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ABSTRACT 

TERAHERTZ WIRELESS COMMUNICATION THROUGH ATMOSPHERIC 

TURBULENCE AND RAIN 

by 

Jianjun Ma 

This dissertation focusses on terahertz (THz) wireless communication technology in 

different weather conditions. The performance of the communication links is mainly 

studied under propagation through atmospheric turbulence and rain. However, as real 

outdoor weather conditions are temporally and spatially varying, it is difficult to obtain 

reproducible atmospheric conditions to verify results of independent measurements 

making it a challenge to measure and analyze the impact of outdoor atmospheric weather 

on communication links. Consequently, dedicated indoor weather chambers are designed 

to produce controllable weather conditions to emulate the real outdoor weather as closely 

as possible.  To emulate turbulent air conditions, an enclosed chamber is developed into 

which air with controllable airspeeds and temperatures are introduced to generate a 

variety of atmospheric turbulence for beam propagation. To emulate varying rain 

conditions, an enclosed chamber is built in which pressurized air forces drops of water 

through an array of 30 gauge needles.  

In order to study and compare propagation features of THz links with infrared (IR) 

links under identical weather conditions, a THz and IR communications lab setup with a 

maximum data rate of 2.5 Gb/s at 625 GHz carrier frequency and 1.5 μm wavelength, are 

developed. A usual non return-to-zero (NRZ) format is applied to modulate the IR 

channel but a duobinary coding technique is used for driving the multiplier chain-based 

625 GHz source, which enables signaling at high data rate and higher output power. The 



ii

power and bit-error rate (BER) on the receiver side are measured, which can be used to 

analyze the signal performance. To analyze the phase change in the turbulence chamber 

due to the refractive index change induced by turbulence, a Mach-Zehnder Interferometer 

with He-Ne laser at 632.8nm is developed. 

In the same weather conditions, the impact on THz in comparison with IR link is 

not equivalent due to the spectral dependence on atmospheric turbulence and rain. In the 

experiment, after THz (625 GHz) and IR (1.5 μm) beams propagate through the same 

condition, performance of both channels is analyzed and compared. Kolmogrov theory is 

employed to simulate the atmospheric turbulence which leads to attenuation of THz and 

IR signals. Mie scattering theory is employed to simulate the attenuation of THz and IR 

beams due to rain.  

Under identical turbulence conditions, THz links are superior to IR links. 

However, the performance of THz and IR links are comparable under identical rain 

conditions. 
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LIST OF DEFINITIONS 

 

Absorption The energy of a laser beam is transformed into internal 
energy of absorbers. 
 

Scattering The radiation is deviated from its previous trajectory by 
scatters due to their interactions. 
 

Scintillation The phase front of the laser beam is distorted due to the 
variation of the index of refraction, thus leading to the 
irradiation fluctuation or scintillation. 
 

Aperture averaging The receiver can average fluctuations of the received 
waveform over the aperture area, leading to reduced signal 
fluctuations. 
 

Beam spreading The laser beam if spread by diffraction in the propagation 
path, thus resulting in the beam spreading. 
 

Bit error ratio The number of bit errors divided by the total number of 
transferred bits during a studied time interval 
 

  
 

  
 

  
 

  

  

 



 

1 

CHAPTER 1 

INTRODUCTION 

 

Next Ray?  T-Rays! 

   X.-C. Zhang 

The THz spectrum region,  consists of electromagnetic waves within the ITU 

(International Telecommunication Union)-designated band of frequencies from 0.3 THz 

(wavelength 1 mm) to 10 THz (wavelength 30µm), is located in the gap between 

millimeter waves and the infrared as shown in Figure 1.1. The THz region, bridges the 

gap between the electronics and photonics response, has seen rapid progress by adapting 

the techniques from both neighboring fields. However, neither optical nor electronics 

device could fully meet the application requirements because of the unavailability of 

convenient and inexpensive sources, sensitive detectors, and fast speed modulators.  

 

 

Figure 1.1  The electromagnetic spectrum. Micro: Microwave, mm: millimeter wave, IR: 
infrared, UV: ultraviolet. 
Source: [1] 
 
 

Over the past two decades, the field of science and technology has been 

significantly changed and revolutionized in THz region due to so many new advances for 

THz generators and detectors [2, 3, 4]. Many applications can be benefit from THz 

http://en.wikipedia.org/wiki/Electromagnetic_wave
http://en.wikipedia.org/wiki/International_Telecommunications_Union
http://en.wikipedia.org/wiki/Frequency
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systems, ranging from medicine and biology [5, 6], testing and sensing [7, 8], security [9, 

10, 11], to next generation wireless communication systems.  

In this chapter, a brief introduction to Terahertz spectrum and technology is 

presented from its comparison with millimeter and infrared waves. Motivation, objectives, 

and organization of the research are also presented.  

1.1     Research Motivation 

Over the past three decades, wireless data rates have doubled every 18 months and will 

quickly reach the capacity of wired communication systems [12]. So it is obvious that the 

data rates around 100 Gb/s will be achieved in 2020 from Edholm’s Law [13]. Following 

this trend, communication links in THz region, envisioned as a key wireless technology to 

satisfy this high demand, are expected to come in the near future [14-20]. THz links owns 

inherently larger accessible bandwidth compared to millimeter waves [21], which will 

alleviate the spectrum scarcity and capacity limitations of current wireless systems. For 

example, during the 2008 Olympic Games in Beijing, Osaka University and NTT Corp. 

deployed a 120 GHz data link with 10Gb/s to transmit uncompressed high-definition (HD) 

images of the game stadiums over a distance of 1 km from the International Broadcasting 

Center to the Beijing Media Center [22], and now they are trying to move to a 100Gb/s 

data rate by 2020 which will allow the download of 3 HD movies in one second by a 

smartphone user [23]. 

Why is THz wireless communication so urgently needed? That is because it owns 

many advantages over its counterparts - millimeter wave and infrared waves. Compared 

to millimeter wave (30 GHz – 300 GHz) systems, THz wireless communication links 

present: 
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(1) Unregulated frequencies: Frequencies above 300 GHz are currently unallocated by 
the Federal communications Commission (FCC) as shown in the U.S. Frequency 
Allocation chart in [24, 25].  
 

(2) Ultra-high bandwidth: THz spectrum, ranging from 0.3THz to 10THz, can be 
divided into many narrower communication bands [16]. Besides, THz spectrum 
bandwidth is 1000 times as wide as the total bandwidth of long wave (LW), 
medium wave (MW), short wave (SW) and microwave (30GHz). So this 
determines that THz communications have the potential for increased bandwidth 
capacity.  
 

(3) High security: THz communication can be implemented as a “secure” short range 
communication link [16]. THz spectrum suffers very high attenuation from the 
vapor in the atmosphere, so it is opaque to atmosphere, which makes it only 
suitable for short range communication. Besides, THz can support ultrahigh 
bandwidth spread spectrum systems, which can enable secure communication, 
large capacity networks, and protection against channel jamming attacks. For an 
example, if one do not know the exact spectrum band used in communication, it is 
difficult to steal the signal from such a wideband spectrum, which makes it a 
secure communication method. 
 

(4) Directional beam: THz communications are inherently more directional at the 
same transmitter aperture than millimeter (MMW) links since THz waves have 
less free-space diffraction due to its shorter wavelength. Such small antennas with 
good directivity can be used in THz communications, which can reduce the 
transmitted power and signal interference of different antennas.  

 
Compared to infrared frequencies (300 GHz – 430 THz), THz also owns some advantages: 

(1) Lower attenuation of THz radiation compared to IR under certain weather 
conditions (e.g., fog, dust, and air turbulence).  
 

(2) Scintillation effects of THz radiation are significant smaller than IR radiation due 
to its significant longer wavelength, which leads to smaller signal power 
fluctuations in THz receiver side, and then allows THz to provide longer links 
compared to wireless IR link. 
 

(3) Intensity modulation and detection with IR photo detectors is not as sensitive as 
THz heterodyne detectors. 
 

(4) There is more ambient IR light noise typically present compared to ambient THz 
noise. In many indoor and outdoor environments, there are intense ambient 
infrared noise induced by sunlight, incandescent lighting and fluorescent lighting.  
 

