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ABSTRACT

TERAHERTZ WIRELESS COMMUNICATION

by
KeSu

The goal of this thesis is to explore TerahertzJitireless communication technology.
More specifically the objective is to develop andaracterize several THz
communication systems and study the effect of gbmex® propagation through fog
droplets and dust particles on THz communications.

For demonstration, a THz continuous wave (CW) pmdtong system is
designed. Terahertz signals are phase encoded hwittn analog ramp signals and
pseudorandom binary data, transmitted over a sl&tdnce, and detected. The limitation
of transmission bandwidth, low single to noiseaatiibration effects are also analyzed.
In order to study and compare propagation featofddHz links with infrared (IR) links
under different weather conditions, a THz and IRnownications lab setup with a
maximum data rate of 2.5 Gb/s at 625 GHz carrieqiency and 1.5m wavelength,
have been developed respectively. A usual nonrrdétiszero (NRZ) format is applied to
modulate the IR channel but a duobinary coding riegle is used for driving the
multiplier chain-based 625 GHz source, which eralsignaling at high data rate and
higher output power. The bit-error rate (BER), sigio-noise ratio (SNR) and power on
the receiver side have been measured, which dedtwsignal performance.

Since weather conditions such as fog and dust #xhgpectral dependence in the
atmospheric attenuation, the corresponding imparctTélz in comparison with IR
communications is not equivalent. Simulation resaftattenuation by fog and dust in the

millimeter and sub-millimeter waveband (from 0.11tdHz) and infrared waveband (1.5



pnm) are presented and compared. Experimentallgr a#z and IR beams propagated
through the same weather conditions (fog), perfoiceaof both channels are analyzed
and compared. The attenuation levels for the IRTbese typically several orders of
magnitude higher than those for the THz beam. Madtsering theory was used to study
the attenuation of THz and IR radiation due todbst particle. Different amounts of dust
are loaded in the chamber to generate a varietpméentration for beam propagation. As
the dust loading becomes heavier, the measuretlatten becomes more severe. Under
identical dust concentrations, IR wavelengths arengly attenuated while THz shows

almost no impact.
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CHAPTER 1

INTRODUCTION

In this chapter, basic background information ofahertz (THz) technology and Infrared
(IR) technology are introduced. Then ongoing redeaon the development of
experimental THz communication links and IR comngation links is reviewed. Finally,
scintillation effects and atmospheric and weathgrdcts (dust, fog, rain) on the THz and

IR communication are discussed and compared.

1.1 Terahertz Communication Systems

THE ELECTROMAGNETIC SPECTRUM

Wavelength 108 102 10’ 1 10" 102 10% 10% 105 106 107 10® 10° 1070 10" 102
(in meters) T T T T T T T T T T T T T T T T

> S —_—
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Figure 1.1 The electromagnetic spectrum.

The terahertz region of the electromagnetic spettiocated in the gap between the
microwave and infrared, is typically defined as treuency range from 0.1 THz to 10
THz, which corresponds to the free-space wavelefrgim 3 millimeter (mm) to 30

micrometers (um) (as shown in Figure 1.1). Thiiawe is also called the “THz gap”.



It is bridging the gap between the electronic ahdtpnic response. Below the THz range
(microwaves), electronic components are commeyceathilable. In the frequency range
higher than THz (optical and infrared waves), higfiicient thermal sources and
commercial thermal cameras (detectors) are availabid optical techniques are
applicable. However, within the THz range, neitbptical nor electronics devices could
fully meet the application requirements. It lack#able components such as convenient
and inexpensive sources, sensitive detectors, ighdspeed modulators.

Over the past few years, the field of terahertersoe and technology has changed
dramatically. Many new advances in the technologytéz sources and detectors [1-3]
have revolutionized the field. Many applications T¢4z systems has been introduced in
the literature, ranging from explosive and conagaleapon detection [4-6], biology
imaging [7, 8], nondestructive testing and qua[@ 10] control to next generation
wireless communication systems. Here, the focus idescribing approaches to wireless
THz communication.

Edholm’s law of bandwidth [11] predicts the needdafa rates around 5-10 Gb/s
in 10-15 years from now. The increasing demandhigher data rates suggests the
development of wireless communication networks &jhdr carrier frequencies.
Consequently, one can expect that such systemseoah push towards to the low THz
frequency range due to its inherently larger agbksbandwidth compared to microwave
and millimeter communication bands [12]. A review Koch [13] in 2007 predicts that
Wireless LAN systems will be replaced or suppleredntby the THz based

communication systems in 2017-2023.



Compared to microwave or millimeter wave systemsHzT wireless
communication link offers some advantages. The samms as follows:

* Ultra-high bandwidth: THz communications have theeptial for increased
bandwidth capacity compared to microwave systems.

* Unregulated frequencies: Frequencies above 300 &eélzurrently unallocated
by the Federal Frequency Allocation Commission (F@@d offer very high
bandwidth.

» Directional beam: THz communications are inheremtgre directional than
microwave or millimeter (MMW) links since THz wavésve less free-space
diffraction. The link budget analysis [15] suggelst the same antenna aperture
with the microwave, transmission for the 350 GHguiee a large gain per
antenna, which requires THz emission to be highigational and therefore,
line of sight detection is required.

* High security: THz communication can be implementasl a “secure”
communication link [16]. THz can support ultrahigandwidth spread spectrum
systems, which can enable secure communicatioge leaipacity networks, and
protection against channel jamming attacks.

Towards higher carrier competing frequencies (IRWHz also shows some

advantages, such as:

* Lower attenuation of THz radiation compared to IRder certain weather
conditions (fog and dust).

e Scintillation effects of THz radiation are smaltean IR radiation which allows
THz to provide longer links compared to wirelesdifi.

* There is more ambient IR light noise typically mescompared to ambient THz
noise.

* There is an eye safety with IR wavelengths reqggithmat IR transmitted power
be limited to eye-safe power levels, however, Télgdfe for human health with
available commercial source power.

In this following part, the recent developments wfrahigh-speed wireless

communication links using carrier frequencies oeroe00 GHz will be reviewed (as

shown in Table 1.1).



Table 1.1 Summary of THz Communication Link Measurements. BRERBnds for Bit-Error-Rate. PDA Stands for Photattontive
Antenna. MZM Stands for Mach-Zender Modulator. PRBt&nds for Pseudo Random Bit Sequence. UTC-PDdStaor Uni-
Traveling Carrier Photodetector. ASK Stands for Aitnde-Shift Keying. NRC Stands for Non-Return-terd. MMIC Stands for

Millimeter Wave Integrated Circuits

THz system THz carrier Modulation Maximum Modulation method Modulation rate or BER Reference
frequency (GHz) | hardware distance (m) bandwidth
THz time-domain 300 External modulator 0.48 Analog 6 kHz [17]
s 300 PDA 1 Analog 5 Kb/s [18]
ystem —
300 PDA 1 Digital (PRBS) 1 MHz 10 [19]
Opto-electronic 120 Optical MZM 100 Digital 10 Gb/s 10° [20]
/UTC-PD modulator (PRBS)
120 Optical MZM 250 Digital 3 Gbrs 10° [21, 22]
modulator 450 (ASK)
200 Optical MZM 2.6 Digital 1.0625 Gbl/s 18 [23]
modulator (NR2)
250 Optical modulator | 0.5 Digital 8 Gb/s 10° [24, 25]
(ASK)
300-400 Optical modulator| 0.5 Digital 2 Gbhl/t, 12.5 Gb/t 1€ [26, 27]
(ASK)
Millimeter wave 120 MMIC 800 Digital (ASK) 10 Gb/s 18 [28]
integrated circuit 120 MMIC 5800 Digital (ASK) 10 Gbls B [ [29]
Microwave 300 Sub harmonic 22 Analog 6 MHz [30]
multiplication mixer
300 Sl_Jb harmonic 52 Digital video broadcasting 96 Mb/s ~10 at | [31]
mixer 30cm
625 Microwave mixer | 1 Duobinary/ PRBS 2.5 Gb/s 10 | [32]
Quantum cascade 3800 Electronic 2 Quantum cascade laser 10 kHz [33, 34

laser (QCL)

modulation of QCL

Source: [16, 35]



1.1.1 THz Time-Domain Systems (TDS)

The first three THz wireless communication linkstie Table 1.1 are all based on THz
time-domain systems. All three structures have samomimon characteristics: (a)
photoconductive antenna (PDA) structures are dlizedl as the THz transmitter and
receivers (b) transmission center frequency is mbu@.3 THz (c) The maximum data
rate is limited by the repetition rate of the Tapphire Laser (typically ~80 MHz) and
electronic bandwidth of the PDA (~1 MHZz) (d) To detthe maximum THz signal at the
peak of THz pulse, the transmitter to receiveratiseé ant timing of the gating pulsed
need to be adjusted. Consequently, timing jittethef laser or variations in the optical

path length degrades the quality of the link.
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Figure 1.2 Experimental setup for analog THz communicatiork lusing an external

THz modulator.
Source: [17]

Kleine-Ostmann et al. [17] first demonstrated tfam$mission of an audio signal
through THz communication links which utilized a difeed THz time-domain system

and an external modulator based on the depletioa tfo-dimensional electron gas



(shown in Figure 1.2). The audio signals up to B& kould be transmitted through a
0.48 m distance. The bandwidth of the THz detecotvas limited by the time-constant of
the lock-in and 7 kHz cutoff frequency of the I-xhplifier.

Another analog THz link based on THz time-domaistssn was demonstrated by
Liu et al. [18]. The audio signals were modulatgtbru the THz carrier by directly
modulating the bias voltage of the THz receivere Tiansmission distance is about 100
cm. The 3 dB frequency response of the transmissi@mnel was about 20 kHz. To
demonstrate the fidelity of data transmission, mwgas transmitted through the data
channel by using the electronic output from a coeps speaker to modulate the
electronic bias to the THz transmitter. In frequerdomain, good fidelity of data

transmission up to ~2 kHz could be observed.
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Figure 1.3 THz communication set-up based on THz TDS systdfu. high-voltage
amplifier, PCS: photoconductive switch, TA: tranpedance amplifier, PA:

preamplifier, LP: low pass, CLK: clock tone.
Source:[19]




Moeller et al. [19] demonstrated bipolar and onkxfying of THz pulses with
maximum modulation index by direct digital data esiag of photoconductive emitter
antenna’ bias voltage, thereby enabling data rate®st three orders of magnitude
higher than described in the previous two commuiuoasystem[1l7, 18]. The
experimental set-up is shown in Figure 1.3, whiohsists mainly of a commercially
available THz TDS system which is electrically ceated to a data source and BER
tester. The emitter antenna is electrically drivmna digital signal carrying the data
instead of a constant bias. A dc-coupled amplifaar increase the voltage at the antenna
input to about 20 V. A dc-offset between 0 V andpp¥2 can be added to the pattern
generator output, allowing the signal format toyaontinuously between bipolar and
on/off modulation. As the electrical field of thedZ pulse directly depends on the sign
and the amount of the applied antenna bias, thedoseandom binary sequence (PRBS)
data are linearly mapped onto the THz signal anah fitcs envelope.

As shown in Figure 1.4, at error-free operation @oior rate (BER)<1®), a high
impedance sampling scope recorded 0.5 Mb/s, 1 Mbid, 1.5 Mb/s eye diagrams,
showing the data-rate dependent ISI caused byéimreceiver bandwidth. At low
transmitter voltage swing (TVS), receiver noiseg(fe 1.4 d) limits the BER=11)
which is manageable using forward error correctioges. At this BER level the minimal
required TVS for different data rates is determined quantify ISl (intersymbol
interference) caused performance degradations rgif4 e). A comparison with a 2nd
order low pass (LP) filter simulations of the resgi shows good agreement with the
measurement. Increasing the TVS widens the eyehwtasults into a reduced BER.

Tests showed that long®f21) and short (21) PRBSs yield same BER performance.
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1.1.2 Photonic MMW/UTC-PD Opto-Electronics Systems

Over the years, Nippon Telegraph and TelephonedZatipn (NTT) group in Japan has

achieved substantial innovations in hardware coraptsn and several sub-THz

communication links which have been developed [Z6Ere are three types of systems

listed in Table 1.1.

e  Photonic MMW/UTC-PD THz sources and Schottky didegeector [20].



e Photonic MMW/UTC-PD THz sources and MMIC receivgt$).
* Anintegrated MMIC transmitter and receiver [28].

The first two are radio-over-fiber (RoF) systemgyich refer to modulating
optical carrier signals at millimeter wave frequiesc The optical signals can be routed to
a THz transmitter module using low loss opticalefdd Within the THz transmitter
module, the modulated optical beam is converted TdHz signal using a uni-traveling
carrier photodiode (UTC-PD) and launched into fegace using a feed horn. The
motivations and advantages of the ROF system asradolds, listed as followed:

* A RoF system could be an attractive solution tce liof sight requirement

limitation because the millimeter signals can lams$mitted over long distances
by using optical fibers with an optical frequenomb.

* A RoF system can easily be integrated into a hpged optical fiber
communication link as part of a first mile and laste solution.

1.1.3 Integrated Circuit Systems

While the 1..um fiber-optical components of the RoF systems enalalsy integration
with high-speed optical communications systemstethe a drawback of the photonic
approach in terms of additional optical componesystem size, total cost, and added
power consumption. Clearly, replacing the opto4etetc THz source with an integrated
electronic device - which could function in concerith the Monolithic Microwave
Integrated Circuit (MMIC) receiver chip — would rinate many of these issues.
Yamaguchi et al. [28] implemented a flexible coplamaveguide MMIC chipset [36],
which included amplifiers, modulators, and demothuly as the THz transmitter and
receiver in a 10 Gb/s wireless link. The link extdd a 10? BER of a 10 Gb/s signal

over 800 m distance [28]. Improvements to the 128z Gransmitter and well as
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implementation of forward error correction algonith have extended the link distance to

5.8 km with an error-free transmission of 10 Glatad29].

1.1.4 Multiplied Microwave Systems
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Figure 1.5 Microwave frequency multiplier (a) THz source {thHiz receiver.
Source: [30]

Jastrow et al. demonstrated the analog [30] andadi®1] video signal transmission at
300 GHz using a microwave multiplier system. Aswghan Figure 1.5, the system
consists of a frequency multiplied (6X) 16.66 Gtézdl oscillator (LO). The resulting
150 GHz signal is converted to a 290-310 GHz sigisalg a sub-harmonic mixer and a
DC-10GHz signal generator. The receiver LO is 16G8z so that the intermediate
frequency (IF) of the receiver (5 GHz) is deteatsthg heterodyne detection.

To demonstrate data transmission, Jastrow etaadsinit a color video baseband
signal with 6 MHz bandwidth which is modulated om @altrahigh frequency (UHF)

carrier (855.25MHz) and then acts as the “signalegator” to be transmitted over THz
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link. At the receiver, the 5 GHz intermediate fregay (IF) is mixed down to baseband
and fed to a standard TV card. The TV card inpgumes a minimum signal to noise of
ratio of 40 dB. The image quality if viewed on camgr screen. Using just the THz feed
horns, excellent picture quality is reported upOtd m with significant degradation
observable at transmission distances of 0.8 m. Vidreses are used to collimate the THz
radiation, a maximum link distance of 22 m is aghte The system [30] has been used
for digital transmission [31], which is capable tohnsmitting digital video broadcast
(DVB) data at a rate of 96 MB/s over a distanc&®fm using forward error correction
codes. A multiplied microwave source for THz commeation experiments at 625 GHz
has been recently reported [32]. Power, bit-erede (BER), and signal-to-noise ratio
(SNR) measurements on the receiver side descrébsigimal performance of a 625 GHz
link with duobinary format driving THz source. Thstructure and the experimental

results will be described in detail in Chapter @ &hapter 3.

