, PPM modulation will be used in system analysis.
2.3.3. Multiple-Access Techniques

There are two main multiple access modulation types for UWM systems which

are time hopping (TH) and direct sequence (DS) [21] .

For the TH scheme, one bit is represented by Ny frames. The equation below

shows uth user’s signal with PPM modulation

oo N
XTH prul =V Zzp t—ij—d(“T) (2.14)

kO]O

Then distinct TH codes cg.k) are assigned to each user to add extra delay to the mono-

cycles in a frame in order to avoid catastrophic collisions in multiple access.

oo Ny
X{r e N ZZpt—]Tf—c — d\T;) (2.15)
5 k=0 7=0
where T, is the delay applied by TH codes. Fig. 2.7 shows the structure of TH-PPM

system for two consecutive frames. The transmission data rate Ry for the TH system
can be found as 1/(N,T%) in bps.

In a synchronized network, an orthogonal TH sequence that satisfies cg-k) #+ cg-k/)
for all j’s and for any two users k # k' can be adopted to minimize interference between
the users. The performance of synchronous multiple access systems using various TH
sequences such as the Gold sequence and a simulated annealing code has been studied
in the literature. For asynchronous system, the choice of orthogonal TH sequence does

not guarantee collision-free transmission.
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i th frame nti th frame

i i 5 §
LT | i |
' T, T,

Figure 2.7. Pulse position for two consecutive frames of TH-PPM modulation with

cn=1,cpr1=0and d, =0,d,;1 =1

Direct sequence UWB employs a train of high duty cycle pulses whose polarities
follow pseudo-random code sequences. Specifically, each user in the system is assigned
a pseudo-random sequence that controls pseudorandom inversions of the UWB pulse

train.

In a DS-UWB system with PPM modulation, the binary symbol d; to be trans-

mitted over the kth frame is spread by a sequence of multiple monocycles {A(") (t —
)Nh 1

Ty — 4T, c)}N,’” whose polarities are determined by the spreading sequence A o

Jj=0 >
Such a spreading sequence is assigned uniquely to each user in a multiple access user in
order to allow multiple transmissions with little interference. Similar to the TH system
an orthagonal spreading sequence such as a Gold sequence or Hadamard-Walsh code

can be selected to mitigate multiple access interference in a synchronous network.

The DS-PPM signal transmitted can be described as

o0 Nh 1
ng’ pru( Nh Z Z A ) p(t — kT — jTe — d](CU)Tp) (2.16)
k=—o0 j7=0
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where the sequence {A§u)}j = 0M~! € {—1,1} represents the pseudorandom code or
spreading sequence. The factor 1/y/Nj is introduced such that the sequences of N,
monocycles has unit energy. An example of a DS-PPM modulated UWB signal for
data sequence {0, 1,1} with DS code {1,—1,1,1} is shown in fig. 2.8.

FPM signal

D5-PPM sighal e - GAV : M L s
nast : ! R ! = !
e : : : : : :
— | : | | |
: TF ! : ' : | :

Figure 2.8. pulse positions of a sample DS-PPM modulated signal

DS codes with negative polarization introduces negative pulses to the channel
which is not usable for FSO channels. Optical Orthogonal Codes (OOC) are families
of binary sequences typically employed to provide multiuser capabilities to ”positive”
systems (i.e., systems in which the transmitted waveforms can not be summed to
obtain zero) such as optic links. These codes are characterized by four parameters
(F, K, \,, \;) that symbolize respectively the code length, the number of ”1” in the
code words, and the maximum (out of phase) autocorrelation and cross correlation
values. In the proposed system, TH-PPM modulation is used with pseudorandom TH

codes.
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3. UWB over FSO

In this chapter, we present the performance of UWB over FSO channels for the
three fading type as following:

e Log-normal,
e Gamma-gamma,

e Negative exponential.

In the next section, optical generation methods will be presented which is required
to carry UWB signal over optical carrier. Then at the channel, atmospheric turbulence
effects will be applied to the signal depending on the turbulence regime. At the receiver,
single user matched filter will be used to detect and demodulate the data. Finally the

error performances are presented with theoretical analysis and simulation results.