(5) There is an eye safety concerns with IR wavelengths requiring that IR transmitted 
power be limited to eye-safe emission power levels, however, THz is safe for 
human health. 
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Based on all these advantages, it is the right time now to prepare for the future of 

this THz communication technique. Recently, IEEE 802.15 Wireless Personal Area 

Networks (WPAN) Study Group 100 Gbit/s Wireless (SG100G) has been established to 

work towards the first standard for THz communication links and various proposals have 

been made [26].  

However, performance of the THz wireless channel suffers abrupt degradation in the 

atmosphere when propagates in outdoor. Therefore, it is desirable to experimentally 

characterize and simulate different weather conditions such as humidity, rain, fog, dust, 

and turbulence, and analyze the communication performance under these weathers. Many 

experiments have been done to investigate the impact of different weather conditions on 

the THz communication link.  

Attenuation due to water vapor from 0.2-2 THz was characterized by 

Grischkowsky’s group using THz time domain spectroscopy and they found higher 

attenuation in these THz transmission windows than previously demonstrations (Yang, 

2011) [27, 28]. They confirmed 4 THz transparent windows at 0.41 THz, 0.46 THz, 0.68 

THz and 0.85 THz [29]. 

Broadband THz pulse propagation through dense fog was presented by them also 

and the experimental results agree well with the predicted attenuation due to fog [30, 31]. 

This further confirms that the broadband THz waves can be a promising illumination 

source for many applications in fog.  

Recently, they measured THz pulse and corresponding spectra up to 1 THz under 

the atmospheric weather conditions of rain, clouds and snow between two buildings [32].  

In the rain measurements, a larger attenuation was observed compared with theoretical 
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prediction. 

The effect of scintillations due to wind effects on a propagating 125 GHz data 

signal was investigated by Yamaguchi’s group [33]. Power attenuation due to rain for 120 

GHz and 355.2 GHz communication links was presented by Hirata and Ishii respectively 

[34, 35]. However, it is still a challenge to measure the effect of the weather conditions on 

THz wireless links due to required long observation times and the difficulty to obtain 

some reoccurrence of similar atmospheric conditions to verify results of independent 

measurements.  

In this research work, the experimental results of THz attenuation due to 

atmospheric turbulence and rain from weak to strong strengths are reported. Weather 

emulating chambers are designed and demonstrated to emulate and control the turbulence 

and rain strength and to determine the equivalence between the outdoor and laboratory 

communication links. One method is employed to measure and track the phase fluctuation 

caused by the scintillation effect. The effect of weather conditions on THz 

communication links is experimentally investigated and evaluated. The experimental 

results are compared with IR signal performance under the same weather conditions as a 

comparison of two competing technologies for high data rate wireless communication 

links. Theoretical models for atmospheric turbulence and rain weather conditions are 

proposed to characterize the degradation of both links and used to predict its outdoor 

performance.  

1.2    Research Objectives 

The prime objective of this dissertation is to experimentally characterize and investigate 

atmospheric weather conditions, mainly atmospheric turbulence and rain, on the 
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performance of a THz communication link. It is very difficult to measure the effect of the 

weather conditions due to required long observation times and the difficulty to obtain 

some reoccurrence of similar atmospheric conditions. So, laboratory chambers are 

designed to emulate and analyze the performance of THz communication links in 

different weather conditions. Such laboratory chambers can realize the controllable 

effects of weather effects on the THz channels. Some wavelength dependent models for 

attenuation prediction in atmospheric turbulence and rain channel are conducted, which 

are checked based on our measurements.  

1.3    Dissertation Organization 

The dissertation has been organized as follows: 

Chapter 1 - Introduction: A brief introduction of Terahertz spectrum is given. Research 

motivations and objectives of this dissertation are presented also. 

Chapter 2 - Terahertz and Infrared Wireless Communication Systems: A complete review 

of THz wireless communication technology above 300GHz is presented. Fundamentals of 

IR wireless communication technology are briefly summarized. The main degradation 

effects of THz and IR channels due to outdoor weather conditions are introduced, and the 

present studies of these effects are shown briefly. 

Chapter 3 - Experimental Setup of Wireless Communication Channels: The detailed 

description of the setup of THz and IR communication channels is presented, with 

duobinary modulation technique used. The method of phase change measurement by 

Mach-Zehnder Interferometer is explained. 

Chapter 4 - Atmospheric Turbulence Theories: Atmospheric turbulence in introduced 

briefly in this chapter. Many theoretical models for the characterization of atmospheric 
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turbulence are shown and compared. The effect of aperture averaging is explained also. 

Chapter 5 - Rain Theories: A brief introduction of rain is given. The present studies of 

rain drop size distribution are summarized. Theory of attenuation from rain caused by 

absorption and scattering is shown, with Double-debye model employed for computing of 

the dielectric constant of water. 

Chapter 6 - Experimental and Theoretical Results in Atmospheric Turbulence: 

Experimental characterization and theoretical modeling of the atmospheric turbulence 

effect on THz and IR wireless links are reported under different and controlled turbulence 

conditions. The design of atmospheric turbulence chamber is detailed here. Scintillation 

effect on the signal performance caused by turbulence is confirmed in this chapter by 

designing a measurement method. 

Chapter 7 - Experimental and Theoretical Results in Rain: A rain chamber which can 

generate the rain with different rain rates is detailed. A THz time domain spectrum system 

(THz-TDS) is introduced in this chapter to study the attenuation spectrum of THz wave 

due to rain. And the rain drop distribution from the rain chamber is measured and 

presented. Theoretical attenuation due to rain is calculated by using Mie scattering model, 

and is compared with the experimental measurements under different rain rates.  

Chapter 8 - Conclusion and Future Work: All the results of the research are summarized 

and presented in this chapter. Future work is outlined. 



 

8 

CHAPTER 2 

TERAHERTZ AND INFRARED WIRELESS COMMUNICATION SYSTEMS 

 

THz communications exhibit many advantages as introduced in Chapter 1, such as high 

transmission rate, high security, better directionality, low scattering and good penetrability, 

that it has seen rapid progress over the past few years and many kinds of communication 

systems have been investigated. Besides, the spectrum beyond 300 GHz has not been 

allocated to any other radio service, so it is a feasible and prosperous candidate for future 

wireless communication. 

2.1    Fundamentals of Terahertz (THz) Communication Systems 

At present, there are three kinds of approaches employed for THz transmitter and two 

methods for THz receiver:  

(1) Electronics based transmitter: The THz transmitter is comprised of an RF signal 
generator, a data modulator and a post-amplifier [36]. The generated THz signal is 
usually synthesized by millimeter wave generator at 30 - 100 GHz or by 
multiplying the amplified output of a Gunn diode oscillator. Integrated-circuit (IC) 
oscillators, such as resonant tunneling diode (RTD) [37], have attracted a lot 
attention as a new promising THz generator. 
 

(2) Photonics based transmitter: The THz generation and modulation are realized by 
using photonic techniques [38-43]. For example, THz signal can be converted 
from two far-infrared lasers by employing optical heterodyne technique and uni-
traveling-carrier photo-detector (UTC-PD) and then emitted by antennas. Such 
method is mainly based on 1.55um telecom components, such as Er-doped fiber 
amplifiers (EDFAs), optical fibers and semiconductor laser amplifiers (SOAs). 
 

(3) THz lasers based transmitter: Quantum cascade lasers (QCLs), as a kinds of THz 
lasers, can generated THz signals above 1THz and realized direct modulation for 
frequencies above 10 GHz [43-46]. 
 

(4) Electronics based direct detection: It can be easily realized by employing 
commercially available Schottky barrier diodes (SBD) with a cut-off frequency of 
1-10THz [36, 38-41, 42, 43]. 



9 

 

(5) Electronics based heterodyne detection: It is more complex and sensitive than 
direct detection, and can detect frequency modulation and phase modulation [48, 
49]. 

 
The recent developments of ultrahigh-speed wireless communication links using 

carrier frequencies of over 300 GHz are reviewed as shown in Table 2.1. Wireless links 

with data rate above 100Gb/s has been analyzed and predicted by Tadao Nagatsuma’s 

group and Leif K. Oxenløwe’s group recently [39, 50, 51]. 