1.1.5 Quantum Cascade Laser Systems

Grant et al. developed the quantum cascade lasek)(QHz free space communication
system consisted of a 3.8 THz QCL laser in conjonctvith a cryogenically cooled
(12K) quantum well photodetector [34]. Figure IsGschematic of the link. At the left a
guantum cascade laser housed in a vacuum Dewaidpso8.8 THz radiation which is
collected and collimated by a parabolic mirror ladeM1. M1 is a 50 mm focal length

off-axis parabolic reflector while M2 is 76 mm fddangth. After reflected by M2,

Terahertz radiation is coupled through the semiating substrate to the mesa4&

angle as is done in quantum well infrared photattet§ QWIP).
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Source: [34]

Analog audio data was transmitted over 2 m patgtlernder normal operation,
a custom-made pulse generator generated 8ns ailsesepetition rate of 455 kHz. On
top of this constant modulation, an audio frequemogulation is applied. The resulting
combined signal electronically modulates the QChe fuantum well photodetector is
sufficiently fast enough to measure the 455 kHz@ukpetition rate as well as the side-
bands generated by the audio modulation. The elactoutput of the photo-detector is
amplified and passed through a 10 kHz low passrfikinally, the signal is passed to the
antenna input of an AM radio to recover the audyona. No information or metrics were

presented as to the recovered audio signal quality.

1.2 Infrared (IR) Communication Systems
The infrared radiation is the region of electromatgnspectrum between the THz and
visible light, which is in the frequency range frob®0 THz to 430 THz, and the

corresponding wavelength range from 0.7 um to 10®0 The whole infrared band can
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be further divided to three sub-regions: the nedrared region (0.7-3) pm, middle
infrared region (3-50) um and far infrared regi60-L000) um (shown in Table 1.2).

Table 1.2 Division of Infrared Radiation by International @rgzation for
Standardization (ISO)

Designation Wavelength Frequency
Near Infrared (NIR) 0.7-3 um 100 THz-430 THz
Mid Infrared (MIR) 3-50 um 6 THz-100 THz

Far Infrared (FIR) 50-1000 pum 300 GHz-6 THz

There are many applications IR technology at tine tsuch as infrared imaging
[37, 38], tracking [39], heating [40], spectroscdf8] and wireless communications etc.
Here, the focus is on describing approaches tolegiselR communications. Wireless
infrared communications refers to the use of fig@ce propagation of light waves in the
near infrared band as a carrier for communicatibt].[ The primary applications for

wireless infrared communications are listed afed:

* Short-term cable-less connectivity of informatiomange between two users,
such as business cards, file sharing.

* Wireless local area network (WLANS).

* Wireless input and control devices, such as wisel@®use, remote controls,
remote electronic keys.

Infrared technology offers several important adagat over radio as a form of
wireless communication.
* Potentially huge bandwidths.

* Low cost, small size (portable) and low power reguients (ideal for laptops,
telephones and personal digital assistants).

* Simple circuitry: no special or proprietary hardevas required. It can be
incorporated into the integrated circuit of a produ
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* Higher security: This signal confinement over shaigtance makes it easy to
secure transmissions against casual eavesdropping.

* Immunity to electromagnetic interference (EMI): d®es not interfere with
signals from other devices.

* Portable.
However, despite the advantages presented by fhered medium, IR also
shows some drawbacks:

» Line of sight: transmitters and receivers must looat directly aligned (able to
see each other) to communicate.

» Blocked from persons and objects. Communicatiomfame room to another
requires the installation of infrared access pothtt are interconnected via a
wired backbone.

* Short range: performance drops off with longeratises.

» Light, weather sensitive: high attenuation whemsnaitted through air and
atmosphere phenomena such as direct sunlight, faagn,dust, pollution. THz
transmission could offer an effective alternatinehis environment.

* Eye safety: IR has eye safety issue which causegdWwer limitation.

IR free space communication links at 1.5 um wagtlerare the most common
optical transmission for short reach (up to 10 k&g previously noted by Koch, wireless
IR systems are 30 years old, yet until recentlylilghest data rates reported were 155
Mb/s for the indoor systems (for diffuse configiwas) [14]. The author demonstrated
155 Mb/s wireless transmissions with electronicitpms detection and tracking of the
transmitter at an imaging infrared receiver ovelistance of nearly 2 m. A 2007 review
[42] of the field in IR shows no improvement beyahd 155 Mb/s data rate reported in
2001. Only recently has a 10 Gb/s data rate beenodstrated in a simulated

atmospheric environment [42]. The key to increasirggIR wireless data rate to 10 Gb/s

was advanced modulation formats such as orthogoegliency division multiplexing.
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For outdoor systems, optical wireless links havenb@gemonstrated for distances of more
than 25 miles and up to 40 Gb/s [43, 44].

When IR is used for outdoor systems, two of the tnmoportant issues with IR
free-space communications are transceiver misakgwrdue to atmospheric turbulence
and/or humidity fluctuations in the beam path (8kation) as well as atmospheric
absorbance of the IR signal [45]. Atmospheric tlebae and humidity fluctuations cause
temporally and spatially dependence variationsha dtmospheric real refractive index.
Consequently, the location of the IR beam on tleeiver tends to vary in time leading to
scintillation effects. One of the solutions propbse use of backup links, such as THz

communication links.

1.3 Atmospheric and Free-Space Damping Including Fog, &n, Dust and Snow
on THz and IR links
When THz and IR links are used for outdoor commatmns, the adverse atmospheric
conditions, such as fog, rain, dust and snow Vif#ct the performance of transmission
links to different degrees. In this section, theibalefinitions will be introduced and
experimental characterization of environment on &dd IR communication links will

be discussed and compared.

1.3.1 Basic Definitions

1.3.1.1Atmosphere. Atmosphere is defined as the gaseous mass or @avelo

surrounding the Earth, which is primarily composéaitrogen (N, , 78%), oxygen Q,,

21%), and argon Ar,1%), but there are also a number of other elemertis as water (
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H,O, 0% to 7%) and carbon dioxid€Q,, 0.01% to 1%), present in smaller amounts.

There are also small particles that contributeneodomposition of the atmosphere, such
as particles generated by combustion, dust, dedmid,soil. The combination of all the

elements comprising the atmosphere contributes tbisorption and its behavior.

1.3.1.2Aerosol. An aerosol is a suspension of solid or liquid pées such as haze
particles, clouds, and fog in a gaseous medium thighsize range commonly between

0.01 and 1Q/min the radius. The incoming light can be absorbed acattered by

aerosol suspended droplets or particles. The fagpleiis are the most important
atmospheric elements that contribute to the attemuaf an optical signal through Mie
scattering. The loss of light by scattering incesathe atmospheric extinction, which is
the sum of actual absorption and scattering. Timeeuatration of aerosol particles is high

close to the earth’s surface and low at high alégu

1.3.1.3Attenuation. Atmospheric attenuation is defined as the procdsxeby some or

all of the energy of an electromagnetic wave i [@bsorbed or/and scattered) when
traversing the atmosphere [46]. For the typical elewgths employed by wireless IR
links (850 nm, 1550 nm), the attenuation contritmutirom the atmosphere is relatively
low compared to the attenuation contribution froeather conditions. Gebhart et al. [47]
mention that attenuation values are around 0.2 Bk clear atmospheric conditions,
and 10 dB/km in urban regions (due to dust). Atédian due to heavy fog, on the other

hand, can reach values greater than 300 dB/km.

1.3.1.4 Absorption. Absorption is the process of conversion of the gnef a photon

to internal energy, when electromagnetic radiatfooaptured by matter. When particles
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in the atmosphere absorb light, this absorptiovgkes a transition (or excitation) in the
particle’s molecules from a lower energy level thigher one. In the context of optical
wireless communications, the absorption peak rdtethe specific wavelength at which
most power is absorbed by a particular impurityispecific medium. The atmospheric
absorption is wavelength dependent and the atmasphimdows due to absorption are

created by atmospheric gas.

1.3.1.5 Scattering. Scattering is defined as the dispersal of a beampadicles or of

radiation into a range of directions as a resulplofsical interactions. When a patrticle
intercepts an electromagnetic wave, part of waea&rgy is removed by the particle and
re-radiated into a solid angle centered at it. @awils of the scattering principle will be

introduced in Chapter 4.

1.3.1.6 Scintillation.  With regard to communications, scintillation is idefl as a
random fluctuation on the received field strengftused by irregular changes in the
transmission path over time [46]. In the speciise& of optical wireless communications,
this term refers to the strength variation of atiagp signal as it travels through air, and it
derives from small fluctuations (optical turbulepae the index of refraction along the
optical path. After fog, low clouds, and directnight, scintillation is the factor that
causes most significant performance deterioratidn an optical wireless links.
Scintillation effect can accumulate over a few kileters of propagation distance.
Scintillation also appears to be more significahiew the receiver has a small aperture

[48].
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1.3.2 Atmospheric Attenuation of THz and IR Communication Links

1.3.2.1Simulations. Atmospheric attenuation of THz and IR communicaticare
impacted differently by weather conditions sucHaag rain, snow, and humidity. Figure
1.7 compares the atmosphere attenuation of milimetves, THz and IR waves at sea
level for different weather conditions.

Atmospheric Attenuation
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Figure 1.7 Calculated atmospheric attenuation in THz and IRndbalTU
recommendations are used from 10 to 1000 GHz. MOANR is used from 30 to 0.3
microns. A code for the 1-10 THz region was devetbpy MMW Concepts LLL[49].
The dashed line corresponds to 4 mm/hr of rain. ddsh-dot line corresponds to 100m
visibility of fog, and the solid line correspondsWS standard atmospheric conditions at
sea level (59% relative humidity = 7.5 g/mater content). The dotted line corresponds

to 15 g/ni of water content. A wavelength of 1.5 pm correstsoto 2x16 GHz.
Source:[49]

Under fog conditions the THz absorption at ~625 @GHaround 20 dB/km which
is considerably lower than the 200 dB/km that th® gm wavelength suffers. The
maximum reach of THz radiation in fog can be muaigér than those of usual IR based

systems. Thus T-rays based communication systemld serve as a back-up for foggy
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weather when IR signaling fails. It also shouldno¢ed that above 200 GHz and below
10 THz, the attenuation is dominated by atmospheai®r vapor, with attenuation due to
rain and fog playing a minor role. In the IR, fogdasmoke will cause significant

attenuation.

1.3.2.2Experimental Characterization of Environment on THz Communication
Links. As noted by Brown [50] in his extensive considenatof MMW and THz remote
sensing systems, there is little or no experimedédh on THz scattering by fog, rain,
particulatesetc. Brown attributes the limited experimental dataattack of calibrated
THz instrumentation and the general difficulty instthguishing absorption from
scattering effects.

Recent measurements of THz propagation through mich@tmosphere [51]
characterize attenuation of the water vapor fortht6.2 THz using THz time-domain
spectroscopy and show higher attenuation than quely measured or predicted in this
THz transmission windows.

For the rain environment, the experimental dat€®DatGHz [52] indicates a
reasonable agreement between measured rain attenuatues and those predicted by
different models. Differences in the measured aradlipted values suggest that further
measurements are required to fully validate raienatation models at the higher MMW
or sub-THz frequency range. At a frequency regibabmve 100 GHz, the effect of rain
has been characterized only at 103 GHz [53], 12 @], and 355.2 GHz [55].
Utsunomiya and Sekine conducted propagation exeatsrat 103 GHz over 390 m. The
experimental data was compared with the calculdtiom the relationship between the

attenuation and the rainfall rate for the MarskRalmer, Best, Joss-Thams-Waldvogel
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and Weibull raindrop size distributions (shown igufe 1.8). The Weibull distribution

shows a good agreement with the experiment results.
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Figure 1.8 Comparison of attenuation coefficient betweemwakion and measurements
at 103 GHz for a 1 minute integration time.
Source: [53]

In comparing the measured BER with rain attenuatitirata et al. [54] observe
an interesting discrepancy between the experimemealsurements and predicted theory.
As shown in Figure 1.9, as the rain attenuatiomeiases, the BER increases relative to
the theoretical predictions from random noise tiie@he author suggests two possible
explanations: wave front distortions (scintillat®yror the difference in the measurement

cycle for rain attenuation (averaged over 1s) aB& Baveraged over 100 ps).
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Figure 1.9 Measured BER for 120GHz wireless link (10.3Gb/sadatte) versus rain
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Source: [54]
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Figure 1.10 Comparison between calculation and measuremer@S52 GHz for a 1

minute integration tim
Source: [55]

e.

The rain attenuation at 355.2 GHz was measuredhat National Defense

Academy and calculated using four rain-drop-sizetrifiution and International
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Telecommunication Union (ITU-R) specific attenuatimodels. The calculated results
were compared with propagation experiments undefalintensities of up to 25 mm/hr
(shown in Figure 1.10), which proves that the expental propagation results were in
good agreement with of the calculation from thecdje attenuation model for use in
predication method recommended by ITU-R provides libst fit for the experimental
data.

The first direct experimental performance comparietween THz (625GHz)
and IR (1.5 um) communication links, meaning thathbsignals passing the same
weather conditions (fog), has been recently repdi%é]. The measurements results will
be described in detail in Chapter 4.

Due to the relatively small size of atmospherictipalates such as dust and
smoke compared to the THz wavelength, one woul@exminimal THz attenuation due
to airborne particulates. Mann [57] had predictedt tfog and smoke has little or no
effect up to 1 THz. A rough estimate of the attdimmacan be made assuming that the
particulates act as spherical Mie scattering centéollowing a simple Mie scattering
formalism that was used previously to study attéioneof THz radiation due to particle
grains one can estimate the attenuation at IR, 8ttzsub-THz frequencies using known

particles sizes and concentrations. The detaildoeitliscussed in Chapter 5.

1.3.3 Scintillation Effects on the THz and IR Communicaton Link

There have been some measurements of scintillafi@cts at 97 GHz which showed
that the long-term probability distribution of stilation amplitudes due to rain could be
modeled by the Mousley-Vilar equation [52]. Knowgedof the scintillation amplitude

distribution can be used to predict the degradatibnthe communication link due to



23

scintillation. Experimental evidence that has beeiblished concerning the effect of
scintillation on THz communication includes briebnements [21, 22] and a more
detailed analysis in [23]. Yamaguchi et al. [28]oss the measurement of the
scintillations due to the effect of wind on the pagating 125 GHz radiation (shown in
Figure 1.11). When wind velocity increased, theereer axis deviation also increased
which caused the input power to decrease. Howeuece the input power even in the
presence of the wind was greater than the minimeguired, the authors did not observe

any increase in BER due to the wind.
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Figure 1. 11 Experiment result for the 800 m transmission: inpover versus wind

velocity and Receiver axis deviation.
Source: [28]

For the IR links, experimental results on scintidla were reported by Gebhart et
al. [47] for a very long wireless IR link (of ovéd km). Their results show amplitude
variations (at the receiver) originated by air tddmce during clear sky conditions of up
to 30 dB. Their results also indicate that thishpean becomes more significant as the

distance between the transmitter and the recenaeases. Also, Scintillation effects
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have been analyzed and a variety of theoreticalelsdthve been built to characterize the

scintillation effects on the IR links [58, 59].