3.1. Generation methods

Generation methods of the optical signals can be divided into 2 main categories
which are all optical and electro-optical conversion. During the few recent years, re-
searchers have proposed several approaches for the optical generation of Ultra-wideband
signals generation which are Chromatic Dispersion based approach, FBG-based Ap-
proach, Optical impulse radio (IR) system, Electro-optical intensity modulator based
method, Method based on XPM in an SOA, Optical FSK based method, Spectral shap-
ing and dispersion-induced frequency to time conversion based technique [7]. Optical
impulse radio will be used in the proposed system due to it’s simplicity. Also optical
impulse radio method does not use chromatic dispersion property of the fiber cables

which is not applicable for the proposed system.
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3.1.1. Optical impulse radio (IR) system

One of the most attractive impulse technologies is the carrier- free modulation
scheme which does not use the complicated frequency mixer, intermediate frequency,
and filter circuits, which greatly reduces the cost. Moreover, it has good pass-through
performance due to the base-band transmission and much more suitable for indoor
wireless communication. In general, the pulsed wireless communications use only a
few complex electronic circuits and radio frequency (RF) components to generate pulse

train signals.

Fig. 3.1 shows a basic optical impulse radio system to generate optical impulse
radio signal and transmits from central station to base station. Fabry-Perot laser diode
(FPLD) modulates laser carrier with input RF signal. FPLD output pass trough an
optical tunable filter (TF) in order to obtain a carrier with wider wavelength band.
Then, Erbium-doped fiber amplifier is used to amplify the signal before feeding into
the free space channel.[8] At the base station a photodiode (PD) converts optical pulses
into the electrical form. PD is used for direct detection of the optical signals which
detects the energy of the signal. Thus, negative components are not recognized by the
receiver and restricts the transmitter using only positive signals. As discussed n the
section 2.3.1, all derivatives of the gaussian pulse have negative components and only
gaussian pulse itself has only positive components. As a result, a gaussian pulse is used
on FSO channel by using a gaussian pulse signal at the input of FPLD. On the other
hand, at least first derivate of the gaussian pulse is required to be compliant FCC of
US on the RF channel. In order to be compliant with FCC, a microwave differentiator
is used to convert PD output into a gaussian monocycle. Differentiator output is fed

to the UWB antenna.
3.1.2. FBG-based Approach
Another approach is to use optical differentiator to generate gaussian monocycles

proposed by [14]. As seen in the fig. 3.2 optical carrier is phase modulated using a

gaussian pulse.The electrical field of the phase modulated light wave can be expressed
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Figure 3.1. Optically based UWB system

as

A(t) = expljwet + jBrup(t)], (3.1)

where (p)s is the phase modulation index, w,. is the angular frequency of the optical
carrier and p(t) is gaussian pulse. The phase modulated optical signal is then fed into
an optical frequency discriminator. A frequency discriminator is simply an optical filter
having frequency response with two opposite linear slopes as shown in figure 3.3. At
the output of the frequency discriminator first order derivative of the gaussian pulse is

obtained as

Aput(t) = [K (we — wo) + KBpus' ()] A1) (3.2)

where §'(t) is the first order derivative of s(t). After passing through FSO channel

optical signal intensity is converted to the photocurrent via photodetector given by

ipD(t) = KQ(WC — Ldo)2 + K26]23M[8,(t)]2 + 2K2(wc — WQ)/BPMS/(t). (33)

3.2. Error performance

Optical impulse radio generation method with PPM pulse modulation is used for
the proposed transmitter. As defined in the previous section a simple gaussian pulse

is used to carry bits in order to satisfy positive signal restriction. Signal propagates
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over free space channel between transmitter and receiver. Channel effects are assumed
as background noise and atmospheric turbulence. At the receiver an optical detector
converts optical signal into electrical form via direct detection (DD) method. Fig. ??

shows the final system.