 

Table 2.1 Summary of THz Communication Links over 300 GHz. UTC-PD stands for 
Uni-traveling carrier photodetector. SBD: Schottky barrier detector; QWP: quantum well 
photo-detector; HEB: hot electron bolometer; RTD: resonant tunneling diode detector. 
 

Carrier 

Frequency 

Transceiver 

Distance 

Modulation 

rate or 

bandwidth 

Reference 
Transmitter Receiver 

0.1-3 THz THz TDS 48 cm 6 kHz [52] 

1 THz THz TDS 1 m 1 MHz [39] 

237.5 GHz     

300 GHz 

Discrete 
Component 

Discrete 
Component 

52 m 96 Mb/s [48] 

RTD 
Discrete 

Component 
0.3 m 1.5 Gb/s [49] 

UTC-PD SBD 0.5 m 12.5 Gb/s [43] 

UTC-PD SBD 0.5 m 24 Gb/s [41] 

Discrete 
Component 

Discrete 
Component 

10 m 30 Gb/s [29] 

UTC-PD SBD 0.5~1m 50 Gb/s [38-40] 

300-400GHz UTC-PD SBD 0.5m 1 Gb/s [42] 

542 GHz RTD SBD 1 cm 2 Gb/s [36] 

625 GHz 
Discrete 

Component 
Schottky 

Diode 
3 m 2.5 Gb/s [54] 

2.5 THz THz QCL HEB 3 m 1 MHz [46] 

3.8 THz THz-QCL THz QWP 2 m 500 Hz [45] 

4.1 THz THz-QCL THz QWP 2 m 580 Hz [47] 
 
 
 

2.1.1 24 Gb/s THz Wireless Communication Link at 300 GHz 

NTT Corporation demonstrated a 300 GHz wireless communication system as shown in 

app:ds:Schottky
app:ds:diode
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Figure 2.1 [41], which uses a UTC-PD (Uni-traveling carrier photodetector) as transmitter 

and a SBD (Schottky barrier detector) as receiver. In the transmitter side, photonic 

technologies are employed for generating and modulating the terahertz waves by using an 

EOM (electro-optic intensity modulator) and the UTC-PD. The THz waves were radiated 

via a 25 dBi horn antenna. In the receiver side, the transmitted signal was received with 

the SBD, which was integrated with a planar antenna on InP substrate and assembled with 

a high resistivity silicon lens, and amplified with a LNA (low-noise amplifier). For 

200μW output power and 9.5mA output current for the UTC-PD, an ASK (Amplitude-

shift keying) signal with 24 Gb/s data rate was successfully transmitted over a distance of 

50 cm with 2×10-9  BER (bit error rate). 

 

Figure 2.1 Experiment setup of 24 Gb/s THz Wireless Communication Link at 300 GHz. 
LD: laser diode, EOM: Electro-optic modulator, PPG: pulse pattern generator EDFA: 
Erbium doped fiber amplifier, UTC-PD: Uni-travelling photodiode, SBD: Schottky 
barrier diode, LNA: low noise amplifier, ED: error detector, OSC: Oscilloscope. 
Source: [41] 

 
2.1.2 300 GHz Video Signal  Transmission System 

C. Jastrow’s group from Germany realize a video signal transmitting over 22m distance 

by using a versatile 300 GHz transmission system with a bandwidth of up to 10 GHz in 

2008 [55]. In their system, autarkic transmitter and receiver units were employed. In 2010, 
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they modified their system, which consists of autarkic transmitter and receiver units based 

on Schottky mixers and Metal waveguide technology as shown in Figure 2.2, to transmit 

a 96 Mb/s Digital Video Broadcasting - Satellite (DVB-S2) signal over a distance of 52 m 

[48]. The local oscillator is provided by a 16.66 GHz phase-locked dielectric resonator 

oscillator (DPRO with 10 MHz reference crystal oscillator), which is first amplified and 

tripled two times. Then sub-harmonic mixer is used to up-convert the 150 GHz signal 

(DC - 10 GHz, delivered by a signal generator) to 300 GHz, which is radiated from a horn 

antenna directly attached to the mixer block with 300 GHz carrier and 50μW power. To 

suppress noise, the receiver and transmitter are identical in construction aside from 

different frequencies used as input to the local oscillator chains. In the system 16.40 GHz 

at the transmitter against 16.38 GHz at the receiver results in an intermediate frequency of 

360 MHz at the receiver output of the super-heterodyne system.  

 

(a) 
 

 

(b) 
 

Figure 2.2 Block diagram of digital transmission setup. LNA stands for low noise 
amplifier. 
Source: [48] 
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2.1.3 542 GHz Digital Signal  Transmission System Based on RTD 

K. Ishigaki’s group demonstrated a terahertz wireless data transmission system by using 

the RTD (resonant tunneling diode) oscillator integrated with a slot antenna as transmitter 

and SBD with a horn antenna as receiver as shown in Figure 2.3 [36]. A modulation 

signal of -30dBm was superimposed with DC bias by a bias tee to realize amplitude 

modulation. At the receiver side, a bias tee was also used for the DC bias supply of SBD 

to detect THz wave. Eye pattern and BER of up to 3.25 Gbit/s were measured in their 

research. The measured BERs were 2×10-8 and 3×10-5 for 2 and 3 Gbit/s, respectively. 

The RTD oscillates at 542 GHz with a cutoff frequency of 1.1 GHz. Due to the low output 

power of 210μW from RTD and the received output power of the SBD around 10μW, the 

transmission distance was only ~1 cm.  

 

Figure 2.3  Block diagram of 542GHz transmission system. LNA stands for low noise 
amplifier. SBD: Schottky barrier detector; RTD: resonant tunneling diode detector. 
Source: [36] 

 

 
2.1.4 THz Wireless Communication Link Based on QCL 

Liu’s group in Canada introduced a QCL (quantum cascade laser) THz free space 
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communication system based on a 3.8 THz QCL laser and a cryogenically cooled (12K) 

QWP (quantum well photodetector) as shown in Figure 2.4 [45]. A QCL housed in a 

vacuum Dewar radiates THz frequency, which is first collected and collimated by a 

parabolic mirror labeled M1 and then reflected by M2, and finally coupled through the 

semi-insulating substrate to the mesa at 45° angle as is done in quantum well infrared 

photodetector (QWIP).  

At the transmitter side, a pulse series with 8ns pulse width at a repetition rate of 455 kHz 

were generated by a custom-made pulse generator with maximum voltage of 17V, is 

modulated by an audio frequency and then used to modulate the QCL electronically. At 

the receiver side, the electronic output of the QWP is first amplified and then filtered by a 

10 kHz low pass filter. Finally, the signal is coupled onto the antenna of AM radio and 

recovered to the original audio signal. 

 

Figure 2.4 Schematic of link showing quantum cascade laser at left and quantum well 
photodetector [45]. LNA stands for Low-Noise Amplifier. 
Source: [45] 
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In 2010, Cao’s group in China reported a wireless THz link using a QCL operates 

in CW mode as the transmitter, a QWP as the receiver, employed a directly voltage 

modulation scheme as shown in Figure2.5 [47]. They transmitted audio signals through 

the link over a distance of 2m with 580 kHz bandwidth and 4.1 THz carrier frequency. In 

2012, they optimized the THZ QCL drive circuit and realize a transmission distance of 

2.4m with 5 Mb/s date rate. 

 

 

Figure 2.5  Scheme of THz transmission setup based on QCL. QCL stands for quantum 
cascade laser. QWP stands for quantum well photodector.  
Source: [47] 
 

2.2    Fundamentals of Infrared (IR) Communication Systems 

The infrared radiation is in the wavelength range from 0.7µm to 1000µm, with 

corresponding frequency ranging from 300GHz to 430 THz. The whole infrared band can 

be further divided to three sub-regions: the near infrared region (0.7-3µm), middle 

infrared region (3-50µm) and far infrared region (50-1000 µm) as shown in Table 2.2. 

As a medium for short-range, indoor communication, infrared technology owns several 

significant advantages over radio [57, 58]. 

(1) Low cost for infrared emitters and detectors on high speed operation. 
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(2) Low power requirements: ideal for telephones, laptops, and personal digital 
assistants 
 

(3) Low circuitry costs: $2 - $5 for the entire coding/decoding circuitry 

(4) Virtually unlimited bandwidth.  