CHAPTER 2

EXPERIMENTAL METHODOLOGY

In order to study and compare propagation featwfe§erahertz (THz) links with
Infrared (IR) links under different weather conaits, THz and IR communication lab
setups were developed. In this chapter, the expatah methodologies are presented
with emphasis on the design of two types of THz mamication systems, namely THz
continuous-wave (CW) photomixing communication egst[60-62] and frequency
multiplier chain based 625 GHz communication syst@®, 63]. The IR wireless
communication system at 1.5 pum [56] and proportiamagral-derivative (PID)

controller [64] used for dynamic range improvementthe IR system are also described.

2.1 THz CW Photo Mixing Communication System

For the THz CW photomixing configuration two laseurces are typically multiplied or
mixed in a device such as a photoconductive antestnecture [65-67], where laser
beams with the Terahertzffirence frequency excite charge carries in the ssmdictor

material. Terahertz radiation is generated at tifferdnce frequency of the two laser
sources. The value of the beat frequency can biy ea&gulated by changing the
temperature of the laser diodes, or laser curréot.the communication experiments
reported here, the phase of one of the lasers idula@d using an optoelectronic
magnesium-oxide-doped lithium niobate (MgO: LiNp(Gphase modulator, which is

connected to a pseudorandom bit sequence (PRBSragjen Since the speed of

25
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modulators can be as high as the gigahertz ramgeessentially can eliminate the speed
limitations due to mechanical scanning in acquiangHz waveform.

The experimental setup for the THz CW photo mixaognmunication system is
sketched below in Figure 2.1, which includes dustied feedback (DFB) laser system,

optics, THz transmitter (Tx) and receiver (Rx), @ modulation, and detection

subsystems.
d.THz Tx and Rx
Optical Fiber
Quadrature / N
Interferometer #1 :
4 Fiber Coupler ] !
Beam Splitter
DFB Laser #1 Amplifier #1 P Lens

.
S
2% | o Function
- QA £3 Generator 3 -‘f—‘_:
DFB Laser #2 Amplifier #2 : = g &5
) ”X 9 < O
Fiber Coupler : o 2 %
A | Pseudorandom Tg w A
Feedback Loop: Bit Sequence o =
Frequency and power \V (PRBS)
control Quadrature > Generator
Interferometer #2 Mirror
a. Laser System b.Optical System c.Signal Modulation

and Detection

Figure 2.1 Schematic diagram for THz CW photo mixing comngation system. (a)
laser system (b) optical system (c) signal modoeéind detection (d) THz Tx and RX.

As shown in Figure 2.1, THz radiation is generaaédhe beating frequency of
two single mode distributed Bragg reflector diodsers (TOPTICA DL DFB) operating
near 850 nm. The output of each laser is evenly sgihg the first pair of beam splitters.
The MgO: LINbQ phase modulator (New Focus 4002) is inserted in®af the beams
from Laser Diode #2, which could be modulated eitiye analogy signal (generated by
function generator) or digital signal (generatedobgudorandom bit sequence generator).
After splitting and passing one beam through thelutedor, the light from the two lasers

are combined with another pair of beam splitteise Tombined laser light is couple
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into polarization maintaining optical fibers andidered to both the THz transmitter (Tx)
and receiver (Rx) which are low-Temperature-GrowmaA& bowtie-type photo-
conductive dipole antennae (PDA). The PDA is modinte the back of a semi
hemispherical silicon lens which reduces the digrog of the THz radiation from the
antenna. The total optical power on both chanrels25 mW. A bias of 20 V DC is
applied to power the THz transmitter. Two identiC&lz lenses with short focal lengths
(=32 mm) allow source beam transmissions over dis&@of 1 meter (beam diameter ~

20 mm) followed by refocusing of the beam on theeiheer side into the receiver.

2.1.1 Distributed Feedback (DFB) Diode Laser System

For the photo mixing system, it is necessary tauens single-mode operation of both
lasers. The DFB technique is utilized in the systereliminate multimode operation of
diodes. The DFB Laser system employs two TopticdB Qiode lasers with center
wavelength of 855 nm, BoosTA (high power semicomoiuoptical amplifiers) and

ISCAN (quadrature interferometer, laser mode morata frequency control).

2.1.1.1DFB Laser Source. DFB diodes feature a diffraction grating structwi¢hin the
active region of the semiconductor. The structwigds a one dimensional interference
grating (Bragg Scattering). The grating provideiaap feedback for the laser, restricting
their emission spectrum to a single longitudinabeno

The DFB diode can be tuned by changing either thp temperature (thermal
tuning rate: 25 GHz/K (0.058 nm/K) or the operatmgrent (electrical tuning rate: 1.1
GHz/mA (0.0027 nm/mA) [68]. Thermal tuning achievedremely large mode-hop free

scan ranges (continuous frequency scans of upd0 GHz can be realized by means of
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a temperature sweep of ~50 K). Electric tuningasofable for rapid modulation and
frequency stabilization tasks.

Each DFB Laser is protected from optical feedbagkab60 dB isolator, and
coupled into the 90:10 single mode (SM), polar@atmaintaining Panda fiber coupler.
Its weaker output, approximately 1% of the guidegghtl intensity, is launched in the
ISCAN (quadrature interferometer) used in the feegry and power control loops of the

respective laser. Another port is connected tBihasTA (amplifiers).

2.1.1.2BoosTA (High Power Semiconductor Optical Amplifierg. The BoosTA is the
high power semiconductor optical amplifier. With 40V BoosTA input power, the
maximum power after amplification can reach 400 mWiich provides the high power

source for the terahertz generation.

2.1.1.3ISCAN (Quadrature Interferometer). The attainable frequency resolution of a
CW terahertz setup is only limited by the freques@gbility and linewidth of the utilized
laser sources. However, the sensitivity of the ¥elength to changes in temperature-
the very effect responsible for the large tuninggexmakes the DFB laser susceptible to
frequency jitter and drifts. Without active freqegncontrol, this result in a technical
linewidth of ~5 MHz on time scale of 100 ms, whitetdrift can be as high as several
100 MHz within few minutes. For high-speed terahedmmunication, this is clearly not

sufficient.
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Figure 2.2 Quadrature interferometer (ISCAN).
Source: [68]

For frequency stabilization as well as controlleshfiency tuning, each DFB laser
is regulated by electronic feedback from a fibemgied quadrature interferometer
(ISCAN) [69]. The principle of the ISCAN is based guadrature signal generation
within a low-finesse temperature stabilized Fabeye® etalon (Figure 2.2). A wedge
shaped beam splitter within the interferometer hgaderates two low-intensity probe
beams (PR and PB), which enter a low-finesse, temperature-staldliF@abry—Perot
etalon (free spectral range of 7.7 GHz) under #ighlifferent angles. The etalon
generates a pair of interference signals with atiked phase of7/ 2. These signals are
detected by two photodiodes (a, b) and combineal antjuadrature signal, the phase of
which is a linear function of the optical frequendyvo further photodiodes within the
quadrature interferometer serve to monitor therlagensity. The intensity value is used
in an additional control loop that corrects thesfasurrent in order to maintain a constant
average output power over the entire tuning rarigleeoDFB laser.

The normalized quadrature signal can be visualaedn oscilloscope operating

in XY-mode: when the laser frequency is scannedh e# the photodiodes a and b
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detects an oscillating, near-sinusoidal signal. Xivedisplay yields a circle, where the

momentary phase angle corresponds to the laserdneg. The completed circumference
of the circle represents the range of the frequesteyn. A mode-hop free scan yields a
smooth curve, whereas a mode-hop within the saageres recognized by a sudden jump
across the circle (Figure 2.3). Using the Iscaa,ftequency stability can be better than

20 MHz/24 hours.

Single_mode scan Scan with mode_hop
Il
i
|
I_ i -
Frequency Frequency
&
~
Time Time

Figure 2.3 Quadrature signal and corresponding mode sigrature
Source: [68]

2.1.2 Signal Modulation

A New Focus 4002 MgO: LiNb©phase modulator is used in the experiments, wtach
be operated at any frequency from DC to 100 MHzs based upon the linear electro-
optic effect—the change in the refractive indeXimgarly proportional to the applied
electric field. The applied voltage induces a cleang refractive index along the

polarization axis of the infrared laser beam. Byyiray the applied voltage to the phase
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modulator, the optical path length experienced gy propagating laser beam varies
proportionally.

The configuration of phase modulator is illustratedrigure 2.4. It contains an
electro-optic crystal of length with electrodes separated by the crystal thickmegthe
electrode spacing). The voltade is applied directly across the crystal's electsyde
which is perpendicular to the light propagationarigsverse modulation mode). The

generated electrical field can be expressed as:

A
/ : d
L L
Light Out
-V
Electrodes
Figure 2.4 Electro-optic phase modulator.
Vv
E=— 2.1
- 1)
The induced index of refractive change by an esteztectric field signal is:
_1 5
An= Ene I:E (2.2)

whereAn is the change of the refraction index,is the unperturbed refraction index of
the crystal (the refractive index of the crystakato voltage) and,, is the electro-optic

coefficient. The phase shift obtained by applyingv@tageV at the input SMA

(SubMiniature version A) connector can be expressed



32

A¢:277TAL:27ﬂIAn (2.3)

where L is the optical path length (OPL),is the geometric length of the crystal ant
the vacuum wavelength of the DFB laser. Substigutiguations 2.1 and 2.2 into 2.3,

yields a phase change as a function of:

T I
@..(t) = ” nS r33EV (1). (2.4)
The half-wave voltage is defined as the voltage toald produce a phase shift of

which is

e=—a2 2 @5)
Ne>T33l

For the phase modulation model 4002, the half-wenlage is typically 178 volts at 850

nm, corresponding to a modulation dethof 0.0176 radians/volt.
2.1.3 THz Generation and Detection

2.1.3.1Theory. THz radiation is generated by photo mixing of thw tlaser beams in
the THz transmitter. The generated THz wave caprbeented as a product of electric

fields[62],

En, ~ E [E, ~ Esin@t+@)E, sinf,t+,) ~ E E] cofkw tAg ] (2.6)
whereAw=w -w,, MA@ =g —@,, E andE,are the amplitudes of infrared DFB electric
fields at the frequencieg andw,, and phaseg and g, respectively. In Equation 2.6, it

is assumed that the polarization of the two beaoms faser diode #1 and #2 are parallel

so that the vector dot product of the infrargéd fields simply becomes a scalar
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multiplication. The electro-optic phase modulatoil waduce an addition phase shift

@,(t) which gives:

En, ~ EE[cosQw t+Ag,+ @, (] (2.7)

The detected THz signal is determined by mixing I{iplying) the incoming THz

radiation of Equation 2.7 with the two infrared DBignals present at the THz detector:

Egee ~ Eniy UELLE) ~ E’Hz(t¢p) Esinw, t+¢;) E sin,t ¢, (2.8)

Simplifying Equation 2.8 gives

Edet - El2 E22 COS@n (t)+ ¢p+ @1_ ¢3)+ @2_ ¢4)] (2.9)
where ¢, and ¢, represent the phase of the beams from DFB #1 aR8 B2,
respectively, at the THz receiver. The phase ghift induced by the free space between

the transmitter and receiver. Consequently, théagel produced by the THz detector

varies sinusoidally with a linear increasing apph®ltage to the phase modulator.

2.1.3.2Photoconductive Antenna. THz Transmitter and Receivers are low temperature
grown Gallium Arsenide (LT-GaAs) antennas [70, 7lHiz radiation is generated using
a photoconductive emitter consisting of a smallcpieof semiconductor crystal
(commonly gallium arsenide) on which two planar ahetlectrodes form an antenna
supporting a large electric field across its swfésee Figure 2.5). A laser beam (with

some beat frequeney - w,) is focused onto the gap between the electrodEBis

generates charge carriers in the form of electrole-tpairs at the plate of the

semiconductor. The application of a bias voltageekrates these charge carriers. An
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induced current is generated, which radiates a Whlze into the free space. An external
silicon lens reduces the divergence of the THz atamh from the antenna. The
photoconductive receiver (operating in reverse wayhe transmitter) is used as the

detection technique.

Vbias

LT-GaAs
Substrate

Figure 2.5 Terahertz generation laser-gated photoconduamenna Vbias: Bias
voltage applied to the gallium-arsenide (GaAs) galbs.

2.2 Frequency Multiplier Chain Based 625 GHz Wireless Gmmunication System

In order to obtain simultaneously high output poaed larger transmitter bandwidth at a
high carrier frequency, a frequency multiplier chabased a 625GHz wireless
communication system was developed. A duobinary utadidn technique [72, 73]
utilized in the system ensured a sufficiently narrgpectrum bandwidth to pass an up-
converting frequency multiplier chain. Comparedotber transmitter architectures, the
source seems to have advantages in terms of maxioutput power when considering
currently commercially available components. On tleeiver side, a Schottky diode

operated in direct detection modes, convert the S$ignal to baseband, which is less
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complex than mixer based receivers. The block diag(Figure 2.6) shows the main
transmitter and receiver elements of the up comgeftequency multiplier chain based

625 GHz transmission link.

Schottky Diode
Frequency Multiplier Lens  |ris Lens y
Amplifier Chain N e -
2 2 2| [ i 2 | —
%x S X2 X \]m “\‘\‘L
NGNS \ -
Transmission Channel
THz Source THz Receiver
Frequency
B:;\\I/Ie;:;:t:d «— Synthesizer LPF_2 44‘7
. 13 GHz . Splitter
l L 1
Duobinary Signal % *
‘; BERT <« Clock
BERT
LPF_1 d R | 7
- {H} 2.5Gb/s RFPower | |
,,,,,, esa | [0

Signal Modulation Signal Detection

Figure 2.6 Schematic of up converting frequency multipliemichbased 625 GHz
transmission link.

2.2.1 THz Source

The THz source (Virginia Diodes Inc.) is based oRraquency-Multiplier-Chain with
about 1 mW output power when operated in a contisweave (CW) mode. It consists of
an amplifier driven at 2 W saturation power follahay four frequency doublers and one
frequency tripler, all based on biased Schottkydd® which feed a horn antenna with
2.4 mm aperture. A launched tone within the fregyeacceptance band between 12.2
GHz and 13.6 GHz gets up converted into a frequéranyd between 585 GHz and 653
GHz. The biasing of the Schottky diodes is activedytrolled. However, the feedback
loop cannot counteract amplitude variations by ta agaodulation due to its bandwidth

limitation to the kHz range.
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2.2.2 Signal Modulation (Duobinary Modulation)

The source’s acceptance frequency band betweenl3685GHz for an applied input RF

tone requires multi Gb/s data rate signals with garably narrow bandwidth such that
intersymbol interference (ISI) effects [74] caud®d bandwidth reduction can remain
small. Duo-binary modulation yields a relativelynggact spectrum compared to regular
(non-return-to-zero) NRZ modulation by applying gphacoding and pulse widening.

Several techniques have been proposed to generatendry modulation. The delay-

and-add approach is applied in the system.