— [ [0 Yo p™) PIN-PD

e e —

Figure 3.4. Proposed system for single user UWB over FSO communication

A synchronous matched filter with zero threshold detector is used to retrieve the

transmitted signal.The transmitted signal can be shown as

Ns—1

xtpso(t) = \/Ep Z p(t — ij — CjTC — d[NL}Tp) (34)
7=0

where F), is the transmitted pulse energy. After the effects of background noise and

atmospheric turbulence fading, received signal is written as

No—1
zrrs0(t) =i/ E, Z p(t — i1y — ¢;T, — d,/T,) + ny(t). (3.5)
=0

At the receiver end, the signal is passed through a matched filter that uses a
signal designed for PPM modulation to generate +1 for bit 0 and —1 for bit 1 which

can be shown as,
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Correlator output is sampled in every frame period and summation of N, frames fed
to the zero threshold detector, since a bit is represented by N, frames. The signal

computed for nth bit at the input of the zero threshold detector is,

(n+1)Ns .o
ynTy) = 3 / towso()o(t — §'T; — §'T.)dt
j'=nNs ¥ =
(n+1)N5 00 Ns—1
= > / nINE, Y p(t = jTy = T, —dy T)o(t — j'Ty — j'T.)dt
j'=nN, Y = j=0 °
+ / ny(t)v(t — Ty — jT.)dt. (3.7)

Since [*°_p(t — Ty — ¢;T. — d[NL]Tp)v(t —j'Ty — j'T.)dt = 0 for j # j' threshold input

can be rewritten as

(n+1)Ns

vl = Y [ alvEplt - Ty - T~ dy Tl — Ty - L)

j=nNs

+ / no(t)o(t — Ty — 5T,)dt

= +nIN/E,+ n,. (3.8)

So the error probability as a function of the turbulence fading at the output of the zero

threshold detector is [23]

R(I)=Q % =@( (nf)zNﬂp) (3.9)

where v, = f,—i is the signal to noise ratio and the average error probability can be

calculated by taking expectation over fading,

P. = E[P.(I)] = /OOO P.(I)fr(I)dl. (3.10)
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3.2.1. Error performance under weak turbulence

Using Eq. 2.2 and Eq. 3.10 average bit error probability under weak turbulence

can be calculated as

R S A2 R\ Pl Lo Wnl/h))”
Pe—z/o f < >21 p( )dl (3.11)

2 2mo? 82

and closed form of the integral can be found using Gauss-Hermite expansion

1 — Ny (nlpe¥ Vv 8"5)
=5 ;wierfc \/ 5 . (3.12)

3.2.2. Error performance under moderate turbulence

Using Eq. 3.13 and Eq. 3.10 average bit error probability under moderate tur-

bulence can be calculated as

_ 1 > (nI)QNs'Yp ( ﬁ) M,l
Pe—é/o erfc( >>< T (3 ) Kag(Q aﬂ) (3.13)

2

and closed form can be found by representing er fc() and K, () functions as a meijer G

function [26]

L 20 1
erfe(vr) = —=Gy ‘ , (3.14)
ﬁ 1,2 0,%
1 .1'2 —
K, (z) = §G(2)Zg T . (3.15)
207 2




28

and using Eq. 07.34.21.0011.01 of [26] in order to product two meijer G functions ,

equation 3.13 results in a closed-form expression such that

aTpP— l-a 2-a 1= 2-0
poo T e |SEN ERREREER (3.16)
e 3 5,2 232 )
Vil (a)L(5) a2 0,1

3.2.3. Error performance under strong turbulence

Using Eq. 2.7 and Eq. 3.10 average bit error probability under moderate turbu-

lence can be calculated as

1 [ I)2N, 1 1
P, = 5/0 erfc( m%) jexp(—j) dl

1 1
[1 —erfc <77[\/T—87p> exp (W)] . (3.17)

N =

3.3. Simulation Results

In this section, error performance of the proposed system is simulated and results
are compared with theoretical analysis which is evaluated in section 3.2. Parameters of
the Monte-Carlo simulation is chosen as, N = 1000 packet number for one simulation,
N, = 2 repetition rate of the monocycles for one bit, and n = 0.9 efficiency of the

photo-detector. Fading changes for every 200 symbol period.

For weak turbulence regime p, = 0 and o, is chosen as 0.3, 0.37, 0.44 and 0.57
which corresponds to o%; = {0.095,0.15,0.209,0.380} in terms of scintillation index.
As seen in the figure 3.5 simulation results represented with solid-lines and theoretical
results represented with dashed-lines have a good aligment with the help of Gauss-

Hermite expansion.