(5) Quantitatively similar behavior with visible light. 

(6) Simple circuitry: no special or proprietary hardware is required. It can be 
incorporated into the integrated circuit of a product. 
 

(7) Higher security: Cannot penetrate through walls or other opaque barriers. This 
signal confinement over short distance makes it easy to secure transmissions 
against casual eavesdropping.  
 

(8) Immunity to electromagnetic interference (EMI): Prevent interference between 
links operating between long distances or two different rooms. Not as likely to 
have interference from signals from other devices. 
 

(9) Few international regulatory constraints: IrDA (Infrared Data Association) 
functional devices will ideally be usable by international travelers, no matter where 
they may be. 

 
 

Table 2.2  Division of Infrared Radiation by International Organization for 
Standardization 

 

Designation Frequency Wavelength 

Far infrared (FIR) 300 GHz-6 THz 50-1000μm 

Mid Infrared (MIR) 6-100 THz 3-50μm 

Near Infrared (NIR) 100-430 THz 0.7-3 μm  
 

 
However, despite the advantages presented by the infrared medium, IR also shows some 

drawbacks: 

(1) Line of sight: transmitters and receivers must be almost directly aligned (able to 
see each other) to communicate.  
 

(2) Blocked from persons and objects. Communication from one room to another 
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requires the installation of infrared access points that are interconnected via a 
wired backbone.  
 

(3) Short range: Attenuation increases and BER performance decreaseswith longer 
distances.  
 

(4) Noise: Exist intense ambient infrared noise, arising from sunlight, incandescent 
lighting and fluorescent lighting, which induces noise in an infrared receiver. 
 

(5) Weather sensitive: Large attenuation in atmosphere phenomena such as rain, fog, 
dust, pollution.  
 

(6) Eye safety: Safety consideration must be considered when designing a wireless IR 
link. There are a number of international standards for laser emission: the 
International Electrotechnical Commission (IEC) (IEC60825-1), American 
National Standards Institute (ANSI) (ANSIZ136.1), European Committee for 
Electrotechnical Standardization (CENELEC). 
 

The characteristics comparison between infrared and radio wireless links is presented in 

Table 2.3.  

 

Table 2.3   Comparison between Infrared and Radio for Wireless Links 

Property of Medium Infrared Radio Implication for IR 

Bandwidth Regulated? No Yes 
Approval not required. 

Worldwide compatibility 

Passes Through Walls? No Yes 
Operate indoors 

More easily secured 

Multipath Fading? No Yes  

Path Loss High High  

Dominant Noise Other Users 
Background 

Light 
Difficult to operate 

outdoors 

Source: [59] 

 

In clear-sky weather conditions, IR signal suffers performance degradation caused 
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by air molecules and aerosols induced extinction. In Table 2.4 and Figure 2.6, the 

calculated atmospheric optical transmission windows range from 0.3μm to 14μm are 

shown by evaluation many broad and strong absorption bands in various data-bases [61, 

62]. Considering the existing optical sources and safety regulations, most of the free 

space communication systems are designed and operate at wavelengths near 850nm and 

1550nm. A 1.25 Gb/s optical channel at 850nm over a short range is reported by 

Henderson, which employs a commercially available ferroelectric LCOS display panel as 

a phase-modulating SLM to perform steering to correct for misalignment [63]. Due to the 

advantages of 1550mm wavelength, an optical wireless communication system at 

1550nm with data rate of 12.5 Gb/s is demonstrated experimentally [64]. This system can 

realize error-free reception over a distance of 0.84m, which can be extended to more than 

1m is error correction coding (ECC) is employed. Most recently, C. W. (Joanne) Oh 

demonstrated an infrared optical wireless communication system which achieves 36.7 

Gb/s and 42.8 Gb/s transmission over a distance of 2.5m in the experiment [65, 66]. A 

pair of cascaded passive diffractive optical elements (DOEs) is used for steering optical 

data beams for 2D area coverage, which can make the system to provide a wide coverage 

of high capacity to multiple devices simultaneously.  

 

Table 2.4   Atmospheric Transmission Windows 

 I II III IV V VI VII VIII 

Start-wavelength (μm) 0.30 0.97 1.16 1.40 1.95 3.00 4.5 7.7 

Stop-wavelength (μm) 0.92 1.10 1.30 1.80 2.40 4.20 5.2 14 

Source: [67] 
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When IR is used for outdoor communications, its performance is degraded by 

significant signal loss due to the presence of rain, fog, dust and turbulence by absorption, 

scattering and scintillation effects. Compared to other atmospheric constituents, fog is the 

dominant source for the IR power loss, thus potentially reducing the IR link availability. 

Nevertheless, rain and dust also pose a great challenge to achieve the link availability. 

And in the clear weather conditions, scintillation effect by atmospheric turbulence can 

severely degrade the reliability and connectivity of IR links. Thus, these weather effects 

are needed to be investigated to improve the link performance for outdoor wireless 

communications. 

 

Figure 2.6 Atmospheric transmittance based on absorption analysis using LOWTRAN. A 
zenith path from 0 km to 120 km altitude as well as the midlatitude summer atmospheric 
model are assumed. Atmospheric transmission windows are highlighted in grey color. 
Source: [68] 

For the high speed fiber communication links, stated of polarization (SOP) changes 
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caused by polarization mode dispersion (PMD), is a major limitation. David Waddy’s 

group has measured SOP in aerial fiber during summer and winter [69]. In their 

experiment, the weather data, such as temperature, wind speed and sun altitude, is 

obtained from a USA weather station. The fastest SOP changes larger than 10kHz cannot 

be measured due to the resolution of their measurements. In their research, they find that 

fast SOP fluctuation is mainly caused by the large temperature gradients. 

2.3    Free-Space Power Loss on THz and IR links 

The atmosphere, also called the neutral atmosphere, is defined as the part of the Earth’s 

atmosphere where the number of ionized particles (such as free electrons, molecular and 

atomic ions) is negligible compared to the number of the neutral atoms and molecules. 

The boundary between the ionosphere and neutral atmosphere is at an altitude of about 90 

km. In the atmosphere, its relative composition of the atmosphere is constant and the 

principle composition is given in Table 2.5.  

From Table 2.5, it can be seen that nitrogen, oxygen, argon and carbon dioxide are 

the four most common gases in the atmosphere. Among them, the oxygen is the only 

component which has significant effect on the propagation of THz frequency. Water vapor, 

not listed in the table, is another important component due to its strong interaction with 

THz frequency. Based on the millimeter wave propagation model (MPM), which 

considers 44 oxygen spectral lines and 34 water vapor spectral lines [70], the calculated 

attenuation due to atmospheric gases is shown in Figure 2.7 when water vapor density is 

7.5g/m3, pressure is 1013 mbar and temperature is 20oC. The curve of water vapor almost 

overlaps with the atmospheric attenuation, which means water vapor plays a clearly 

dominant role in the atmospheric attenuation for THz frequency above 100 GHz.   
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Table 2.5 Composition of Clean, Dry Atmospheric Air Near Sea Level 

Constituent gas Gas symbol Content (% by volume) 

Nitrogen N2 78.084 

Oxygen O2 20.9476 

Argon Ar 0.932 

Carbon dioxide CO2 0.0314 

Neon Ne 0.001818 

Helium He 0.000524 

Krypton Kr 0.000114 

Xenon Xe 0.0000087 

Hydrogen H2 0.00005 

Methane CH4 0.0002 

Nitrous oxide N2O 0.00005 

Ozone O3 
Summer 0-7e-6 

Winter 0-2e-6 

Sulfur dioxide SO2 0 – 0.0001 

Nitrogen dioxide NO2 0 – 0.000002 

Ammonia NH3 0 – trace 

Carbon monoxide CO 0 – trace 

Iodine I2 0 – 0.000001 

Source: [69]  

 

The THz and IR power launched into free space in outdoor will experience the 

absorption, scattering and scintillation due to the atmospheric weather conditions, such as 

rain, fog, dust, aerosols, smoke, snow and atmospheric turbulence [71, 72].  Furthermore, 

the attenuation in the atmosphere due to different weather conditions with respect to 

frequency in Figure 2.8 is modeled by the Laser Environment Effects Definition and 

Reference (LEEDR) modeling software provided by the Air Force Institute of 

Technology’s Center for Directed Energy (AFIT/CDE) [73]. It can be seen that the 
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atmospheric attenuation for THz wave is strong and extremely variable over frequency. 
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Figure 2.7 Attenuation due to atmospheric gas for 0-1000GHz based on the model of ITU 
Radio communication Sector (ITU-R). (Water Vapor 7.5g/m3, Pressure 1013mbar, 
Temperature 20oC). 
 