As shown in the signal modulation block of Figaré, a 2.5 Gb/s NRZ format is
generated by a pulse pattern generator (PPG) wjtlsi@ble output power. The signal is
divided into two replicas by means of a widebandB6electrical power splitter and one
branch is delayed by the duration of a bit (400vai$h respect to the other. The replicas
are combined with another 6 dB power splitter, taated with 10 dB 50 Ohm
attenuators at both input, in order to achieve ebetinpedance matching and less
reflections. A quasi Gaussian low pass filter (LBFwith about 1700 MHz 3 dB
bandwidth is then applied to reduce the spectrdthwof the signal, mainly by cutting off
its tail. This signal is launched into the internate frequency (IF) port of a double
balanced mixer where the data modulates the owutpbatfrequency synthesizer that is
connected to the local oscillator (LO) port. laispecific feature of the double-balanced
mixer that a negative input at the IF port causé8@degree phase shift of the signal at
the radio frequency (RF) output. This is utilizedestablish the required phase coding for
duobinary modulation. The data signal enters the BbBurce and modulates the THz

radiation which emanates from the horn antenndefltHz source with 2.4 mm aperture.
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Note, after the first frequency doubler of the seurthe duobinary phase coding is

eliminated due to the squaring operation of theo8kiz diode.

2.2.3 Transmission Channel

The output of the horn antenna is collimated byHz Tens (beam diameter ~20 mm)
with short focal length (~32 mm) and transmittedradistances with up to a few meters
length. After that an identical THz lens couples team into a receiver horn similar to

the transmitter antenna whose output is conneotadzero biased Schottky diode.

2.2.4 THz Receiver and Signal Detection

The detector functions in the low power region (ngpower <10 mW) to good

approximation as a square law converter with aaesiivity of about 2500 V/W at 600

GHz. The Schottky diode’s output is amplified byoab42 dB using two amplifiers (80
kHz-7 GHz pass band, 6 dB noise figure, maximunpwupower~19 dBm) and filtered
by a quasi-Gaussian low pass filter (LPF-2) wittHZ&dB-bandwidth. A 6dB electrical

power splitter launches one output (Vpp~500mV) toigh-speed scope or a Bit Error
Rate Tester (BERT) and the other to a 2.5 Gb/s Nk recovery circuit that

synchronizes the measurement equipment.

Note that the current detector design, based omgially available Schottky
diodes, is suboptimal for high-speed signaling. Vigeo resistance of the diodes, under
low input power, is nominally ~1.5k Ohm and conndctga a series of 50 Ohm
transmission lines and cables to an external hpgled electrical amplifier with matched
input impedance [75]. For low speed applicationd after replacing the amplifier with a
high impedance device, a voltage of about 70 m\that Schottky diode output is

detectable. However with 50 Ohm termination ofdiae a significantly smaller voltage
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level is accessible at the high-speed amplifieuing rough estimate (applying voltage
divider rule 50/1550) shows thus only about 3%@ signal voltage generated in the
Schottky diode is applied to the amplifier inpuhig estimate can be used to determine
the operation regime of the diode. At the amplibetput RF powers of about -14 dBm
for a BER around Idis typically. Assuming an amplifier gain of abod® dB, the
aforementioned voltage conversion factor of theddjaand a diode responsivity of 2500
V/W vyields an effective launched THz power of ab20tuW. This is significantly more
than the vendor specs for the linear operationgasfghe device. An iris with 8.5 mm
aperture, inserted concentrically into the beamitdi its total power to an amount that

results in a BER of about TGor an unloaded fog chamber.

2.3 IR Wireless Communication System at 1.5 um
The block diagram (Figure 2.7) shows the main tratier and receiver elements of IR
communication link, data acquisition interfacesd aoroportional-integral-derivative

controller (PID controller) for IR power stabilizan.
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Figure 2.7 (a) Schematic diagram of IR wireless communicaliiok, (b) IR source, (c)
IR receiver and signal detection.

2.3.1 Transmitter and Receiver Elements of IR Communicain Link

The IR transmitter (Figure 2.7 (a)) consists of BBDlaser (wavelength~1550 nm), a
Mach-Zehnder optical modulator, a high power erbdwped fiber amplifier (EDFA), a
narrow bandwidth optical filter (~1 nm bandwidth)losv loss variable optical attenuator
(VOA) and a fiber based polarization controller ¢G§PAIl are connected by standard

single mode fiber. The beam splitting ratio is piai@ion dependent and the FPC is
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adjusted to achieve the maximum detectable recepmwer. The Mach-Zehnder
modulator is driven by the same 2.5 Gb/s NRZ sigisalhe THz transmitter. An EDFA
amplifies the modulator output to about 25 dBm, thaximum input power of the
bandpass filter, which reduces the detection ohpwous emission on the receiver side.
After passing through the VOA, controlled by a pydnal-integral-derivative
controller (PID controller), the IR signal is lalmed into the 90:10 single mode (SM)
fiber coupler. Its weaker output, launched intotphdetector PD-1 serves as monitor for
the power entering the fog chamber. A fiber collionaxpands the IR beam to about 20
mm diameter, which is comparable to the THz beam Isefore the iris.

The collimated IR beam could be superposed withTiHe beam using a beam
combiner (see above) with 55% reflection ratio &tdégree incident angleéansmitted
through the environment chamber (such as fog, dushidity chamber), and deflected at
its output with a similar beam splitter to spdyiadeparate THz and IR signals. The
second beam splitter taps of a fraction of the d/gr leaving the chamber and launches
it towards a large area photo diode (effective @& mnf) of detector PD-2, which in
combination with PD-1 is used to determine the poass caused by the chamber load.
The remaining beam power enters via a fiber coiima 1x2 multi-mode (MM) fiber
coupler with 50:50 splitting ratio. Its output paws launched to a low bandwidth photo
detector (PD-3) with a 1 m long standard single enfider (SSMF) and to a dc-coupled
IR lightwave converter (Agilent 81495A) with 9 GHzandwidth. The lightwave
converter is twofold used for data detection andasneng the optical power of the
incoming signal, which is accessible via generappse interface bus (GPIB). A bias tee

(Figure 2.6 (c)) at the converter output allowsdatracting a voltage proportional to the
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DC components of the data signal, which servegedblack for the PID controller of the
VOA. The ac-output of the bias tee is strongly raieged and thereafter amplified in
order to level the signal-to-noise ratio (SNR) stitiit BERs around 10and higher can

be adjusted while satisfying the BERT requiremehisput voltage swings between 250

mV and 2 V.
2.3.2 Proportional-Integral-Derivative Controller (PID Co ntroller)

2.3.2.1Iintroduction of PID Topology. The controller consists of a front end with
differential input amplifier (proportional control)followed by an integrator and a
differentiator, arranged in what is known as ‘idédD topology. PID topology provides

a simple way to minimize the effect of disturbantesa system. As shown in Figure 2.8,
A PID controller calculates an "error" value as diféerence between a measured process
variable and a desired setpoing £set point-measured process variable). Then the
controller uses the error to generate three cosigolals:

1. Proportional, the amplified erroPx &

2. Integral, the time integral of the error signal tiplied by a gain coefficientl :J' &dt

3. Derivative, the time derivative of the amplifiedrar signal multiplied by a gain

coefficientD: DE
dt

pum)  Proportional

N

Set Point . Error

— — _ Integral + ﬁ Control Output

Measured I
Process # Derivative

Variable

n

Figure 2.8 The block diagram of PID controller.
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After three correcting terms, the proportionalegral, and derivative terms are summed

to calculate the output of the PID controller. Timal form of the PID algorithm is:

Output= Px+ I £dt+ D‘Z—‘: (2.10)

By tuning the three parameters in the PID contralgorithm, the controller can provide
control action designed for specific process rexgquents. The response of the controller
can be described in terms of the responsivenegegafontroller to an error, the degree to

which the controller overshoots the setpoint amddégree of system oscillation.

2.3.2.2PID Controller for the Fog Environment. One expects significantly higher
attenuation levels for the IR signal than the THzarm when passing through fog.
Simulations suggest that the losses in dB/m dlffea factor between approximately 10
and 100. While in the setup power measurementbegerformed easily over a dynamic
range of 40 dB, BER recordings for determining da¢a signal quality typically cover
only a few dB of receiver input power variation.drder to increase the dynamic range
of the IR system for BER recordings, the PID coligrp adjusting the launched power
into the chamber, is applied. Thus even at higanatition levels the receiver power
drops only insignificantly or stays constant. Thepot of PID controller is connected to
a variable optical attenuator (VOA) with comparablert response time (< 1) but
nonlinear response curve. An external voltage, \ademt to the output of IR lightwave
converter for the case of an unloaded fog chamberaaBER~ 18, serves as reference
for the PID controller. When fog starts to attereutite received data signal, the control

loop decreases the initially set attenuation of @A to keep the power level on the
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receiver side constant. Typically, the control la@m cover a dynamic range of about 5

to 10 dB under stable operation.

2.3.3 Data Acquisition

The output of PD-1, PD-2, and PD-3 are recordeda\i?AQ board with 16 bit resolution
and 1 kHz and 10 kHz sampling rate, sufficienthghito track even the fastest
fluctuations of the signals. BERs, RF power of Téiignal, and optical power of the IR
signal are recorded via GPIB. A LabView time cohém set to a minimum clock rate of

500 ms, which the GPIB interface can handle, syoruhes all recordings.



CHAPTER 3

PERFORMANCE ANALYSIS AND CHARACTERIZATION OF THE DA TA
LINKS

In this chapter, data modulation and transmissibtéz signals and IR signals are
demonstrated and analyzed. For the THz CW photoigigdmmunication system, THz
signal are phase encoded with both analog ramplsayd pseudorandom binary data,
transmitted over a short distance and detectedliff@tions of transmission bandwidth,
low signal to noise ratio, vibration effects arscadiscussed here. The THz spectrum
response exhibits significant spectral peaks anteyg To circumvent the inherent
limitation of the THz CW system and compare propagafeatures of THz links with IR
links under different weather conditions, a THz aRdcommunications lab setup with a
maximum data rate of 2.5 Gb/s at 625 GHz carriequdency and 1.5 um wavelength ,
have been developed, respectively. A usual nomrrdtiszero (NRZ) format is applied to
modulate the IR channel but a duobinary coding riegle is used for driving the
multiplier chain-based 625 GHz source, which eralsignaling at high data rate and
higher output power. The bit-error rate (BER), sigio-noise ratio (SNR) and power on

the receiver side have been measured, which dedtwsignal performance.

3.1 Characterization of THz CW Photo Mixing Data Link

3.1.1 Analog Ramp Signal Modulation
According to Equation 2.9, the output voltage frohiz receiver (Rx) varies sinusoidally
with a linearly increasing applied voltage. Howevethe voltage swing corresponds to a

phase shift that was either smaller than or latigen 2t, the output voltage from the THz

44
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Rx would not be perfectly sinusoidal. The corregpog voltage swing required for a

complete 2 phase shift in the modulator is 360 V.
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Figure 3.1 THz detector voltage output versus time as a fonctif modulated phase.
The sawtooth waveforms (left column) illustrate thedulated voltage (modulation rate
is 100 kHz). Middle column and left column are slated detector signals and
experimental detector output, respectively. (a)sehaodulation is 5 radian (smaller than
2w ), corresponding modulation voltage is 290 V (b)ash modulation i,
corresponding modulation voltage is 360 V (c) Phaselulation is 8 radian (larger than
2m), corresponding modulation voltage is 460 V.

As shown in Figure 3.1, a linear voltage ramp wax@fwith different maximum
voltages swing corresponding to 5 radian (smalantai), 2, and 8 radian (larger than
21) phase shift were applied to the phase moduléterputput of the THz receiver can
then be recorded with a digital oscilloscope tlaks to the ramp modulation frequency.

The need for a completatdhase shift in the modulator is illustrated inugy3.1.b. For
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voltages below the equivalent oftphase shift (5 radian in Figure 3.1.a), the output
waveforms are not complete sinusoids. For voltdlgasare too large (8 radian in Figure
3.1.c), a voltage swing larger than one cycle seobed. Also simulation results (middle
column) are presented which matches well with tkpegmental waveforms (right
column). Note, in order to achieve the clear waxe® and suppress the noise, the

experimental waveforms shown in the Figure 3.laaeraged 20 times.

3.1.2 Pseudorandom Bit Sequence (PRBS) Modulation

For the communication experiments reported heeeptiase modulator is connected to a
PRBS generator instead of a function generator.PIRBS data are linearly mapped onto
the THz signal and form its envelope. The lasers d@etuned by 0.16 nm which
corresponds to 0.08 THz which is in the power peskon for the CW photomixing
system. The amplitude of receiver output is 2 Vhwite separation of 2 cm between the
THz Tx and Rx. A high impedance sampling scope nab 150, 200, 400 and 500 kb/s
eye diagrams (Figure 3.2) at the receiver outptiichv shows the data-rate-dependent

intersymbol interference (ISI) caused by limitedaiger bandwidth and high noise level.



150kb/s iv/div  200kb/s 1v/div

Figure 3.2 Eye diagrams at different data rates (a) dat 680 kb/s (b) data rate: 200
kb/s (c) data rate: 400 kb/s (b) data rate: 508.kb/

3.1.3 Characterization of THz Tx and Rx by Fast SpectrumScanning
To demonstrate the utility of the method for fgsaral scanning, the lasers are detuned
up to 1 THz by changing the temperature of tworldsedes. Figure 3.3 (a) illustrates the
measured THz amplitude as measured with a digibgk-in amplifier (EG&G
instruments, Model 7260) using a time constant4tf gs. The THz is scanned at 1 GHz
step per data point. The acquisition time for tB8QLdata points scan of Figure 3.3 (a) (1
THz) is only several minutes.

However, Figure 3.3 reveals significant structumethe THz spectrum. Three
power peaks are around 48 GHz, 91 GHz, and 133 GH@yure 3.3 (a) is plotted in the
logarithmic scale (Figure 3.3(b)), one can easistidguish that the active range of

spectrum only exists between the 30 GHz and 130.GMHbrder to explore the finer
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structures, a spectrum scanning from 30 GHz to GB@ with 100 MHz step size was
performed. As shown in Figure 3.3(c), rather tharsmoothly varying spectrum,

significant structures in the spectrum can be ofesker
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Figure 3.3 Rapid frequency tuning curves for the measured {&jzL THz scanning

range with 1 GHz step (b) Unit in logarithmic scalgh 1 GHz step (c) 30 GHz to 130
GHz scanning range with 100MHz step.

3.1.4 Limitation of THz CW Photo Mixing Data Link

Analog ramp signal modulation, PRBS digital sigtransmission, and fast spectrum
scanning were demonstrated in the previous sectitms transmission bandwidth, low
signal to noise ratio, vibration effects and sigmaift structure of the THz Tx and Rx
which limits the maximum transmission distance aitderror rate (BER) measurement

will be discussed in the following sections.

3.1.4.1THz Tx and Rx Spectrum Limitation. As shown in Figure 3.3, when the
frequencies of two lasers are detuned from 0 TH% fHz, the detected signals from
THz receiver contains quite abundant structurege@ally there are three power peak
regions around 48 GHz, 91 GHz and 133 GHz. Alsceffect region of THz signals for
this hardware system is limited to 200 GHz. Beeaaklow THz signals above 200

GHz, the THz photomixing communication system camly ooperate at selected
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frequencies below 200 GHz. Unfortunately, withimstfrequency range, the atmosphere
effects (humidity, fog, rain, particulates) on th&lz transmission are relative low
compared to higher THz frequencies, which meanstimeparable experiments of THz
and IR under different weather conditions canngpérdormed with the CW photomixing

system.