For moderate turbulence condition, o and (3 parameters are chosen as (4.16,2.21),
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(4.00,1.75) and (4.05,1.51) which corresponds to o%; = {0.8,0.96,1.07}. Theoretical
and simulation results are also have well alignment for all regions of moderate turbu-
lence. For strong turbulence, unit mean light intensity is considered which corresponds

Notice that as expected increasing scintillation index parameter from o%; = 0.1
to 1 decreases the error performance smoothly. In the moderate and strong turbu-
lence regions channel performance highly degrades. In order to avoid this performance
penalty a simple convolutional code can be applied to the system or channel can switch

from FSO to RF with a data rate penalty.

Error Probability P_ - ()

—— (o, 5,05, ) =(4.16, 2.21, 0.80)

o, f, 0%,) = (4.00, 178, 0.96)

it

it

( i

(o 0% ) = (0,57, 0.5 B g oy :
{

{

{

[| —*— (. 5,0%) =(4.05,1.51, 1.07)

—— ] =1t =1 S s oM &R R T R L TN
L Ul =10 i i | l I I i ?\ ! [N i | R i i
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Signal-to-Noise Ratio e (dB)

Figure 3.5. Comparision of the simulated and theoretical DEP’s for weak, moderate

and strong turbulence fading conditions
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4. Multiuser Detection of IR FSO links

Proposed system distributes data to the endusers over FSO link. Thus, multiuser

effect should be analyzed for the FSO channel.

Transmitter ’l

1 TH-FPM i FsO
H, Modulator | Eat) l TF l ERLD : Channel

"

e ——————————

Transmitter k ;
k TH -PPM : FSO
um hWodulator FRED i FPLD ; Channel

=

’ Receiver '
~1 o Matched i oy
9} Threshuld Fitter PIM - PD ey 1\:)

B Detector |

Figure 4.1. Proposed system for multiuser communication

Perfect power control are assumed for different users. Simple detection algorithms

which are;
e Single user matched filter for asynchronous case
e Single user matched filter for synchronous case

e Decorrelating detection

will be analyzed in the following sections.
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4.1. Single User Matched Filter Detection

In this section the UWB FSO link performance under multiuser interference is
analysed for single user matched filter. Assuming all users are transmitted over different
channels with identical and independent fading and perfect power control received

signal from all users can be written as

here ry;_rso(t) is the signal at the output of photodetector with multiuser interference
and gauss noise. The main idea of the receiver is to extract the first user’s signal using a

matched filter. This method pretends the multiuser interference as an unknown noise.

Same correlator which is used for single user case will be used to extract the first

user;

v(t) = p(t) —p(t = T) (4.2)

where correlator output for the jth frame is

y(jTy) = / rmrso(t)o(t — jTs — VT, dt. (4.3)

—00

Correlator output is divided three parts where the first part is correlation of the

first user for synchronious receiver shown as

y(i T = / nIVabo (ot — Ty = &) dt = 401 /E, (4.4)

and noise output is
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It can be easily shown that output is a gaussian distribution with mean is zero and
variance is o,. Third part is the correlation of interfering users where the output for

one interfering user is,

yGTH® = 1™ /E, 2/ t—j’Tf—c( T, — T<’f>> v(t—jTy—cVT.)dt. (4.6)

jl=—0

Defining the correlation function R(z) = [*°_p(t — x)v(t)dt a simpler equation can be

written as
y(iTr)™ = nI®/E, Z (J—] 1Ty + [ — )T + d) Td—r(’“)). (4.7)
j'=—00

Here 7% is the delay between user 1 and user k which spans many frames. Thus 7(*)

can be evaluated as
70 = 4 T+ any, (4.8)

where j; 5 is the time uncertainty of 7®) rounded to the nearest frame and —T p/2 <
ay, < Ty /2 is the error in this rounding process. Then argument of the R(.) function

can be rewritten as

G — 7+ )Ty + [ — T+ dY + g (4.9)
Assuming frame period as T¢/2 > N, T, + 2T} implies that [cg-l) - cg.]f)]Tc + dy,g) +agy <
Ty — Ty which means there is only one frame of user k interfering to the one frame of

user 1 as shown in the figure 4.2.