 

Here, the major courses - absorption, scattering and scintillation, are mostly 

considered [74]. The attenuation, defined as the power loss of a signal propagating 

through the atmosphere in free space, is mainly absorption and/or scattering effects [75]. 

As shown in Figure 2.8, the absorption in IR range is mainly caused by oxygen and 

carbon dioxide in the atmosphere [76], while in THz region is primarily caused by oxygen 

and water vapor. In atmosphere, the laser energy is absorbed by the gaseous molecules to 

excite their transitions from lower to higher quantized rotational states. Scattering is 

mainly due to rain, fog, clouds, dust, smoke, snow and ice particles. Two kinds of 

scattering theory – Rayleigh and Mie scattering theories, are usually considered for the 

modeling based on the ratio of the scatter size and wavelength of the laser. Absorption 

and scattering are dominant effects which are fairly well known. And many software 
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packages, such as LOWTRAN, FASCODE, MODTRAN, HITRAN and LNPCWIN are 

commonly used for the prediction of attenuation effects suffered by different wavelengths. 

Scintillation, as the third source of power loss in atmosphere, occurs when laser 

propagates through lots of air pockets with different pressures and/or different 

temperatures. These air pockets can act as lenses with different indices of refraction and 

deflect the laser beams passing through them. In addition, airborne particulates such as 

dust, fog and rain can contribute to scintillation effects. 

 

Figure 2.8  Atmospheric attenuation of electromagnetic radiation. (Temperature: 20oC, 
Pressure: 1013mbar, Water vapor density: 7.5g/m3).  
Source: [73] 

 

 

2.3.1    Absorption 

Energy in the THz frequency range is mainly absorbed by water vapor and oxygen when 
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it propagates through atmosphere. There are two absorption mechanisms exist: resonant 

and non-resonant absorption. Resonant absorption occurs on or close to the resonant 

absorption lines of these molecules, while non-resonant absorption occurs far away the 

absorption lines between the resonant frequencies. For a molecule which has an electric 

or magnetic dipole moment, its electric or magnetic fields can exert a torque on the 

molecule and change its rotational state, and then it can absorb or emit electromagnetic 

waves.  

According to quantum mechanics, the rotational energy and angular momentum of 

a molecule are quantized and can be expressed by quantum numbers. When the 

electromagnetic waves at certain frequency corresponds to the energy difference in the 

quantum rotational states the gas is encountered by molecule, its photon will be absorbed 

and the molecule’s rotational state will be excited to a higher energy state from a lower 

one. A simple mathematical expression can be used for this. 

p j i
E E E  ,     (2.1) 

here, the photon energy 
p

E h  for radiation with frequency  . h  is Planck constant. 

i
E  and 

j
E  are rotational energies on lower and higher states respectively. The energy 

difference between them is small (less than 0.005eV) compared to vibrational or electric 

quantum state transitions (2-4eV for a typical electronic transition).  

 

2.3.2    Scattering 

When the photon energy does not match with the resonant energy of molecule, the photon 

will be scattered instead of absorbed. Scattering occurs when photons interact with 
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molecules, atoms or other particles in the atmosphere. Actually, the photons do not 

contact with the scatters exactly. In quantum theory, a photon is a quanta of 

electromagnetic energy. The positions and momentums of photons and scatters can be 

expressed by quantum wave functions, which can overlap when both photon and 

molecule get close enough in space, and then scattering occurs.  

 

Figure 2.9  Rayleigh and Mie scattering. 
Source: [77] 

 

There are two types of collisions: inelastic and elastic collisions. Photons in the 

THz range can only have elastic collisions with molecules, where the energy and 

frequency of the photon is unchanged. Due to the very small relativistic mass of the THz 

photon compared to the molecule in atmosphere, the effect of the scattering on the 

momentum of the photon is significant. So the trajectory of the photon is altered and 

electromagnetic wave is deflected or spread, while the changes of the gaseous scatter are 

negligible. Two types of scatterings are introduced here: Rayleigh scattering and Mie 

scattering. Rayleigh scattering occurs when the scatter size is smaller than the EM 

(Electromagnetic) wavelength, while Mie scattering predominates when the scatter size is 

comparable to or larger than the EM wavelength. From Figure 2.9, it can be seen that Mie 

scattering is more directional and its forward lobe is sharper and more intense for larger 

scatters. Mie scattering is the dominant type of scattering from airborne particulates for 
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THz and IR waves. 

 

(1) Mie Scattering 

Assume 
i

S  as the power density of an incident beam which is absorbed and scattered 

when incident on a scattering particle with geometrical cross-section area 2
A r . r  is 

the radius of a spherical particle. Absorption cross section is defined as the ratio of 

absorbed power 
a

P  to the incident power density 
i

S , 

a
a

i

P
Q

S
 .       (2.2) 

And the scattering cross section is defined as 

s
s

i

P
Q

S
 .      (2.3) 

Then the absorption and scattering efficiency factors can be expressed as 

2

a
a

Q

r



 ,      (2.4) 

2

s
s

Q

r



 .      (2.5) 

The total power loss is 
e a s

P P P  , and the corresponding extinction (attenuation) cross 

section e
Q and efficiency 

e
  are 

e a s
Q Q Q  ,      (2.6) 
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e a s
    .      (2.7) 

Mie investigated the solution for the absorption and scattering of laser beams expressed 

by normalized circumference   and the relative index of refraction n   

'

0

2 2
b

b

r r  
 

  ,     (2.8) 

p p

b b

n
n

n





   ,     (2.9) 

here, 
b
  and 0  are wavelengths in the background medium and vacuum, respectively. 

'

b
  is the real part of the relative dielectric constant of the background medium. 

p
n , 

b
n  

are complex indices of refraction of the particle material and of the background medium. 

And 
p

 , 
b
  are the corresponding complex dielectric constants. In the atmosphere, ' 1

b
  , 

1
b

n   and 0b
  .  

The extinction and scattering efficiencies can be calculated from Mie’s solutions by 

     2
1

2
, 2 1 Re

e l l

l

n l a b 






   ,    (2.10) 

    2 2

2
1

2
, 2 1

s l l

l

n l a b 






   ,   (2.11) 

where, Mie coefficients l
a , l

b  are related to   and n , and involve Bessel functions of 

complex functions. Due to the temperature dependence of refractive index, the extinction 

efficiency is frequency and temperature dependent. Figure 2.10 shows the extinction 
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efficiency with respect to frequency from 0 to 1000 GHz under different temperatures for 

a water drop radius is 1mm. The frequency responses of extinction, absorption and 

scattering efficiencies are shown Figure 2.11.  
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Figure 2.10 (a) Extinction (attenuation) efficiency with water drop radius 1mm (b)  
Logarithmic scale.  
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Figure 2.11 (a) Calculated extinction, absorption and scattering efficiencies with water 
drop radius 1mm (b) Logarithmic scale. (Temperature 20oC). 
 
 
(2) Rayleigh Scattering 

When the wavelength is larger than the particle size, Rayleigh scattering should be 

considered and the expressions for extinction and scattering efficiencies can be expressed 
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as 

  248
4 Im

3
e K K      ,    (2.12) 

248

3
s K   .     (2.13) 

Here, the complex term K expressed by refractive index n   

2

2

1

2

n
K

n





.      (2.14) 

The absorption coefficient can be obtained by 

 4 Im
a e s

K       .    (2.15) 

Figure 2.12 shows the extinction efficiency with respect to frequency from 0 to 1000GHz 

under different temperatures when water drop radius is 1mm. 

So, Rayleigh scattering and Mie scattering are both frequency and temperature 

dependent. Which kind of mechanism should be considered depends on the comparison 

between scatter size and EM wavelength.  
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Figure 2.12  (a) Predication of attenuation for frequency up to 1000 GHz; (b) 
Logarithmic scale. 