3.1.4.2Bandwidth Limitation. The RF bandwidth of the (MgO: LiNkP4002 phase
modulator is 100 MHz and the electronic bandwidth tbe amplifier of the
photoconductive antenna (PDA) THz receiver is roygt20 kHz. So the maximum

speed of the current system is limited by 420 kHz.

3.1.4.3Low Signal to Noise Ratio (SNR) and Vibration Effets.

PR

|r+'l:"'f‘."|f" b

AT

. . . . . 4@, 28us
CH1 (yellow line): 5v/div
CH2(blue line):500mv/div

(a) (b)

Figure 3.4 (a) THz detector voltage output versus time asatfan of modulated phase.
(modulation rate is 100 kHz, THz carrier wave freqey: 91 GHz). CH1: the sawtooth
waveform (modulation function) CH2: detected siginain THz Rx. (b) noise level.

+

CH2(blue line):200mv/div

The 100 kHz ramp signals are modulated on the Tdtizer wave at 91GHz (power peak
region), transmitted and detected. The separafidheoTHz Tx and Rx around 1cm. As
shown in Figure 3.4, the detected signal is ardundlt peak to peak with 200mv noise.

The low SNR limits the maximum transmission diseanthe small vibrations of the
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table and air flow also change the optical pathgtlerand cause the detected signal

unstable.

3.2 Characterization of Frequency Multiplier Chain Based 625 GHz Wireless

Communication Link

3.2.1 Double Balanced Mixer Characteristics

Figure 3.5 shows the characterization of the dobblanced mixer used in the
modulation section. For dc-voltages in the ranfjéhe voltage swing of the launched
data signal and applied to the intermediate frequélt) port of the mixer, the amplitude
swing of the output signal is recorded when a 12 .88z tone is connected to the local
oscillator port of the mixer. A small offset for@ped dc-voltage between -5 mV and +5

mV can be observed.

n T T T T T T T
-150 -100 -50 a 50 100 15

dc voltage @ IF port [mV]

Figure 3.5 Doublebalanced mixer characteristics.




52

3.2.2 Power Transfer Function Measurement

As discussed in Chapter 2, for the 625GHz commutioicdink, the receiver horn is
connected to a zero biased Schottky diode, whicittions in the low power regime
(input power <10 uW) as square law detector witigdabaseband bandwidth, meaning
that the detector's output voltage is proportidoals incident power measure in watts.
The responsitivity of the detector is about 2500Wdt 600 GHz. The “power transfer
function” of the current system is characterizedsleeping the input frequency of the
THz source across its acceptance band and thetoutfiage of the Schottky diode is
also recorded. Figure 3.6 indicates a pass bandstimapaired with a ~4 dB dip and 1 dB
ripples. These ripples cause group delay variatiao®ss the filter passband and
amplitude fluctuations, which together with the itima bandwidth make this source less
suitable for signal modulation with a comparabl@evspectrum (direct 2.5 Gb/s non-
return-to-zero (NRZ)). Also Figure 3.6 indicateg thptimal frequency position of the
carrier at 12.933 GHz (corresponding to T-rays dmwy at ~625 GHz) where best

system performance is achieved.
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Figure 3.6 Power transfer function of system and spectrurdaté signal at THz source
input.

3.2.3 Performance of Duobinary Modulation Technique
Pre-coding the data reduces the signal bandwidtlkdrps its payload the same, thus the
aforementioned filter impairments affect the sigo@tformance less. The performance of

the duobinary modulation technique is shown in FegGg.7.
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Figure 3.7 Eye diagrams at 100 ps/div (a) output PPG, (puiiadd & delay filter, (c)
after low pass filter (LPF1), (d) input to THz soer(carrier @12.5 GHz), (e) output Rx
LPF, and (f) corresponding signal spectra.

Figure 3.7a shows the 2.5 Gb/s NRZ signal produoedthe pulse pattern
generator (PPG). After NRZ signal gets split iMm@ tbranches, with one branch delayed
by 400 ps and then combined, the resulting sigfigufe 3.7b) possesses three amplitude
levels (-1, 0, 1) and an advantageous phase coaihg;h significantly shrinks its

bandwidth compared to its corresponding NRZ fornkagjure 3.7c shows the signal
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waveform after a Gaussian low pass filter, whictligates the signal spectrum reduced
further, mainly by cutting off its tail (Figure 3)7 The almost rectangular NRZ eye at the
PPG output and its converted three level versidmchvis ‘smoothed’ by the Gaussian
filter but without introducing inter-symbol interience (ISl), drive a balanced mixer as
the baseband signal to imprint its data on a aagmiea frequency accordingly to the
acceptance band of the THz source. It is a spefgfture of the balanced mixer that
negative amplitudes of the driving signal resulait80 degree phase shift of the carrier.
A high-speed scope can conveniently be triggeradstaalize the output of the balanced
mixer as an eye diagram when the product of caireguency and bit duration equals an
integer. Therefore, the eye diagram is recordetdi GHz carrier frequency, which is
close to the operation frequency of 12.933 GHz,revltlee system best performs (Figure
3.7d). Both, frequency synthesizer and PPG areledup a 10 MHz reference tone to
achieve synchronization. The center level of the agpears to be broadened compared
with the mixer input, which can be explained by #meall offset of the mixer transfer
function at 0 volt input (Figure 3.5). The eye dmgs (Figure 3.7e) for the carrier
frequency that gives best system performance aactrspincluding those of the receiver
output (Figure 3.7f) are recorded under ideal measant conditions (ultra wideband
sampling scope, high resolution electrical spectamalyzer, negligible noise) and also to
visualize signal distortions stemming from bandWidéduction, system non-linearities,

and filter effects.

3.2.4 Performance Analysis of Detected Signal
Power decay of the THz beam caused by longer patjpegdistances in air reduces the

signal performance on the receiver side and lea@s tincreasing BER. In a real system
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several effects can contribute to such power deerddowever here the power decay is
emulated by reducing the detected T-ray power waithris inserted concentrically into
beam to limit its effective diameter (Figure 2.9he total receiver output power is
measured with a RF power meter while we record dbwesponding BER with and
without threshold optimization (Figure 3.8). Afteptimizing the data decision threshold
at a BER of about 1x 1TO(BER level that can be reduced to ~1 X"1By forward error
correction coding with 7% overhead used in lightevatransmission systems[76])
increasing of the detected THz power leads to ®mBIER up to 2.5 x I0where further
power enhancement does not reduce the error coaise(floor) for long PRBS £-1).

In case of threshold adjustment error-free opemasoachieved at power levels above -
14dBm at same pattern length. The impact of the R&gth is investigated by
performing similar BER measurements with shortdtgoas. For this the data is directly
triggered with the PPG clock in order to avoidfadis caused by the clock recovery
when driven with long PRBSs. Short PRBS do not shoge floors as exemplifies with
a Z-1 pattern in both cases with and without decisfoeshold adjustment. A reason for
this could be saturation effects of the receiverdiky diode and bandwidth limitations
of the receiver amplifiers. The clock recovery didt further degrade the system

performance.
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Figure 3.8 Bit error curves for long and short PRBSs withd amithout decision
threshold optimization. Eye diagram at decisioregaput.

3.2.5 Signal-To-Noise Ratio (SNR) Measurement

In order to determine the signal-to-noise ratio RN short and periodically repeated
PRBS (2-1, 2°-1) data is modulated and then measured with a feigblution electrical
spectrum analyzer. The noise level at the Rx dmplutput is measured as well. The
noise level is about 18 dB above the intrinsic adi®or of the electrical spectrum
analyzer (ESA) and independent of the launched fiédzer. The total receiver noise was
measured with a RF power meter to ~-36.4 dB. Thiobkd error rates are in fair
agreement with the theoretical amounts expectedipmiar coding if vertical eye closure
as visible in Figure 3.7e is accounted for in th&wlation. The internal pre-amp of the

12.5 Gb/s bit error rate tester (BERT) does natiicantly add noise to the data signal.
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3.3 Characterization of IR Wireless Communication Systen at 1.5 pum
Figure 3.9 shows for the IR link the BER performamersus the received input power
for same PRBSs and a typical eye diagram at tha topthe decision gate. As before the

decision threshold was optimized at BER £10
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Figure 3.9 IR BER curves for long and short PRBSs with fixgekcision threshold
optimized at BER=18,



CHAPTER 4

COMPARISON OF PERFORMANCE DEGRADATION FROM TERAHER TZ
AND INFRARED WIRELESS LINKS IN FOG

Since weather conditions such as fog exhibit atspledependence in the atmospheric
attenuation, the corresponding impact on THz inganson with IR communications are
not equivalent. At frequencies below 1000 GHz, dlze of fog particles is considerably
smaller than the carrier wavelength, so that thgldRgh scattering can be applied to
replace the much more complicated Mie scatterimpmy [77]. The attenuation by fog
can be modeled using a simple double-Debye modethi® dielectric permittivity of
water [78], based on the total liquid water contémtthe IR range, this is no longer true
and the distribution of the particle size must besidered. Assuming that the particle
size distributions follow the Deirmendjian modifigddmma function [79], models such
MODTRAN [80], LOWTRAN [81] and FASCOD [82, 83] cadre applied in the IR range
to perform the full Mie calculation scattering feome known particle size distributions.
For a more practical approach, one could use Viisilbiata to predict specific attenuation
using the empirical models, such as the Kruse [R#h [85] and Naboulsi [86] models.
In this chapter, simulation results of attenuation fog in the millimeter and sub-
millimeter waveband (from 0.1 to 1 THz) and infrdneaveband (1.5 pum) are presented
and compared. An IR beam at 1.5 um wavelength icgrrthe same data load is
superposed with the THz beam. After propagatingubh the same weather conditions

(fog), performance of both channels are analyzedcampared.

59
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4.1 Fog Introduction
Fog is a collection of suspended water dropletercrystals near the Earth’s surface that
leads to a reduction of horizontal visibility belalvkm [87]. Fog normally can form
when the air becomes nearly saturated with wagat{ve humidity close to 100%) and
water vapor produce condensation around nuclei he air (assuming sufficient
condensation nuclei are present in the air).
Fog can be characterized by several physical peteas) such as visibility, water

content @/ n?), and drop size distribution. Several types of @y be distinguished

depending on how the cooling induced the condemsatccurred, but generally
advection fog and radiation fog are most encoudt¢d8]. Advection fog is usually
coastal fog which forms when warm, moist air mowgsr colder surface (tropical air

encounters cooler waters). The diameter of the diopis close to 20 um and the liquid

water content is higher than 0.20 nt. Radiation fog forms inland, which is generated
by the cooling of land by thermal radiation unkietair temperature approaches the dew
point. Its liquid water content varies between Ga@tl 0.1g/ n? and particle diameter is

around 4 pum.

In the lab environment, in order to compare profiagaproperties as measured
by different regions of the electromagnetic speutrthe artificial fog is generated by
dripping liquid Nitrogen into a cup filled with howvater (temperature about ~80°C)
which is placed inside the fog chamber containhreggropagating IR and THz beams. In
order to duplicate more closely naturally fogs, cumdensation nuclei were added, the

steam condensing on the nuclei normally presettiarair. The only apparent difference
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between artificial fog produced in this manner aradural fog is the sized of the fog
droplets, the artificial fog being composed of sarmat smaller particle of more uniform
size [89].

The droplet sizes of the fog particles are measusaay the microscope. The fog
droplets are collected on slides covered with a tayer of mineral oil. If the oil is
properly saturated with water, the evaporationh& trops can be prevented and the
drops will retain their spherical shape [90]. lggasts an average diameter of the fog
drops in a range of 8 um. Better photographic @sttcan be obtained if a proper dark

field illuminator is used [90].

4.2 Fog Attenuation and Scattering Mechanisms

4.2.1 Fog Attenuation

Atmospheric attenuation is also called extinctibefined as the process whereby some or
all the energy of an electromagnetic wave is l@is¢rbed and/or scattered) when
traversing the atmosphere. According to the Beleaistbert Law [91], the attenuation of

laser radiation through the atmosphere can be ss@deas:

T(A'R):%: e‘V(/l)R (41)

where Ris transmission distance(A, R) is total transmittance of the atmosphere at the
wavelengthA , P(A,R) is optical power at the distand®, P(A,0)is initial emitted
optical power, and/(A) is attenuation or the total extinction coefficigjper unit of
length). The total extinction coefficiept(A) is composed of two parts: absorption term

and scattering term and can be expressed as:
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y(A)=a(A)+(A) =a,(A) +a,(A) + B, (A) + B (A) (4.2)
where a(A) is absorption coefficient3(A) is scattering coefficient, and the subscripts
and p designate the molecular and aerosol processegctesgly.

The absorption and scattering can be expressedrimstof the absorption and
scattering cross sectioro( and o, respectively) of the individual particles thaear

involved:

a=o,N, (4.3)

B=0.N, (4.4)
where N, and N, are the concentrations of the absorbers and sester
respectively.
Fog droplets in the atmosphere can be consideragmsximately spheres with a
complex refractive index, which is also temperatependent. In both THz region (625
GHz) and Infrared region (1.5 um), the contribusi@h absorption to the total attenuation

coefficient are very small, while the effects ohtering dominate the total attenuation

coefficient [92].

4.2.2 Scattering Mechanism
The type of scattering is determined by the sizéhefspecific particle with respect to the
transmission wavelength and can be divided integlitomains based on a dimensionless

size parametar which is defined as:
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27
a=— 4.5
; (4.5)

wherer is radius of the particle2szr is the circumference of the particle adds the
wavelength of incident radiation. Based on the @altia, those domains are [93]:

* If a<<1(particle size is much smaller than the wavelend®ayleigh scattering
will be applied in this case.

* If a=1(particle size is comparable in size to the wavgley Mie scattering

will fit in this case. Generally, the size paraeretaries between 0.1 and 50

during Mie scattering [93].
o If a>>1(particle size is much larger than the wavelendthight), geometric

scattering (nonselective scattering) is appropiratbis case.

Table 4.1 Typical Fog Droplets with Radius, and CorrespagdbSize Parameter for
Wavelengths of 480 um and 1.5 um

Particle Type Radius (um) | Size Parametea

625GHz (480 pm) | 1.5um

Fog droplet 1~-20 0.013-0.261 4.18~83.73

a: —»0.%01 0501 o:.1 % 1'0 1(:)0 1:03 1:0“ 1:05 1:06
625GHz '
THz Range Fog Mie Scattering
Size parameter(0.013-0.261)
1.5 um Non-selective or Geometrical
IR Range Rayleigh Scattering Fog Scattering
Size parameter(4.18-83.73)
ﬁzph/]_‘l ﬁ:Aﬂ/]—lﬁoo ﬁ:%/‘o

Figure 4.1 (a) Size parameter distribution of fog particlesvi@velength of 480 um
(625 GHz) and 1.5 um and the corresponding regmmRayleigh, Mie, and non-
selective or geometrical scattering.is scattering coefficientq,, , A;, A.are constants,

Ais wavelength.
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Figure 4.1 (b) Isotropic scattering (Rayleigh scattering)l &mrward scattering (Mie
scattering).