Regarding the fact that R(x) is nonzero only for |z| < T} correlator output can

be simplified by setting j — j' + ji 1 = 0 which becomes

bGT)® =IO VER ([ = VI + dP Ty — ane) (4.10)
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Figure 4.2. Pulse positions of the first user and an interfering user with 0, min, max

time delays.



34

gives us the interference to jth frame of user 1 from user k.
4.1.1. Gauss Model

If the time uncertainty 7(®) is assumed uniformly distributed between —T%/2 and

Ty /2, then the probability density function can be written as

T, =Tp/2 < <Ty/2

Pa . (2) = ' (4.11)
0, otherwise.
Thus, expectation of the interference to one frame over 7*) can be shown as [9],
Tf/2+[c§1)fc;i)j1 k]TC+dj+j1,k
BluGT)) =B(WET [ ROk (112
_Tf/2+[cj —C }Tc+dj+j17k

Jti1,k

Integration limits can be expand to infinity when 7y/2 > N, T. + 2T, and R(z) # 0

only for |z| < T, criteria applies since

J+i1,k

1 k
0, x>1T¢/2+ [Cj ) - C§'+)jlyk]Tc + dj+j1,k~'

0, o< =Tp/2+ [} — ), T+ djj,
(

R(z) = (4.13)

Expectation of the interference simplifies to

B (T} = nBIWET [ Rl (4.14)
which equals to 0. Similarly second moment of the interference is variance of the
uniformly distributed interference from the kth user and can be calculated as

o0

Ely:(GTy)[*} = E{!I\z}(n)QEprlf [R(S)[Pds = o0 Epoers (4.15)

— 00

where 07 is the variance of turbulence fading.

In the proposed system, there exists N, users in the channel, thus N, —1 indepen-
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dent frame will interfere to the one frame of the user 1. It is reasonable to assume total
interference distribution is gaussian for high increasing user number from the central
limit theorem. Thus, total noise at the correlator output can be found as summation
of two gaussian distribution which are background noise and multiuser interference.

Signal to noise ratio at the output of the correlator for one frame can be shown as

(77](1))2 B,

SNR, = .
I No+ (Nu = 1)oin?E,02,

(4.16)

Also it is assumed that interference from different frames is independent due to the
fact that interframe correlation is smaller compared to self correlation. One bit is

summation of N, frames and bit SNR is

Ny (77](1))2 Ly

SNRy, = .
"7 No+ (N, — Do Epol,

(4.17)

For single user matched receiver correlator output is fed to a simple zero threshold

detector and the result error probability for the asynchronous case is

N, (pIW)? E
P async 7N1M ] = y
b-asyne (T ) Q <\/NO + (N, — 1)0%772Ep0-§elf

(77](1))2 p

1+ (Nu*l)U'%UQ'YPUgelf
Ns

= Q (4.18)

Under weak turbulence conditions the light intensity is lognormal distributed and

the error probability can be calculated using the Gauss-Hermite expression as,

2
(nloeyi \ 80'926+2muw> ’Yp

(Nu*l)U?WQ'YPUEELf
N

(4.19)

1 n
Pb,async,weak ('Vpu Nu) =35 = wierfc
2T 2; 242

Moderate turbulence is another region applied to the FSO channels where the

fading effects are more severe than weak turbulence. Moderate turbulence is modeled
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using gamma-gamma distribution. Error performance can be shown as

2a+ﬂ—3
Pbﬂsynamod(va Nu) = T =

VAT (@I () &2

2 loa 2—a 1= 2-p
% G2,4 87] styp 2 v 2 v 92 1 9 71
5,2 (Nu—l)0'27]2'Y o2 .
I P% sel 1
21 4 S 0.3

However, uncorrelated frames for one bit is not a valid assumption. In 4.3 it can be
easily seen that gaussian assumption is accurate while repetition rate Ny is equal to 1.