 

 
2.3.3    Scintillation 

At the receiver plane, atmospheric scintillation can lead to light intensity fluctuation in 

time and space [57]. In an atmosphere free of airborne particulates, the received signal 
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power fluctuates due to the thermally induced air refractive index changes along the 

propagation path. Atmosphere can act like a series of small lenses caused by these index 

fluctuations, which lead to deflection of parts of the laser beam into and out of the 

propagation path. Further introduction for this will be shown in Chapter 4. The time scale 

of these fluctuations, on the order of milliseconds, is related to the wind speed. After rain, 

fog, clouds, and dust, scintillation is the most significant factor in clear weather that 

causes degradation of THz wireless communication performance, which appears to be 

more significant for receiver with small aperture [78]. Scintillation effect can be 

accumulated and becomes more serious over a long distance. 

Since refractive index fluctuations in the atmosphere caused by the temperature 

fluctuations can deflect the laser beam from the receiver and disrupt its wave front, a 

constant laser beam will suffer intensity fluctuations and scintillation when it propagates 

through atmospheric turbulence as shown in Figure 2.13 [79]. In Figure 2.14, the index of 

refraction structure constant, which is always used to characterize scintillation effect, is 

shown. The scintillation strength depends on index of refraction structure constant Cn
2, 

wavelength of light and path length L through the atmosphere. These three parameters are 

combined together into the Rytov parameter.  
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Figure 2.13  Received laser intensity after  propagates through a turbulence atmosphere. 
Source: [79] 

 

 

Figure 2.14   Index of refractive structure constant variation from three different 
locations: Hanford Town Site, Nevada Test Site and Sequim Marine Site. 
Source: [79] 
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2.4    Weather effects on THz Communication Links 

The performance of THz and IR communication links is impacted differently by weather 

conditions such as fog, rain, snow, cloud, water vapor and atmospheric gases. The 

atmosphere attenuation of THz and IR waves at sea level for different weather conditions 

can be compared in Figure 2.8. For fog density of 0.058g/m3, the 1.5 µm wavelength IR 

signal suffers 20 dB/km power attenuation which is substantially larger than the 2 dB/km 

that 625GHz frequency suffers. So the communication systems at THz frequency could 

serve as a good candidate when IR signaling fails in fog.  

2.4.1    Attenuation Due to Rain for THz Communication Links 

In the rain environment, many measurements of THz power attenuation were reported and 

several raindrop size distributions and simulating models were found. Differences in the 

experimental and theoretical results indicate that further measurements are required to 

fully confirm these rain attenuation models and further theoretical models are needed to 

simulate these experiments.  

Rain attenuation at 103 GHz on a propagation distance of 390 m were measured 

by Utsunmiya’s group in 2005 [80]. They compared their measurements with the 

calculations based on several different raindrop size distributions - Marshall-Palmer, Best, 

Joss-Thams-Waldvogel and Weibull distributions as shown in Figure 2.15 and 2.16. And 

they found the Weibull distribution is the best fit to the measured values for 10 second 

and 1 minute integration time.  
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Figure 2.15 Comparison between measured and calculated attenuation due to rain for 103 
GHz frequency for integration time of 10 second. 
Source: [80] 
 
 

 

Figure 2.16 Comparison between measured and calculated attenuation due to rain for 103 
GHz frequency for integration time of 1 minute . 
Source: [80] 
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Babkin’s group conducted wave propagation at 313GHz in rain with rain rate up 

to 12mm/hr in the central part of the European part of the former Soviet Union [81]. Then, 

Ishii’s group calculate the corresponding attenuation due to rain by using Marshall-Palmer, 

Best, Polyakva-Shifrin and Weibull raindrop size distributions, and a specific attenuation 

model by ITU-R [82]. Figure 2.17 shows the measured attenuation due to rain is 

compared with the calculations under different raindrop size distributions. It can be seen 

that the experimental results are in very good agreement with the calculation from 

Weibull and ITU-R specific attenuation model. 

 

Figure 2.17 Comparison of measured and calculated attenuation due to rain for 313GHz 
frequency. M-P: Marshall and Palmer, P-S: Polyakva and Shifrin. 
Source: [82] 
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Figure 2.18 Comparison between measured and calculated attenuation due to rain for 
355.2GHz frequency. M-P: Marshall and Palmer, P-S: Polyakva and Shifrin. 
Source: [34] 

 
 

In 2011, Ishii’s group measured the rain attenuation at 355.2 GHz and compared 

their measurements with models based on many different raindrop size distributions and 

ITU-R specific attenuation model [34]. Comparison between measured and calculated 

attenuation values are shown in Figure 2.18, which proves that Weibull distribution and 

ITU-R model are in good agreement with their measurements, and the best fit is the 

calculation from ITU-R specific attenuation model. 

The measurements of THz attenuation at 120 GHz due to rain is measure by 

Hirata’s group for a 10Gb/s data rate during the heavy rain period and annual rain period 

over a distance of 400m [35]. The measurements are shown in Figure 2.19 and compared 

with the theoretical calculations using five rain drop size distributions:  Laws and Parsons 

distribution with heavy rain [L-P(H)] and light rain [L-P(L)], Marshall–Palmer 

distribution (M-P), Joss Thunderstorm distribution (J-T), and Joss Drizzle distribution of 
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(J-D). Results show that the L-P and ITU models agree well with the measurements in the 

range from 20 to 60 mm/h for the heavy rain period and from 10 to 80 mm/h for the 

annual rain period.  

 

Figure 2.19  Comparison between measured and calculated attenuation due to rain for 
120 GHz frequency during (a) heavy rainy period and (b) annual period. 
Source: [35] 
 

 

 

Figure 2.20  Measured and predicted BER for 120GHz wireless link with respect to 
power attenuation due to rain. 
Source: [35] 

 
 

Besides, they observed a discrepancy, which is shown in Figure 2.20, between 
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their experimental measurements and calculated values using random noise theory: the 

BER increases relative to the theoretical predictions as the rain attenuation increases, but 

the degradation of BER is worse than the theoretical value. So they thought there may be 

two possible reasons for this: wave front distortions (scintillations) due to the rain and the 

difference in the measurement cycle for rain attenuation of 1s and for BER of 100 ps. 

 
2.4.2    Scintillation Effects on the THz Communication Link 

Scintillation effects were observed experimentally at frequencies near 116, 140, 173, and 

230 GHz in clear weather, rain, fog and snow [83]. Shahid Ahmed Khan’s group 

measured the scintillation effects at 97 GHz and used the Mousley-Vilar equation to 

model the long-term probability distribution of scintillation amplitudes [84]. In Bao’s 

study, he found that the Rytov’s method is a good model to characterize the scintillation 

effect on THz wave and show that the scintillation effect is very important for the 

practical THz propagation. There are some more experimental results concerning the 

effect of scintillation on THz communication [85-87].  

The scintillation effects due to wind on 125 GHz frequency propagating in free 

space is measure by Yamaguchi’s group [33]. The whole transmitter and receiver systems 

are covered by weather-proof boxes to isolate the effects of weathers. A telescope finder 

was used and its axis was aligned with the antenna axis to detect the receiver axis 

deviation. In Figure 2.21, the receiver axis deviation increases when the wind velocity is 

increased, and this lead to the decrease of the input power. But, they did not observe the 

increase of BER caused by the wind because the input power was always greater than the 

minimum required value. 
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Figure 2.21   Measured input power with respect to wind velocity and receiver axis 
deviation. 
Source: [33] 

 
 

Even though there are lots of theoretical and experimental works about the effects 

of outdoor THz wireless performance, a comprehensive analysis is still needed. That’s 

because it is challenging to measure the impact of these effects under outside weather 

conditions due to its long observation time and difficulty in obtaining some occurrence of 

similar weather conditions to verify results of independent measurements.  In this 

dissertation, experimental and theoretical characterization and investigation of the 

weather conditions on THz and IR wireless communication channels are demonstrated. 

Different methods are introduced to control the weather conditions to emulate the outdoor 

environments. 