Table 4.1 shows the radius of the fog droplet ameirtcorresponding size
parameter for laser for wavelengths of 480 um (62&) in the terahertz range and 1.5
um in the IR range. Figure 4.1 (a) shows the sarampeter distribution of fog particles
for THz and IR and corresponding regions for défdr scattering types. For the 625
GHz, the Rayleigh scattering occurs primarily of tbg particles in the atmosphere. The

radiation from Rayleigh scattering is equally dedd between forward and back

scattering (as shown in Figure 4.1 (b)). The atiion coefficient varies ad™. For the
laser wavelengths of 1.5 um (IR range), the sdageof radiation becomes more
dominant in the forward direction as opposed to llhekward direction (as shown in
Figure 4.1 (b)). Mie scattering is not strongly wbangth dependent and the exponent in
the power law dependence on wavelength for thenadteon coefficient varies from 1.6

to 0 [94].

4.3 Scintillation Effects on the THz and IR Communicaton Link
There are three primary atmospheric process thétctafoptical wave outdoor

propagations: absorption, scattering and refragtidex fluctuation (optical turbulence).
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Absorption and scattering by the gases and paatiesil of the atmosphere give rise
primarily to attenuation of the laser beam, which etroduced in Section 4.2. In the
following section, scintillation effects will betimduced.

With regard to communications, scintillation is idefl as a random intensity
fluctuation on the received field strength causgdriegular changes in the transmission
path over time [46]. The strength variation of gitical signal as it travels through air
derives from small fluctuations (optical turbulepae the index of refraction along the
optical path. The atmospheric turbulence arisesweleparcels of different temperatures
are mixed by wind and convection. The individual@arcels, or turbulence cells, break
up into smaller cells and eventually lose theimidg. In the meantime, however, the

mixing produces fluctuation in the density and éhere in the refractive index of air

[95].
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Figure 4.2 Air turbulence causes refractive index fluctuasiaresulting into speckle

(intensity variations at receiver) that limits tleach of IR systems.
Source: [16]

The fluctuations of the real refractive index thgbuhe path of a beam can cause
random deflection and interference between diffeqgortions of the wavefront and
destroy the flat phase front of an IR light beamewlit passes through a few kilometers
of air. Even if a single local refractive index dtuation only slightly distort the wave’s

phase front, the effect can accumulate over a fd@mieters of propagation distance
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resulting into a complete or almost complete destva of the phase front. As a
consequence, on the receiver side the beam croers@ppears as a speckle pattern
(Figure 4.2) with huge local and temporal intensigyriations preventing detection of
constant signal power. After passing through famy Iclouds, and direct sunlight,
scintillation of the carrier wave is the factor tlmuses most significant performance
deterioration of an optical wireless link. Becausfethe constantly changing pattern,
scintillation appears to be more significant whies teceiver has s small aperture.

As will be shown below, THz beams are much lescaptible to scintillation
compared to IR beams. The index of refraction vatlueghe atmosphere depends on
temperature, pressure, and humidity of air anchertémperature, pressure, and humidity
of air and on the wavelength used for the transomsd he refraction index of air in the
millimeter wave band up to a few hundred GHz canvbi approximated as function of

temperature and pressure by [96]:

=1+ g{ P+ 4810%} x 10° (4.6)

mmw

where T,P,, R, stand for the temperature in Kelvin, the atmosighpressure in kPa,

and the water vapor pressure in kPa, respecti&ilyilarly, for IR wavelengths the

refraction index of air can be written as[95]:

Ng =1+7.76< 10°[ 3 7.58 10472 ])%D 1 7.76 1@% 4.7)

where) stands for the wavelength in um. The formula dagsconsider humidity
as it only insignificantly degrades IR propagati@imder the assumption of relevant air
parameters a numerical comparison of both formshasvs that even at high levels of

water vapor pressure the refraction index changelsoth the THz and IR bands are
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comparable. Since scintillation effects are driv®nvariations in phase, the relevant
parameter is the variation in the optical path tencelative to the electromagnetic
wavelength. Since the variation in the optical platingth for both the IR and THz are
comparable (the changes in refractive index arencensurate), the relative magnitudes
of the phase variations are predominately deterthinyethe electromagnetic wavelength.
The wavelength of THz at ~200 GHz is approximateD0Q times longer than the
wavelength of 1.5 um light. In summary, while timeying fluctuations in the real

refractive index of the atmospheric path leads ¢mtdlation effects in wireless

communications, these effects are smaller for Tétamared to IR wireless links [16].

4.4 Millimeter Wave Attenuation Due to Fog
For the fog particles, generally less than 20 pra,Rayleigh approximation is valid for
the frequency range between 10 GHz and 1000 GHzalaulate propagation effects,
the Rayleigh scattering approximation can be agplie replace the much more

complicated Mie scattering theory.

4.4.1 Double-Debye Model
The attenuation by fog from 10 to 1000 GHz can &lewated using a simple double-
Debye model for the dielectric permittivity of watbased on the total liquid water
content, developed by Liebe [78] and adopted byitkernational Telecommunication
Union in Recommendation (ITU-R P.840-4) [97, 98].

When the Rayleigh scattering approximation is vatlte specific attenuation

within fog can be written as:
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y. =Kw (4.8)

_ 0.819f 4.9

| £n(1+,72) ( . )
2+¢'

= 4.10

= (4.10

where y, is specific attenuation (dB/km) in the fol, is specific attenuation coefficient

(dBkm'g'm®), w is liquid water density (g/M The liquid water density in fog is
typically about 0.05 g/mfor medium fog (visibility of the order of 300 rapd 0.5 g/m

for thick fog (visibility of the order of 50 m). Ithe above equatiof is the

frequency(GHz),&' and £" are the real and image part of the complex diatectr

permittivity of water which can be computed withuiite-Debye model:

f (go ~ 51) + f (51 ~ ‘92)

e(h)= fIL+(F /)7 fLL+(f/ )] (4.11)
(h)= [1+iof_/?p)2] I +?f_/€f25) T (4.12)
with three permittivity constants given by,
£,(T) =77.6+103.3¢- 1 (4.13)
£,=5.48 (4.14)
£,=3.51 (4.15)

The relative inverse temperature variablean be expressed as,
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6=300/T (4.16)

with T representing the temperature (K). The ppatiand secondary relaxation

frequencies are:

f (T)=20.09- 142¢- 1y 294- % (4.17)

and

f_(T) =590~ 15000 - 1 (4.18)

In summary, (4.8)-(4.18) represent the propagatiodel for the fog droplets from 10 to

1000 GHz.

4.4.2 Simulation Results

The fog attenuation from 10 GHz to 1000 GHz at smviemperatures are evaluated by
Rayleigh approximation and displayed in Figure @&)J3(Figure 4.3(b) is in the
logarithmic scale. Selected numerical values ofatenuation are listed in Table 4.2.

Table 4.2 Double-Debye Model Predication of Attenuation Fequency Up to 1000
GHz, Water Content: w=1g/in

Frequency  y (T=-20°C) ), (T=-10°C) y. (T=0°C) ), (T=10°C)  ,(T=20°C)

(GHz) (dB/km) (dB/km) (dB/km) (dB/km) (dB/km)
300 11.0843 12.4123 13.9210 15.1108 15.7974
400 14.0374 15.8171 17.7635 19.4355 20.6363
500 16.4556 18.8518 21.3424 23.5158 25.1914
800 20.9017 25.1923 29.5697 33.5219 36.8206

1000 22.4296 27.6469 33.0955 38.1767 42.5875
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Figure 4.3 (a) Double-Debye model predication of attenuation fegtiency up to 1000
GHz, water content: w=1gfand temperature from -2@ to +20°C (b) Logarithmic
scale.
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4.5 Infrared Wave Attenuation Due to Fog
At infrared wavelengths 4 =1.5 um), the fog particle size 1Is<20 um, the size
parameter varies between 4.18 and 83.73, whichlynbslongs to Mie scattering. The

Rayleigh scattering approximation could not fit tRerange.
4.5.1 Full Mie Scattering Calculation: Theoretical Approach

4.5.1.1Total Extinction Coefficient. According to the Mie Scattering theory, the

absorption coefficientr(A) (Equation 4.2) is given by [79, 82, 83]:

ath) = [Q, & mymrn(rydr (4.19)
0
wheren"is the imaginary part of the refractive index, whiepresents the absorption
part of the particled is the wavelengthn(r) is the particle size distributiom,is the
particle radiusQ, is Mie normalized absorption cross secti@, € C,/ 71r*), C,is the
Mie absorption cross section andr)dr is the number of particles per unit within the

range fromr +dr .

The scattering coefficien(A) can be expressed as [79, 83]:

T o2m
AN = [ Qu(= = n)rrn(rydr (4.20)
0
wheren'is the real part of the refractive index, represgnthe scattering part of the
particle, Q,is Mie normalized scattering cross secti@, & C, / 77r*), andC, is the Mie

scattering cross section.
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4.5.1.2Particle Size Distribution. Silverman and Sprague use the Deirmendjian
modified gamma distribution [79] to describe theesdistribution of the particles, which

can be expressed as:

n(ry=cO™exp(ba") (4.21)
wheren(r) is the number of the particles per unit volume ged unit increasement of

the particle radius (um), whilem, b and n are parameters that characterize the particle
size distribution. The constantis a normalization constant. For two differenteagpof
fog: heavy adventure fog and moderate radiation tlog typical parameters are given in

the Table 4.3.

4.5.1.3Fog Attenuation. If the particle size distribution, water refractivedex and
absorption and scattering cross sections are kntlwengextinction coefficients can be
calculated using Equation 4.20 and Equation 4.2 software modeling code such as
FASCOD [82], LOWTRAN [80] and MODTRAN [80].

Table 4.3 DSD Gamma Parameters, Reflectivity Z, LWC andibilisy V of the
Considered Four Models of Fog

Type of Model c a|b Y | Z(dBz) | LWC V(km)
fog
(gm?)
Advection 1. strong 0.06592 | 3| 0.3 1] -3.03| 0.9 0.02
2. light 0.027 3| 0371 | -16.79 | 0.078 0.089
Radiation 3. strong 237305 6| 15 | 1| -31.27| 0.062 0.146
4. light 607.5 6| 3.0 1-46.32 | 0.016 0.352
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Figure 4.4a shows the calculated wavelength depereddinction coefficient in
presence advection fog for various values of Vigjp{100 m, 200 m, 500 m, 800 m)

based on FASCOD program.

Advection Fog Radiation Fog
10° v 10
_ =\ \=100m — . //\f\
g £ AN \ V=100m
£ ="\ / /=200 = — V\ \
o 9 V\ \
s ® \. . V=200m
g 10 \V=500m g 10 ____—/\/\v \
Q —
=\ Y= < A .
E V=800m < " \/\v}\\\ V=500m
\\ / V=800m
\4
100 A 10° &
10? 10° 10° 10° 10? 10° 10 10°
Wavelength(nm) Wavelength(nm)
() (b)

Figure 4.4 (a) Extinction coefficients versus wavelength dadvection fog and various
visibility values as derived from FASCOD (b) Extiion coefficients versus wavelength

for radiation fog and various visibility values @derived from FASCOD.
Source: [86]

4.5.2 Empirical Approach

4.5.2.1Principles of Kruse, Kim and Al Nabulsi Models. Since the scattering particle
size distribution is not readily available in mangses, determining the attenuation
coefficient using Full Mie scattering calculatioissnot very practical. Several empirical
models have been developed to calculate the reltip between the attenuation
coefficient and the visibility, such as the Krusg#], Kim [85] and Al Nabulsi models

[86].
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The atmospheric visibility is defined as a distamdeere the 550imcollimated
light beam is attenuated to a fractids? or 2%) of original power [84], which can be

given by the Koschmieder Law:

3.912
V = (4.22)

y550nm

For both Kruse and Kim model, the attenuation doieffit is approximated by

3912 A .,
YA ==~ (4.23)

where qis depends on the scattering particle size diginhywhich can be determined

by the experimental data. It is given by the Krosedel:

1.6 V > 5km
q= 1.3 okm< V< 50kn (4.24)
0.585/'2 V < &km

A new expression for the value of q in EquatiorobMisibility< 6 km, is proposed by the

Kim model
1.6 V > 50km
1.3 ekm< V< 50k
q= 0 V <500m (4.25)

V-05 500m< V< kir
0.16/+ 0.34 kxm< V< &m

For the Al Naboulsi model, fog attenuation coe#iti caused by advection fog is:

0.11478 + 3.3836
y(A) = v (4.26)

The fog attenuation coefficient caused by radiatamis:
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0.181261%+ 0.13709+ 3.75C
y(A) = v (4.27)

The specific attenuation in dB/km could be caledaby fog attenuation coefficient

y(4)

0B ki) =) (4.28)

4.5.3 Simulation Results

Simulations were performed to calculate the fogcHeattenuation for 1.5 um IR
radiation. The attenuation predicted by Kruse maslshown in Figure 4.5. Kim model
investigated the fog attenuation in detail from Qa6 km and corresponding results are
presented in Figure 4.6. Figure 4.7 shows the 8peaatienuation for radiation fog and
advection fog given by Al Naboulsi models. All terplots are in logarithm scale. In
order to compare the specific attenuation predibtethe different models, the predicted
attenuation using different models is shown in Fégd.8 with the visibility from 0 to 1
km. The Kim model is more proper for the low visilgi which is the case for current
experiments. Kim model is utilized to calculate tlspecific attenuation versus
wavelength for various visibility values shown ingére 4.9. The simulation result is

comparable with the exact Mie theory calculatioavsh in Figure 4.4.
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4.6 Experimental Results

4.6.1 Experimental Setup

An IR beam at 1.5 um wavelength carrying the saata tbad as the THz system is
superposed with the THz beam, propagating throhghsame weather conditions (fog)
(shown in Figure 4.10). As both beams pass thrdbglsame channel perturbations and
as their degradations are recorded simultaneotistyyeather impact on both channels
can be simultaneously analyzed and compared. Touk ldiagram (Figure 4.10) shows
the main transmitter and receiver elements of tHe &nd IR communication links, the
optics for combining beams, the fog chamber, datuisgition interfaces, and control
loops for IR power stabilization. The featurestod fTHz link followed by some remarks

about the IR channel have been explained in Ch@paeid Chapter 3.
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Figure 4.10 (a) Schematic diagram of THz and IR wireless camication link through
fog chamber, (b) IR source, (c) IR receiver anaaigietection.