Increasing repetition number decreases the accuracy as seen in the figure 4.4

T T ]
Simulated BER [
Theoretical BER | 7

Bit Error Rate

Figure 4.3. Average BER of the TH-PPM UWB system versus user number for a
repetition code with Ny, =1

Bit Error Rate

Figure 4.4. Average BER of the TH-PPM UWB system versus user number for a
repetition code with N, = 2
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4.1.2. Accurate model

Since adjacent frames of a bit is not independent we should model interference to
one bit instead of one frame. Assuming interfering user data does not change during

one bit period, bit interference to user 1 at 0th bit can be shown as

Ny Ng—1
. k
vi(iTr) =nIVE, > | Y Ru(6)) (4.21)
k=2 [ j=0
where
o) = ay + VT + dP'Ty (4.22)

dék) represents the 0th bit of the user k. The probability density function (pdf) of @(()]3

conditioned on dgk) and «aj, becomes

Ny, —1
1
fosta (Ol = d,ar = o) = N O 00(6 — T, —dT,—a).  (4.23)
h=0

k)

The characteristic function of R(@t(), ;) conditioned on d(()k) and oy, is

CI)R\d,a,[(W) - F [ejwnl\/E_pR|dék) — d, a = Oé,]

Np—1

_ Nih Z ejwnI@R(a+hT3+de) (424)
h=0

Further we can define interference to one bit from user k as X®) = nI/E, Zjvzo_ ! Rw(@gf} ).

Then conditional characteristic function of X*) is obtained as

k)

, N
Pyw)garw) = [ewnl\/E_pZ;V:O R(@‘”)|dék) =d,a =, I}

E
= Ns
_ (_ Z ejwn[ EpR(a+th+de)> (425)
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where the second equality follows from the fact that R(@gj’}), 7 =0,..., Ng are indepen-
dent when conditioned on dék), I and «. Since our assumption is that the pseudorandom
TH sequence is random for all frames. Then the CF of X*) conditioned oy, and I can

be obtained using the theorem of total probability as

D x010,0,0 (W) Pr(d = 0) + ©x09)1 0,1 (W) Pr(d = 1)

] Nj—1 Ns
— ejwn[ E,R(a+hT,.)
| (2

h=0

Ny, —1 Ns
X <Z ejwnI@R(a+hTC+6)> ] (4.26)

h=0

q’xﬂv)\a,l(w)

Averaging out «ay, we obtain the CF of the kth interferer as

1 Tf/2
Pxo) = / L lae)ida (4.27)
—f

Assuming the interference from different users are independent, the CF of the total

interference conditioned fading is

Ny
Oy ir(w) = [[ Pxwii(w). (4.28)
k=2
Finally, the CF of the total interference by averaging out I can be found as

bx) = [ @xpfiDil (4.20)

Since the background noise is independent from interference CF of total noise ®,(w)
can be defined as product of interference and background noise. Therefor the average

bit error probability for the desired user is [10]

B %/Oo SN ROW) & (oo, (4.30)

Pb_precise = w

N —
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4.1.3. Synchronous gauss model

In the proposed system, all users will use the same FSO channel between base
station and central station. Frame synchronous case is analyzed in this section. Time
uncertainty a set 0 for all users to be synchronized with user 1 which is also syn-
chronized with the receiver. Recalling the same assumption with asynchronous case,
multiuser interference is assumed as gauss distributed. Figure 4.5 shows the distribu-
tion of multiuser interference at the output receiver correletor which is matched to the
first user and no turbulence fading effect is applied to the channel. Also histogram of
a gauss distributed random variable is plotted in the same figure with variance same

as the interference. Therefore, gauss assumption is validated by simulation. And fig-