2.5    Summary 

In this chapter, a complete review of the THz wireless communication technology 

together with its block diagram and performance is described. Different kinds of 

transmitters and receivers and its mechanisms are detailed. Fundamentals of IR 

technology together with its advantages and disadvantages for communication are 

outlined. The principle composition of the atmosphere is listed and the attenuation of 
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electromagnetic radiation due to different components is shown. The main degradation 

effects on THz and IR wireless communication links by outdoor weather conditions, such 

as absorption, scattering and scintillation, are introduced. Mie theory and Rayleigh 

scattering theory can be employed for the prediction of the attenuation of signals due to 

the weather conditions. The present studies about many kinds of weather conditions on 

THz communication are shown briefly.
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CHAPTER 3 

EXPERIMENTAL SETUP OF COMMUNICATION CHANNELS 

 

THz and IR wireless communication setups were developed in our lab for the comparison 

of the signaling performance of THz and IR links under different weather conditions. In 

this chapter, the experimental design of the frequency multiplier chain based 625GHz 

communication link is presented mainly [54]. The IR wireless communication link at 

1.5μm wavelength [88], duobinary modulation technique [89, 90] and a Mach-Zehnder 

Interferometer [91] are also described. 

3.1    625 GHz Wireless Communication Systems 

A frequency multiplier chain based 625 GHz wireless communication system was 

developed in our lab, which can obtain high output power and larger transmitter 

bandwidth at a high carrier frequency. In the system, a duobinary modulation technique is 

employed to ensure that a sufficiently narrow spectrum bandwidth can be efficiently 

passed through an up-converting frequency multiplier chain [92]. This 625 GHz source 

can realize large power output when compared with current commercially available 

transmitter architectures. A Schottky diode operating in direct detection modes is 

employed on the receiver side to covert the THz signal to baseband. This design is less 

complex than mixer based receivers. Figure 3.1 shows the block diagram of this setup 

where the main transmitter and receiver components are evident. 

3.1.1    THz Transmitter 

The THz transmitter (Virginia Diodes Inc.), based on a Frequency-Multiplier-Chain, can 

realize maximum output power of about 1 mW  operating in a continuous wave mode.  
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It is composed of an amplifier driven at 2 W saturation power followed by four frequency 

doublers and one frequency tripler. All of them are based on biased Schottky diodes, 

which feed a horn antenna with aperture of 2.4 mm. As a result of the frequency 

multiplication, a frequency band between 585 GHz and 653 GHz can be up-converted 

from a launched tone within the frequency acceptance band between 12.2 GHz and 13.6 

GHz.  

 

(a) 

 
      (b)                                                    (c) 

Figure 3.1 (a) Schematic of up converting frequency multiplier chain based 625 GHz 
transmission link, (b) Snapshots of the transmitter and receiver. 
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3.1.2    Transmission Channel  

A THz lens with short focal length of 32 mm is employed to collimate the output of the 

horn antenna with beam diameter of ~ 15 mm. Then the beam is transmitted up to a 

length of 3 meters, and coupled by an identical THz lens into a similar horn antenna with 

its output connected to a zero biased Schottky diode. 

 

3.1.3    THz Receiver and Signal Detection  

The detector operates in the low power region with input power smaller than 10 μW. This 

detector is good approximation a square law converter with a responsitivity of about 2500 

V/W at 600 GHz. The Schottky diode’s output is amplified by about 42 dB using two 

amplifiers (80 kHz-7 GHz pass band, 6 dB noise figure, maximum output power ~19 

dBm) and filtered by a quasi-Gaussian low pass filter (LPF-2) with 3GHz 3dB-bandwidth. 

A 6 dB electrical power splitter launches one output (Vpp ~ 500mV) to a Bit Error Rate 

Tester (BERT) and the other to a 2.5 Gb/s NRZ clock recovery circuit that synchronizes 

the measurement equipment. 

The detector used is based on commercially available Schottky diodes.  Such 

design is sub-optimal for high-speed signaling. Under low input power, the video 

resistance of the diodes is nominally ~ 1.5k Ohm and connected via a series of 50 Ohm 

transmission lines and cables to an external high-speed electrical amplifier with matched 

input impedance [94]. For low speed applications and after replacing the amplifier with a 

high impedance device, a voltage of about 70 mV at the Schottky diode output is 

detectable. However with 50 Ohm termination of the diode a significantly smaller voltage 

level is accessible at the high-speed amplifier input.  
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3.2    1.5 µm IR Wireless Communication System 

The block diagram of the main transmitter and receiver elements of IR communication 

link with data acquisition interfaces is shown in Figure 3.2.  

 
(a) 

 
      (b)                                                                                      (c) 

Figure 3.2 (a) Schematic diagram of IR wireless communication link, (b) IR transmitter, 
(c) IR receiver and signal detection. 
 

3.2.1    Transmitter and Receiver Elements of IR Communication Link  

In Fig, 3.2 (a), the IR transmitter is composed by a DFB (distributed feedback) laser with 

output wavelength ~1550 nm, a Mach-Zehnder optical modulator, a high power EDFA 
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(erbium-doped fiber amplifier), a narrow bandwidth optical filter with bandwidth of ~1 

nm, a low loss VOA (variable optical attenuator) and a FPC (fiber based polarization 

controller). Standard single mode fibers are used for connections.  

The beam splitting ratio is polarization dependent and the FPC is adjusted to 

achieve the maximum detectable receiver power. The Mach-Zehnder modulator is driven 

by the same 2.5 Gb/s NRZ signals as the THz transmitter. An EDFA amplifies the 

modulator output to about 25 dBm, which is the maximum input power of the bandpass 

filter. This reduces the detection of spontaneous emission on the receiver side.  

 
The IR transmitter is driven by the same 2.5 Gb/s NRZ data pattern as the THz 

transmitter. The IR beam is expected to about 15 mm diameter by a fiber collimator, 

which is comparable to the THz beam size before the iris. The collimated IR beam is 

superimposed with the THz beam using a thin (2 μm) Pellicle Beamsplitter (Thorlabs) 

with 55% reflection ratio at 45o incident angle, and transmitted through the turbulence 

chamber. After emerging from the chamber, the beam is deflected with a similar beam 

splitter which taps off a fraction of the IR power leaving the chamber and launches it 

towards a large area free space photodetector with effective area of 19.6 mm2. The 

remaining beam power is coupled via a fiber collimator into a 1×2 multimode fiber 

(MMF) coupler with 50:50 splitting ratio. A fraction of its output power is launched to a 

DC-coupled IR lightwave convertor (Agilent 81495A) with large bandwidth. The 

remaining IR power enters another 1×2 multimode fiber (MMF) coupler. A low 

bandwidth photodetector with a standard single mode fiber (SSMF) is coupled to one 

output port while the other is connected to a photodetector via MMF. The outputs of the 

free space detector (PD_FS), the PD connected to SSMF (PD_SSMF) ( core diameter 
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~9μm), and the PD connected to MMF (PD_MMF) (core diameter ~50μm) are recorded 

via a DAQ board with 16 bit resolution and a maximum sampling rate of 125 kHz. The 

sampling rate is sufficiently high to track even the fastest fluctuations of the signals which 

has been verified by measuring the spectrum of the PDs’ electrical output signals. There 

are essentially no fluctuations in IR power above a few tens of kHz. A lightwave 

convertor, which is accessible via general purpose interface bus (GPIB) is used for both 

data detection and measuring the optical power of the incoming signal (Siegel, 2004). The 

ac-output of the bias tee is strongly attenuated and thereafter amplified in order to level 

the signal-to-noise ratio (SNR) such that BERs around 10-7 and higher can be adjusted 

while satisfying the BERT requirements of input voltage swings between 250 mV and 2 V.  

3.2.2    Data Acquisition  

The output of PD_FS, PD_SSMF, and PD_MMF are recorded via a DAQ board with 16 

bit resolution and  up to 125  kHz  sampling  rate,  sufficiently  high  to  track  even  the  

fastest fluctuations of the signals. BERs, RF power of THz signal, and optical power of 

the IR signal are recorded via GPIB. A LabView time controller, set to a minimum clock 

rate of 500 ms, which the GPIB interface can handle, synchronizes all recordings. 