4.6.2 Experimental Results

4.6.2.1Signal Attenuation by Fog. First the transmission links performance is shown
with a disabled PID controller. The constant IR pows launched into the chamber. As
expected, when fog fume reaches the propagatidngiahe beams strong attenuation of
the IR light is observed while the THz signal extsbonly a minor but measurable
decreased in power. A typical evolution of the mtttions in both channels is shown in
Figure 4.11(a). The measurement capabilities anédd to about 42 dB dynamic range

during certain time intervals, as indicated in Fegd.11(a). The recording shows the
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noise floor of the power meter and not the actRapower level. Clearly there is a huge
difference in the IR and THz attenuation. Usua#lyen ‘small’ amounts of fog are
sufficient to block the IR beam after a few secoafidiffusion. When the IR attenuation
reaches about 4 dB, the BER measurement of théglRilscollapses in agreement with
the receiver performance shown in Figure 4.11(a) Rigure 4.11(b). For the THz
channel, a functional relation between the atteaodbr both signals and the recorded
BERs is clearly visible. After some 10s of secoh@& fog disappears into the lab
environment or is converted into humidity thus bditks regain or approach their
original performance, respectively. The ratio of IR channel attenuation over the THz
channel attenuation (Figure 4.11(c)), both measimedB, shows a trend to become
smaller towards the end of the measurement. Howewale one would expect the total
attenuation in either channel to change in timthaatrticle density of the fog decreases
in time, one would expect the ration of attenuaoefficients in the IR and THz to be
fixed. Likely, over time, the fog is converted inbamidity during the recording time.
The conversion of fog to humidity impairs the THgmal relatively stronger than the IR
signal. This hypothesis is in agreement with FigluEL(b) where the THz link towards
the end of the measurement maintains a small attemuwhile the IR attenuation

approaches zero.
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4.6.2.2Fog Visibility Characterization. In order to characterize the visibility of fog, the

specific attenuation (dB/km) (shown in Figure 4.iylerived from Figure 4.11(a) since

the length of the fog chamber is 1 m. Following Kien model, the visibility of fog is

calculated over time. From Figure 4.6, one cantheemaximum specific attenuation

Kim model can fit is 1699 dB/km which correspondslO m visibility. Consequently,

the dense fog corresponding to visibility belowi@ould not be analyzed here.
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With different visibility, the specific attenuaticsf THz is calculated by Double-

Debye Model and compared with experimental dataoy in Table 4.4)

Table 4.4 Comparison of THz Experimental and Theoretiqa&fic Attenuation at
Different Visibility

Visibility Water Experimental Theoretical
(m) Density Specific Specific
(g/m°) Attenuation  Attenuation
(dB/km) (dB/km)
300 0.05 2 1.406
50 0.5 14.06 12
10 1 28.1381 22

4.6.2.3Scintillation Effects in Fog Chamber. Two effects investigated by fog
contribute to the IR power reduction on the receside. While attenuation of the IR
beam by power decay has been demonstrated abowa| I@fraction index
inhomogenities -as discussed below- cause phase distortions of the optical mode
that is coupled into the detector fiber. If the raaif the IR beam was only attenuated in
the fog chamber but the phase front was not dedrdten the IR power coupled into the
receiver fiber would to a good approximation prdjoral to the IR power detected by
PD-2. However, if phase front distortions of thed&m were to occur one would expect
a smaller coupling efficiency especially into th8N&- with small aperture. In order to
simultaneously visualize the effect of phase frdistortions on the detection with large
and small aperture fibers, the IR signal is coupfgéd a 1 x 2 multimode power splitter
whose output ports are connected to photodetect®3 Pvia a SSMF and the

aforementioned lightwave converter with multimod®ef input. The goal is to keep the



84

optical power at the data receiver’s input constgnmeans of the PID controller when
fog enters the beam so that the BER should notgehdconstant signal quality). The
outputs of all photo detectors are simultaneousigorded along with the BER and
transmitter output power of the IR channel (Figutel4). In order to allow an easier
overview on the variations of the recorded signasplot relative changes on a decibel
scale. When fog diffuses into the IR beam afteruab®s recording time the PID
controller enhances the IR power launched into dmamber and measured by
photodetector PD-1. Up to about 17s recording tingecontrol loop can compensate the
power loss inside the chamber. Thereafter, the mam transmitter output power is
insufficient to further equalize the losses of lin& until the link attenuation drops back
at about 22s recording time to a level within tleevpr margin of the system. While the
detected optical power at the data receiver stagesd constant (for t< 17s) we see small
changes of the output of PD-2. Around pointer ‘Aése variations are less than 0.15 dB
but show that the receiver power and detected p@#d?D-2 are not always exactly
proportional to each other. However, the variatiohthe power coupled into the SSMF
appear more pronounced (up to +/- 2dB). The vamatin outputs of both PD-2 and PD-
3 indicate that scintillation effects impair the leam. The fog and humidity impact on
the THz signal is generally small while visualipatiof possible scintillation effects in
the THz beam is below the measurement precisiomllSimks in the received power of
the data receiver (pointer ‘B’) could be causeddpidly changing signal attenuation and
noise which affects the stable operation of the &btroller for short time. Interestingly,
at pointer ‘C’ and ‘D’ the chamber attenuation foe IR beam is almost zero whereas the

attenuation of the THz signal is about 0.1 dB. lykat these recording times fog was
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converted into humidity which impacts the IR sigmaimparably less than the THz
signal. The RF power meter provides a two digitineg after the comma, which explains

the rough quantization of the recorded signal.
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Figure 4.14 (a) Individiually normalized outputs of photodetors (PD-1, PD-2, PD-3)
in dB, (b) Opitcal power of IR and RF power of THaze to fog, (c) Log(BER) of IR and
THz links impaired by fog.



CHAPTER 5

COMPARISON OF PERFORMANCE DEGRADATION FROM TERAHERT Z
AND INFRARED WIRELESS LINKS IN DUST

Due to the relatively small size of atmospherictipbes such as dust and smoke
compared to THz wavelength, one would expect mihifidz attenuation due to
airborne particulates. Mann had predicted that smus little or no effect up to 1 THz
[57]. Attenuation caused by scattering stronglyréases when the wavelength of the
radiation nears the particle size, which explaimg wust and pollution can significantly
impair IR transmission. Under the dust conditidiRsfransmission is considerable better
than for fog [99]. Gebhart et al. [47] mentionsttfa the typical wavelengths employed
by wireless IR links (780 nm and 1550 nm), attelmmatue to dust is around 10 dB/km
in urban regions. On the other hand, the attenmatice to heavy fog can reach values
great than 300 dB/km. In this chapter, an IR beard (1m wavelength) carrying the
same data load as the THz beam is superposed ®etiTiHz beam (625 GHz), and
propagated through the same aerosol conditionstgB#e particle with mean size of
diameter 8.6 um). Different amounts of dust (0.05.8 g and 0.13 g) are loaded in the
test chamber to generate a variety of dust coratoris for beam propagation. The
optical power attenuation and BER are measuredyzsth and compared. As the dust
loading becomes heavier (and extinction increagbs) measured attenuation becomes
more severe. Under identical dust concentratidRsyavelengths are strongly attenuated
while THz wavelength shows almost no impact. Thaeef THz communications are a
better option than IR wireless links in a battleldi or wildfire environments in which

large concentrations of airborne particulates wdaddexpected. For some specific link

86
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length requirements THz can enable reliable comoation as compared to IR-based

systems under dust conditions.

5.1 Experimental Methodology

5.1.1 Dust Particle Source Distribution for Bentonite

Bentonite powder, which is the dust particle usethe experiment, is a mixture of clay
minerals such as mica, feldspar, quartz and limee Particle size distribution for
Bentonite is measured by laser diffraction (LS)tipber size analyzer and the result is

shown in Figure 5.1. Table 5.1 shows the calcdlatee parameters of the Bentonite.
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Figure 5.1 Particle size distribution of Bentonite measubgdlaser diffraction particle
size analyzer.

Table 5.1 Bentonite Particle Size Distribution Parametaiqulations from 0.375 um to
2000 pm)

Mean/Median

Ratio(um) Variance (um)

Mean(um) Median(um)

8.613 7.151 1.204 37.87
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5.1.2 Dust Chamber Design

The dust chamber is shaped like a cylinder withnth diameter of the bottom and top
plate and 12 inch height. Figure 5.2 (a) showssitleematic diagram of dust chamber
design and (b) shows real picture of dust chambsigd.

The dust is placed inside the hopper, which sitsvabthe dust holder. The
electronic pulse switch controls the air valve &mel released air removes the dust from
the dust holder and ejects it at a high speed timtochamber from the top plate of the
dust chamber. The hopper can be easily refillednduoperation and it can produce a
very constant and reproducible feed of dust.

The air is flowed into the chamber with constaniuwee speed through the holes

from the bottom plate. Holes form 5 concentric sdt circles with diameter

Z,lz,Z—,3—7,4—7inches. All the holes maintain the same diameteploi‘nch. The
8 8 8 8 8 14

constant air volume flow rates are regulated by aheflow controller to achieve the
specific flow rates which are need in the system.

Two Picarin window [100] are utilized in the systaimce it is highly transparent
in both THz and IR ranges. After experiments arengleted, the dusty air can be

extracted by the exhaust pump which is installethertop plate.
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Figure 5.2 (a) Schematic diagram of dust chamber desigrregd)picture of dust
chamber design.
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5.1.3 Force Balance Analysis of the Dust Particle
In order to keep the dust elevated in the air asylas possible and make the
concentration of the dust maintain constant foorgér time interval, the air volume
speed need to be calculated through the force taldeory.

As shown in Figure 5.3, there are three forcesiegmn the dust particle, gravity,

buoyancy and drag. The force balance conditionccbalexpressed as:

Buoyancy Drag

Gravity

Figure 5.3 Free body diagram of the dust particle.

F Fouorancy™ F

drag (51)

gravity — ' buoyancy

The force on a dust particle due to buoyancy isngiboy Archimedes’ principle[101]:

buoyancy is equal to the weight of displace fluid.

Yo,
I:buoyancy: m gg =p g\/pg: mpp_g ¢ (52)
p

wherem, is the mass of the gas displacedjs gravitational acceleration, is gas (air)

density,V is volume of gas, is particle density, antch, is mass of the particle (dust).
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The gravity force can be expressed as:
I:gravity = mpg (53)
The drag force (air resistance) could be calculatdg:

— C:D (Vg _Vp)ng A
rag — 2

F, (5.4)
whereC, is drag coefficienty, is the velocity of gasy,is the velocity of the particle,

V, -V, is the speed of the particle (dust) relative to ges (air), Ais area of the

orthographic projection of the object on a plangpedicular to the direction of motion,
dp 2 . . .
for a sphereA:n(?) , Whered jis particle diameter. The drag force can further be

expressed as:

_Co(V, =V’ p d i

Fdrag - )

(5.5)

substituting Equations 5.2, 5.3 and 5.5 into thadEign 5.1. The force balance condition

could be rewritten as:

Yo, C.(V,-V.)?p.d?m
m g= n])_gg+ D g 8” g b (5.6)

substituting/, =0 into the Equation 5.6 and solving the Equatiorvforwhich

should be the air velocity which could keep pagtickmains elevated and motionless,
yields

1

2
V, = mpg(l_&) 8 . (5.7)
7iCy P pgdp
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where the density of the Bentonite particlespjs=2.79 /cnt [102] and the average
diameterd , =8um=8x10" cr.

The drag coefficienC, is defined as:

a
G =R—eb (5.8)

where R, is Reynolds number[103], which is defined as:

d (v,-V,
R, = (Vo ~ Vi) Py (5.9)
Hq

where 4, is dynamic viscosity of the gakd/(m(g . This value depends mostly on the

temperature 300K (26.85 degrees Celsius) and ispated using Sutherland's

formula[104]:

Hy = Hy (@l by (T/ ) (5.10)
where a=0.555I;+ C, b=0.559 +C, g, is reference viscosity in centipoise at
reference temperatuig, T, is reference temperature in degrees, @ni$ Sutherland’s
constant. The dynamic viscosigy, can be calculated as:

300x 9

3
M, =0.0182M[Palls 0.555« 524'87’ 120, %  } = 0.018MPalk (5.11)
0.555¢ (300 } 120 24.07

According to the Reynolds number, there are thegenwes, Stocks regimes, Intermediate

regimes and Newton’s regimes [105] 18, shown in Table 5.2.



Table 5.2 Reynolds Numbers for Different Regimes
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Ff\liyrgggs Regime a b
O0<R, <04 Stokes 24 1
0.4<R, <500 Intermediate 10 0.5

R, >500 Newton’s 0.43 0.0

In the following sections, the Reynolds number b calculated to determine

the appropriate regime.

5.1.3.1The Intermediate Range of Reynolds NumbersAssuming the drag coefficient

C, is in the intermediate regime:

1
2
Cy=2 = 10 :10( Ky J (5.12)
R, Re% deg,Og

Py (5.13)

substituting Equation 5.12 and 5.13 into Equatiohygelds

3 12
v =| e gpp(l_&] 8 (deg,Ong (5.14)

o 677110 P2 X« I
V, can be solved from Equation 5.14:

dp[g(pp—pg)]z

1

(up,)?

V, =0.26

8*10‘4cm[9.8m/ $(2.7- 1.169*10 g /crﬁﬂ§

=0.26* =6.61&m /s (5.15)

1

(1.87*10°kg /ms*1.169*10° g/ cr )
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substituting Equation 5.15 to 5.9 gives a Reynaldgsiber value of

dv o 8+107cm*6.618° *1.169%10° g /cnd
pVoPyq — S

VI 0.02g /ms

=0.03 (5.16)

& =
The calculated value of thig,should be in the Stoke’s regime, which is confhth the

assumption (intermediate regime).

5.1.3.2Is Newton’s Regime Appropriate? Assuming that the drag coefficie@ is in

the Newton’s regime:

C, = =0.43 (5.17)

a
R

_3 8*10™*cm9.8m/ ¢ (2.7- 1.169*10° ) /c
' 1.169*10°%g /cn?

1
2
rﬁ} =131.88@&m /s (5.18)

substituting Equation 5.18 into Equation 5.9,

dvp 810°cm*131.886" *1.169*1C g /cnd
p97g _ S

M 0.02g /ms

=0.59 (5.19)

Re =
R, is in the Stoke’s regime, which shows that theuasption of Newton’s regime is

incorrect.

5.1.3.3Is the Reynolds Number in the Stoke’s Regime?Assuming that the drag

coefficientC, is in the Stoke’s regime:



95

D &b & .
d 2 * —8
v, =2 3(p - p,) =20 CTT9.8M/S 5 7-1.160%10° y knf = 0.42m /i (5.21)
18u 18*0.09 /ms
8*10*cm*0.47°™" *1.169*10° g /e
_ 9%l _ s grem_ (5.22)
R, 0.002
M 0.02g /ms

Note that this value for Reynolds number is in 8teke’s regime, clearly, the choice of

the drag coefficient and corresponding Reynoldslemare consistent.

5.1.3.4Volumetric Flow Rate Calculation. The volumetric flowQ, rate is kept

constant in the whole system:

2
it 0.47cm

2

"
Q=A*y = 2 v, =

]

S

_ 0.47x 3.14x30.5 o/ s= 0.4% 34x30.5% 60

/s
4x10

lit/ min==20.59it /min  (5.23)

whered_ =12 inches is diameter of the dust chamber cylinder.

From the calculation, one can conclude that in otolé&eep the dust elevated and
motionless as long as possible and maintain an oappately constant dust

concentration, the gas flow rate should keep 20t58in.

5.1.4 Experiment Setup
As shown in Figure 5.4, the schematic diagram o BAd IR wireless communication
link through dust chamber is same with the fog I{imk Chapter 4) except that the fog

chamber is replaced by the dust chamber. Alsahifog chamber, picarin is used as the
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transmission window material instead of ghayethylene foil because the air flow noise
will cause vibrations of the beam splitter film, st consequently will generate
background noise of the collected data. The featofehe THz link followed by some

remarks about the IR channel have been explain€thapter 2.