0.14 _ T . T :
: ; : : : — — = Gauss distribution

Multiuser interference

Figure 4.5. Distribution of multiuser interference with 8 users and no turbulence

fading at the output of correlator and gauss distribution with the same variance

ure 4.6 shows the distribution of multiuser interference with weak turbulence fading
is applied to the channel. Distribution does not match as good as no fading case but
it is still an accurate assumption. Notice that distribution of the multiuser interface
is a discrete distribution since the time hopping codes are discrete. Thus, normal-
ized gauss distributions and the interference distribution have different heights despite
their similar distribution shapes and variances. In order to easily show the similarity

of the shapes, distributions are amplified to the same height in the plot. Finally figure
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Figure 4.6. Distribution of multiuser interference with 8 users and weak turbulence

fading at the output of correlator and gauss distribution with the same variance

4.7 shows the distribution for moderate turbulence fading which is similar to weak

turbulance case. Result interference for synchronous system can be shown as

yi(GT5)* _nJ\FR< m_ oy, +dk)Td> (4.31)

and using the same methodology with synchronous channel analysis second moment of

the interference can be calculated as

Eea{lyi(GTH)1?} = (n1)*E,E{|R(s)*} = E{|1[*Y(n)*Ey02u; (4.32)
where
B(IR ([ — 9T, + 49T, P} = Nih (4.33)

Therefor the bit error probability for synchronous channel is expressed as

NS(UI)ZEP

Ny—1)o2n2E,

Pb_gauss([) - Q (
Ny + N

(4.34)
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Figure 4.7. Distribution of multiuser interference with 8 users and moderate
turbulence fading at the output of correlator and gauss distribution with the same

variance

Under weak turbulence conditions, the error probability can be expressed using

Gauss-Hermite expression as

Yi/ 80%+2Mz 2

1 n
Pl Nu) = 572 Zwierfe( 2 4 gDy
i=1 T N.N,

NNy, )

Similar to the asynchronous case,the error probability under moderate turbulence

can be shown as

> 1 Tw(nl?)
Pe,mod(’y aNu) = / —BTfC L
P 0 2 2+ 2(Nu;[3\c;57pn2
2(045)% atB_q
w DNOP) P pesfoige (2 am) dI 436
C(@)T () p (4.36)
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which has a closed form solution using the Meijer G function [11] given by

2a+5—3
Pb,gauss,mod(’h)? Nu) =

VT (a)l(5)

1— 2— 1-8 2—0
< G2 8772N8’7p 2a’ 2a7 5501
52 2122 (Nu—l)U?U27p 1
a?3?(1 + N, Ns ) 0,3

4.2. Synchronous Decorrelating Detection

Decorrelating detection is a simple linear CDMA multiuser detector. This method

can be used for TH coded multiuser channels [24].
The output vector of the bank of K matched filter outputs can be written as
y=RAb+n (4.37)

where n is a Gaussian random vector, R is the covariance matrix of the user TH codes,

A is the Amplitudes of the users and b is the data vector.

We can generate R matrix for TH coded users as;

ERRVERS 07N )7 g 4
RW,_N;O %;mf—% Jg;m@—qzc)t (4.38)

If we premultiply the vector of matched filter outputs by R™*

R'y=R 'RAb+R 'n=Ab+R 'n. (4.39)

Notice that the kth component of (13) is free from the interference caused by

other users. The only source of interference is the background noise multiplied with



43

inverse of the covariance matrix. And the variance of the noise is

E[(R"')(R'n)"] = FE[R 'nn’R™
=R 'RR ' =¢’R™! (4.40)

Regarding the background noise, probability of error for the FSO channel can be

rewritten as

(4.41)

1 n (nloeyi\/805+2uz)27p
Pe(’Yp) = 2ﬁ Zwierfc 2R+
i=1 kk

where R;“k is the kkth element of the R™'.

4.3. Simulation Results

In this section, simulation results of the proposed system’s multiuser performance
is shown and they are compared with the theoretical evaluations given in chapter 4.
Perfect power control is assumed on the channel thus, bit energy for all users is taken
as Ej, which is equal to 1 at the receiver input. Simulation parameters are chosen as

N, = 2 for monocycle repetition for one bit, N, = 10 for maximum time hopping delay.

Figure 4.8 gives the synchronous system performance under no turbulence fading

case which is given for the comparison purposes with fading cases.