Lens Beam ) Dust Chamber Beam Schottky Diode
Frequency Multiplier| ens Splitter Iris Splitter Lens
Amplifier Chain /\\ /\
X% o X? o X? il | | m “ 2
‘ T AR T
- X% X3 \ _ U
THz Source o1 L) Data I PD_2 | Beam THz Receiver
xaEn er ‘/'/ = CC:'[')ZCS)O” (Free Space) |/ splitter
[— =
. lens — | —_—
requency i
| MM
Ba a.nced <«— Synthesizer Fiber Coupler PD_3 ™ Fiber B
Mixer m (SM
13 GHz Fiber) / Coupler Splitter
4 * M _* .
Duobinary Signal i RS Measure » MM MM
‘ ource < output T e ‘ BERT |« Clock
BERT . =
LPF_1 {_ “12.5 Gb/s t IR Receiver RERSET
BERT and =0 Scope
2.5Gb/s PID Signal Detection
Signal Modulation Signal Modulation Controller signal Detection
(a) PID Controller
A MM Fiber
b /7
FPC IR Lightwave |, Amplifier
Converter 1
Bandpass |
Filter |71 VOA :7 PID Controller bc | BiasTee
Splitter
Amplifier
BERT AC
o | oz ]
Laser | | Modulator .«+—Signal Modulation
EDFA Attenuator
(b) ()

Figure 5.4 (a) Schematic diagram of THz and IR wireless camication link through
dust chamber, (b) IR source, (c) IR receiver agdaidetection.

5.2 Mie Scattering Theory
A rough estimate of the attenuation can be madenagsg that the particulates act as
spherical Mie scattering centers. Following a senldlie scattering formalism [106] that

was used previously to study attenuation of THzatawh due to particle grains [106],



97

one can estimate the attenuation at IR, THz andTsib frequencies using known

particles sizes and concentrations. The extinataefficient takes on the following form:

CZ

271V

Vo (V) = N3 (2m+ 1) Re(a, + b) (5.24)

where N is number of grains per unit volume, which will yagreatly depending on the

method of dust production processess the speed of light and,,, b, are coefficient of

the infinite summation such that,

_ YW - (W oD

W NN - (D D 525
0 = ()~ o D o 3 '
7/ QY Y O /N G YN B
where
Wa(2) = 2j,(2 (5.26)

{n(2)=20(3

here j, (z) and h?(2) are spherical Bessel functions of the first kindl ahird

kind [107], respectively. The parametecan be eithetxz@or yz@, wherer

is the radius of the spherical particle am@ the frequency independent refractive index
of the particle. And the extinction coefficienf (v) here takes into account both the
intrinsic absorption of the materials as well afiagic losses involving single scattering
events. As an example, attenuation due to theelfietd particles can be estimated using

Equations 5.24, 5.25 and 5.26. For the calcula@nameters used are particle density:
N =5x10 /cc, particle radiug =0.2um and a real index of refraction: 1.5. The size

parameter for the THz range (0-3THz) is from (04@)0and for IR range (0.6 um~100
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pm) is from (0.012~2.09). Figure 5.5 shows thawi&elengths are strongly attenuated

while THz wavelengths would enable communications.

x 10"

1.5¢

0.5¢

Attenuation Coefficient(m 1)
'_\
Attenuation Coefficient(m'1)

0 200 400 600 0 1 2 3
Fregency(THz) Fregency(THz)

(@) (b)

Figure 5.5 (a) Predicted IR attenuation due to spherical arbgarticles, (b) Predicted
THz attenuation due to spherical airborne particles

5.3 Experimental Results
Three different amounts of dusts (0.05 g, 0.08 d @rl3 g) are loaded in the dust
chamber. For each amount, three trials have beee toverify the reproducibility of the

experimental results.
5.3.10.05 g of Dust

5.3.1.1Transmission Link Performance with Disabled PID Cortroller. With a
disabled PID controller, constant IR power is |lghett into the dust chamber. Figure 5.6
(a) shows the normalized signals detected by fpaees detector (PD-2), (b) shows the
single mode fiber signal (PD-3), (c) shows optigaler of incoming IR signal, and (d)
shows Log(BER) signal detected by the BERT. Sigapbhnd (b) are recorded by a Data

Acquisition card (DAQ) and signal (c) and (d) arallected via GPIB. The results
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showed good repeatability of all three trials, vwhensure the accuracy and reliability of

each experiment
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Figure 5.6 Detected IR signal for the 0.05gram dust (a) Bpace (PD-2) (b) SM Fiber
Detector (PD-3) (c) Optical Power of IR(dBm), ()d(BER) of IR.

A typical evolution of the attenuations in both THzd IR channels is shown in
Figure 5.7 (a). As expected, when dust is launchete propagation path of the beams,
the attenuation (around 1.8 dB) of the IR lightisible while the impact on THz could
be neglected. The IR signal collapses in agreemvéhtthe receiver performance shown
in Figure 5.7 (b) and record BERs of THz in Fig& (b) verify again that the dust

effects on THz is negligible. After 350 seconds @dinall the dust particles have fallen
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down to the bottom of the chamber thus both linkgain and approach their original

performance, respectively.
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Figure 5.7 (a) Attenuation of THz link and IR link with tim@) Log(BER) of THz link
and IR link with time.
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One can observe a sharp peak in Figure 5.7 (a)thalattenuation around 3.5 dB
at 14.4 seconds. This is generated by the fasator of the beam split film duo to the
sharp noise of the dust release shutter, whichdcoot be counted as the real attenuation
due to dust. This sharp peak also appears in Figérat the 14.4 seconds. To prove this,
the data is recorded when the shutter is releagdowt launching dust into the chamber.

Clearly, there is a peak around 13.86 seconds.

0.6 SM Fiber Detector |
' Free Space

0.4

0.3+ -

Voltage (V)

0.2+ -

0.1 i

0 | | | |
0 20 40 60 80 100

Time(second)
Figure 5.8 Detected IR signal with single mode fiber deteetod free space detector for
the source caused vibration.

5.3.1.2Scintillation Effects study with PID Controller. The goal is to keep the optical
power at the data receiver’s input constant by meznthe PID controller when dust
enters the beam so that the BER should not charogestant signal quality). The outputs
of all photo detectors are simultaneously recordiehg with the BER and transmitter

output power of the IR channel (Figure 5.9).
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When dust is launched into the IR beam after aBOus recording time, the PID
controller enhances the IR power launched into dmamber and measured by
photodetector PD-1. Up to about 50 s recording tineecontrol loop can not compensate
the power loss inside the chamber, the maximunsinéter output power is insufficient
to further equalize the losses of the link unté timk attenuation drops back at about 50s
recording time to a level within the power margintlee system. After that, the detected

optical power at the data receiver stays almossteon (for t>50 s).
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Figure 5.9 (a) Individually normalized outputs of photodete(PD-1, PD-2, PD-3) in
dB, (b) opitcal power of IR and RF power of THz doedust, (c) Log(BER) of IR and
THz links impaired by dust.

Unlike the fog, scintillation effects can not besebved in the IR links when the
dust is launched. The possible reasons are listkuvb

» Attenuation in the link: the attenuation due to tbg is 5 dB, which is more
significant than the dust link (1.5 dB).
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* Fluctuation changing speed: fog generation procagses much more irregular
changes, which strengthen the scintillations effe¢towever, when dust is
launched in the chamber, due to the force balaesgd, the density of the dust
is changed very smoothly and slowly and the flutturaeffects will become
smaller.

5.3.20.08 g of Dust

5.3.2.1Transmission Link Performance with Disabled PID Cornroller. Figure 5.10
shows the detected signals for 0.08 gram dust.r@sdts also showed good repeatability

of all three trials.
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Figure 5.10 Detected IR signal for the 0.08gram dust (a) F3pace (PD_2) (b) SM
Fiber Detector (PD_3) (c) Optical Power of IR(dBrfd) Log(BER) of IR.

Figure 5.11 shows the comparison of IR and THzfower attenuation and BER

changeClearly there is a huge difference in the IR and Httenuation.
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Figure 5.11 (a) Attenuation of THz link and IR link with tim@.08g) (b) Log(BER) of
THz link and IR link with time.
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5.3.2.2Scintillation Effects study with PID Controller.

!
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Figure 5.12 (a) Individually normalized outputs of photodd¢tec(PD1, PD2, PD3) (b)
outputs of the photodetector with noise elimination
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Scintillation effects testing are also performedtfoe 0.08 g of the dust. Figure 5.12 (a)
shows individually normalized outputs of photodé&tec(PD-1, PD-2, PD-3). Still

scintillation effects cannot be clearly observedha process. In order to eliminate noise,
the average has been taken for each 100 pointgspanding to 1ms and the result is

shown in Figure 5.12(b), there is no evidence oftdlations effects in the links.

5.3.3 Comparison of Different Dust Densities

Three different amounts of dusts (0.05 g, 0.08 d @rl3 g) are loaded in the dust
chamber (shown in Figure 5.13). One observes th#he dust loading becomes heavier
(and IR extinction increases), the IR attenuatioli ecome much more severe as

expected.
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Figure 5.13 (a) Normalized voltage detected by free spaceatiet (PD-2) for different
amount of the dust.
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Figure 5.13 (b) Optical power of IR for different amountsaist.
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Figure 5.13 (c) Log(BER) of IR for different amounts of dust
From Figure 5.14, one can see there is no effedhenTHz links for different

density of dust. Still, the peak around 14.4 sesoisddue to the vibration of the beam

splitter caused by the powder release shutter noise
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Figure 5.14 (a) Attenuation for different amount of the d{s} Log(BER) of THz for
different amounts of dust.

5.4 Simulation Results
The particle concentration is decreasing slowlyhwiine, since all the dusts will finally

fall down to the bottom of the chamber. In thistset the particle concentration at



110

different time is estimated though the IR atteraratiaccording Beers-Lambert
Law(Chapter 4.2) and Mie scattering theory[106heifi the THz attenuation is simulated
through Mie scattering theory, which shows gooceagrent with the experimental data.

According to the Beers-Lambert Law, the attenuatbaser radiation through
atmosphere can be expressed as (see Chapter 4.2):

PR _ os i} }
T(A, R) Z—P((A O; = ey(/])R = e( B)R = eﬂRz sNsR (5'27)

where P(A,R) is optical power at the distande, P(A,0)is initial emitted optical
power, y(A)is extinction coefficient (per unit of lengthd. is absorption coefficient3
is scattering coefficienty, is scattering section, amdlis particle concentration.

From Equation 5.27, the particle concentratycan be calculated as:

—In(P(/" R))
N = P(A,0) (5.28)
° Ro,
The attenuation is defined as:
P(A,0)

att_dB=10x log,

PR (5.29)

According the Equation 5.28 and 5.29, the relatigmsbetween theN, and

attenuation in dB can be expressed as:

_att_dBxIn10

s~ ToxRxa, (5.30)

From Equation 5.24, the total extinction crossisastcan be calculated as:

2

;VZ S (2m+1)Re(@, + b,) (5.31)

I,V) =3
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According to the Mie scatter theory (Chapter 5.,1tBg total extinction cross
sections can be calculated and plotted as a funatigparticle size parameter (Figure
5.15 a) and frequency (Figure 5.15 b). The meam aizhe bentonite particle is 8.6 um,
and the real part index of refraction is 1.52. Afidure 5.15 b shows the relationship
between the particle size parameter and frequewtth (particle radius 8.6 um). For

wavelength of IR is 1.5 um (200 THz), the corregpng particle size parameter

a=33.51and the extinction cross sectiomis= 4.737x 10*°.

x 10°

Extinction Cross Sections

0.1 R
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Figure 5.15 (a) The extinction efficiency as a function of spaameter.
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According to the IR attenuation data of 0.08 g afstd(Figure 5.10a) and
substituting extinction cross section=4.737x 10" to Equation 5.30, the particle
concentration during different time can be caledaand plotted as Figure 5.16. The

particle concentration varies from5x 16 /m® to almost 0. Using Equations 5.24, 5.29
and 5.30, the THz attenuation with time is caladadnd plotted as Figure 5.17. The
maximum attenuation of the THz @51, which is twice of the experimental curve shown
in Figure 5.11 b. The possible reason could béhé simulation process, only mean
particle size is considered. To achieve the bettgults, particle size distribution could be

considered in the simulation process.
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Figure 5.16 The particle density with time.
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CHAPTER 6

CONCLUSIONS AND FUTURE PERSPECTIVES

In this chapter, the contribution made in this ditstion research work is summarized
and the future work is mentioned. The research vaagcribed in this thesis has made
unique, original contributions in several areasimdtrument development (625 GHz
transmission link), comparison of the atmosphetenattion due to airborne particulates

(fog and dust ), and experimental scintillatioreett study of IR links.

6.1 Summary of Research Results

In order to study and compare propagation featmfe§erahertz (THz) links with
Infrared (IR) links under different weather conalits such as fog and dust, a THz and IR
communications lab setup with a maximum data r&t@.5 Gb/s at 625 GHz carrier
frequency and 1.5 um wavelength, respectively Heaen developed. A usual non return-
to-zero (NRZ) format is applied to modulate the dRannel but a duobinary coding
technique is used for driving the multiplier chéased 625 GHz source, which enables
signaling at high data rate and higher output povke bit-error rate (BER), signal-to-
noise ratio (SNR) and power on the receiver side teeen measured, which describe the
signal performance.

At frequencies below 1000 GHz, the size of fogipke$ is considerably smaller
than the carrier wavelength, so that the Raylelggogption can be applied to replace the
much more complicated Mie scattering theory. On fteguency range from 10 GHz-

1000 GHz, the attenuation by fog is modeled usisgrple double-Debye model for the
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dielectric permittivity of water, based on the tdiquid water content. In the IR range,
this is no longer true and the distribution of therticle size must be considered. The
specific attenuation is predicted using the emairmnodels, such as the Kruse, Kim and
Alnabulsi models. Simulation results of attenuatlmn fog in the millimeter and sub-
millimeter waveband (from 0.1 to 1 THz) and infin@aveband (1.5 um) are presented
and compared. An IR beam at 1.5 um wavelength icgrrthe same data load is
superposed with the THz beam. After propagatingugh the same weather conditions
(fog), experimental performance of both channedsaaralyzed and compared.

Due to the relatively small size of atmosphereiplag such as dust and smoke
compared to THz wavelength, one would expect mihifidz attenuation due to
airborne particulates. Gebhart et al. [47] mentiforsthe typical wavelengths employed
by wireless IR links (780 nm and 1550 nm), atteimmatiue to dust is around 10dB/km in
urban regions. An IR beam at 1.5 um wavelengthyoagrthe same data load is
superposed with the THz beam (625 GHz), propagatimgugh the same aerosol
conditions (Bentonite particle with mean size cérdeter 8.6 pm). The optical power
attenuation and BER are measured, analyzed and arethp Under same dust
concentration, IR wavelengths are strongly atteeuiavhile THz wavelength shows
almost no impact, so THz communication could applyhe battle filed or wildfire
environments and for some specific link length reguents THz can enable reliable
communication instead of IR based systems undet elgironment. Also, different
amounts of dust (0.05 g, 0.08 g and 0.13 g) ardddan the chamber to generate
different dust concentration environment. As thestdioading becomes heavier (and

extinction increases), the attenuation will becantge severe.
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6.2 Future Work
As mentioned above, atmosphere attenuation caugddgoand dust are investigated
theoretically and experimentally in this thesissdigation. The characteristics and effects
of other atmosphere phenomena to which outdoorlegiselinks are exposed, such as

rain, humidity, turbulence should be studied infiltere research work.
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