Simulation and theoretical results of an FSO channel’s BER curve under weak
turbulence (¢ = 0.37) with N, = 1,4, 8 users is plotted in figure 4.9. Note that simu-
lated BER curve does not match to the theoretical curve for multiuser case. However,
increasing the user number decreases the gap between simulation and theory. This re-
sult indicates that the number of pulses traveling over the air interface is not sufficient

for guaranteeing the validity of the gaussian approximation for the interference noise.
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Figure 4.8. Synchronous multiuser FSO performance with no fading

D.
W

=4 — Simulated 1 user
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10 b =% Theoretical 1 user
_ —&— Theoretical 4 users
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] 1 10 15 20 25

Signal to Moise Ratio

Figure 4.9. Synchronous multiuser FSO performance under weak turbulence
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Also weak turbulance case is simulated in figure 4.10 for the case that all users
use the same channel that means fading will be same for all users. It is easily seen that

error performance is increased when the fading is not independent between users.

Bit Error Rate
=1

~| —#=Simulated 1 user

| =& = Simulated 4 users
1%kl —= —simulated B users |...
Eo| —#—Thearetical 1 user
L..| —— Theoretical 4 users
|| = Thearetical 8 users |

+ i i i i
a 5 10 15 20 25
Signal to Moise Ratio

Figure 4.10. Synchronous multiuser FSO performance under weak turbulence when

the same channel is used by all users

Figure 4.11 shows BER curve under moderate turbulence {o = 4,7 = 1.75} for
uncorrelated channel variance. User numbers are chosen as N, = {1,4,8}. Simula-
tion results and theoretical results which are derived via Meijer G functions are well

matched.

As seen in the figures turbulence fading decreases the multiuser performance dra-
maticly especially for the independent fading cases. Figure 4.12 shows the decorreleting
detector error performance under weak turbulence (02 = 0.1) with parameters N, = 6
and N, = 4 and multiuser interference affects are perfectly filtered with this type of
detector. However, decorrelating detector has a very high complexity penalty since it

requires matrix inversion for every frame.
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Figure 4.11. Synchronous multiuser FSO performance under moderate turbulence
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Figure 4.12. Decorrelating Detector performance
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5. CONCLUSIONS

In this thesis, a simple system is proposed to increase the RF UWB coverage using
free space optical channels. First of all gaussian pulse is chosen as the pulse type due
to the positive constraint of the direct detection method of the optical channels. UWB
pulse train is modulated via time hoping pulse position modulation method due to it’s
simplicity and no negative component requirement. In order to generate optical signal
Optical impulse radio system is used due to it’s simplicity. Other optical generation
methods can be evaluated for FSO as a future work. System performance for single user
case is simulated and theoretically analyzed in weak, moderate and strong atmospheric

turbulence regimes.

In the analyses of single user a simple matched filer is used at the receiver which is
designed for PPM modulation. It is seen that the system provides very high relaibilty
for the weak turbulance regimes. However, system performance is highly degraded in
the moderate and strong turbulence regimes. In order to increase the system perfor-
mance a simple convolutional code can be applied to the system or switching FSO
channel to an RF channel in the strong turbulence regime can be studied as another

future work.

Also multiuser performance of the system is analyzed for asynchronous and syn-
chronous cases in weak and moderate turbulance regimes. It is seen that independent
fading blocks reliable data transfer with single user matched detector in multiuser mode
especially for the synchronous case. Thus, decorrelting detection algorithm which is

used for CDMA detection is analysed and simulated for TH system.

In conclusion, fast and cheap deployment characteristics of the FSO channels
perform a good alternative to the fiber channels for the distribution of UWB signals

in the urban areas.
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APPENDIX A: DERIVATION OF EQUATION (3.12)

Gauss Hermite quadrature or Gauss Hermite expansion is a method for approxi-

mating the value of integrals of the following kind

/OO e f(z)dx (A.1)

—0o0

into n point finite sum

00 2 n
/ e " f(x)dr =~ szf(x,) (A.2)
> i=1

where n is the number of sample points to use for the approximation[12]. This ap-
proximation is used to find closed form of the error probabilty evaluation for weak

turbulance fading. Equation 3.11 can be rewritten by the change of parameters as

Pe(vp) = % /_Z erfc (\/Ns”Yp(Ufoey\/@Pﬂ) e*y2dy (A.3)

and using the expansion equation 3.12 can be calculated as

Nyyp(nloe? V)

1 n
P. = Py ;wierfc \/ 5 . (A.4)
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