3.3    Duobinary Modulation 

Duobinary modulation is a scheme for transmitting data rates using less bandwidth 

compared to regular (non-return-to-zero) NRZ modulation by applying phase coding and 

pulse widening [93]. In the setup, the source’s acceptance frequency band between 12.8-

13.6 GHz for an applied input RF tone requires multi Gb/s data rate signals with 

comparably narrow bandwidth such that intersymbol interference (ISI) effects caused by 
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bandwidth reduction can remain small [95-97]. So, the delay-and-add approach is 

employed to generate the duobinary modulation. 

As shown in the signal modulation block of Figure 3.1, a 2.5 Gb/s NRZ format is 

generated by a PPG (pulse pattern generator) with adjustable output power. The signal is 

divided into two replicas by means of a wideband 6 dB electrical power splitter and one 

branch is delayed by the duration of a bit (400 ps) with respect to the other. The replicas 

are combined with another 6 dB power splitter, terminated with 10 dB 50 Ohm 

attenuators at both input, in order to achieve better impedance matching and less 

reflections. The resulting signal possesses three amplitude levels (-1, 0, 1). A quasi 

Gaussian low pass filter (LPF-1) with about 1700 MHz 3 dB bandwidth is then applied to 

reduce the spectral width of the signal, mainly by cutting off its tail. This signal is 

launched into the intermediate frequency (IF) port of a double balanced mixer where the 

data modulates the output of a frequency synthesizer that is connected to the local 

oscillator (LO) port. It is a specific feature of the double-balanced mixer that a negative 

input at the IF port causes a 180 degree phase shift of the signal at the radio frequency 

(RF) output. This is utilized to establish the required phase coding for duobinary 

modulation. The data signal enters the THz source and modulates the THz radiation 

which emanates from the horn antenna of the THz source with 2.4 mm aperture. Note, 

after the first frequency doubler of the source, the duobinary phase coding is eliminated 

due to the squaring operation of the Schottky diode. 

3.4    Mach-Zehnder Interferometer 

To characterize the turbulence induced phase change, visible light (632.8nm) from a 

Mach-Zehnder Interferometer (MZI) is co-propagated with the THz and IR beams. Figure 
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3.3 shows the schematic diagram of the MZI design embedded in the test bed. A He-Ne 

laser beam (632.8nm) with a diameter of 2 mm is first split into two parts by a beam 

splitter (BS1) and then recombined by a second beam splitter (BS2). The combined 

beams form localized interference fringes. One part of the visible beam co-propagates 

with the THz and IR beams at a small angle (< 3o) while the other part of the visible beam 

propagates through ambient air which is isolated from the turbulence chamber 

(90×40×30cm3). Air flows into the chamber with constant velocity and temperature.  

 
(a) 

 
        (b)                                                    (c) 

Figure 3.3 (a) Schematics of a Mach-Zehnder interferometer setup to characterize 
turbulences with visible light. (Lab=Lbc=Lcd=15cm); Inset: Position of photodectors D1, 
D2 relative to interference fringe intensity; (b) and (c) corresponding setup in the 
laboratory. 
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The refractive index change of the turbulent air inside the chamber relative to the 

ambient air leads to phase change and deflection of the beams passing through the 

chamber. The total phase change of a wave represents the accumulated turbulence impact 

in this chamber. To investigate the phase change, a beam splitter (BS3) is used to split the 

visible beam and launch parts of it after magnification onto two photo-detectors (D1, D2). 

The detectors’ apertures are about 500μm which is small compared to the width of the 

interference fringes (~5mm). In the absence of air flow and turbulence, D1 is adjusted to 

detect the interference fringes at a medium intensity and D2 to detect the peak 

interference fringe intensity. By comparing the D1 and D2, and measuring whether the 

power at D1 is increasing or decreasing, one can analyze the sign of the phase change. 

Since the refractive index changes are similar in all three wavelength bands [16], 

measuring it at visible wavelengths allows us to estimate the cumulative refractive index 

fluctuations inside the turbulent air for the THz and IR signals. 

The 632.8nm laser beam is considered as a uniform plane wave and is split by 

BS1 as 

 1 1 0 1expU A j ks    ,      (3.1) 

 2 0 2expU A j ks    ,     (3.2) 

where A  is amplitude, 0  is initial phase delay, k  is the wavenumber, and 1s  and 2s  are 

the path lengths shown in Figure 3.3. The total field at the point of BS2 is the sum of the 

two fields  
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   1 2 0 1 0 2exp exp
total

U U U A j ks A j ks             .                      (3.3) 

The intensity at this point is  

2 2 * *

1 2 1 2 1 2total
I U U U U U U      .     (3.4) 

Equation (3.4) can be rewritten as  

       

2 2

2 2

0 1 0 2 0 1 0 2exp exp exp exp

total
I A A

A j ks j ks A j ks j ks   

 

                     
 

 (3.5) 

Simplifying Eq. (3.5), one can get 

   
  

2 2 2 2

1 2 2 1

2

1 2

exp exp

2 1 cos

total
I A A A j ks ks A j ks ks

A k s s

           
    

.                           (3.6) 

Let 1 2s s   being the path difference due to the refractive index change, and can be 

written as 1 2s s n L    . L  is the chamber length. Then Eq. (3.6) can be 

 22 1 cos
total

I A k nL     .     (3.7) 

Equation (3.7) shows that the intensity of the interference pattern should be a 

cosine squared distribution which was first observed by ThomasYoung in 1801. 

After BS3, the voltages detected by D1 and D2 are 

 1 0 1 cos 2V V k nL       ,    (3.8) 
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 2 0 1 cosV V k nL     .     (3.9) 

So, one can infer the phase change by an unwrapping algorithm from  

    2 0 1 0

0 0

cos sin
V V V V

k nL j k nL j
V V

    
       

   
.   (3.10) 
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(b) 

Figure 3.4 (a) Theoretical output of photodetectors D1 and D2 and (b) it’s corresponding 
phase change. 
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Figure 3.5 Calculated phase change based on our method and unwrapping algorithm. 

 

 
Assume the outputs from photodetectors D1 and D2 based on Eqs. (3.8) and (3.9) are 

shown in Figure 3.4 (a) and Figure 3.6(a) with the assumed corresponding phase 

difference shown in Figures 3.4 (b) and 3.6 (b). By using the method shown in Eq. (3.10) 

and unwrapping algorithm in Matlab 2012b, the calculated phase changes are shown in 

Figures 3.5 and 3.7, which are identical to the input phase change in Figures 3.4(b) and 

3.6(b). So this confirms that the unwrapping algorithm works well for the phase 

difference calculation. 

 

 

 

 

 

 

 



53 

 

0 1 2 3 4 5 6
0

1

2

3

4

5

6

Time (s)

V
o

lta
g

e
( 

a
.u

. 
)

 

 

V1

V2

 
(a) 

0 1 2 3 4 5 6
-10

0

10

20

30

Time (s)

P
h

a
s
e

 C
h

a
n

g
e

 (
  

)

 
(b) 

Figure 3.6 (a) Theoretical output of photodetectors D1 and D2 and (b) it’s corresponding 
phase change. 
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Figure 3.7 Calculated phase change based on our method and unwrapping algorithm. 
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3.5    Summary 

A Frequency-Multiplier-Chain based 625 GHz transmitter is detailed in this chapter, 

which can realize high output power and larger transmitter bandwidth at a high carrier 

frequency. The THz wave is radiated by a horn antenna and collected by a similar horn 

antenna with a THz lens. In the receiver side, the detector is based on Schottky diodes 

which can realize high-speed signaling. A duobinary modulation is generated by using the 

delay-and-add approach to get a sufficiently narrow spectrum bandwidth. The IR 

transmitter is composed by DFB laser, Mach-Zehnder optical modulator, EDFA, optical 

filter, optical attenuation and fiber based polarization controller. In the IR receiver side, 

the IR signal is split to several parts for the power detection and scintillation effect 

confirmation. In this setup, Labview software is used for the instrument controlling and 

data recording. A Mach-Zehnder interferometer is developed to measure the phase change 

induced by the atmospheric turbulence in the communication links. The acoustic noise 

induced by the air supplier for the air turbulence generation is analyzed also in this 

chapter. 
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CHAPTER 4 

ATMOSPHERIC THURBULENCE THEORIES 

 

It is well known that rain, snow, fog, dust, etc. influence the transmission of laser beams 

through the atmosphere by three effects: absorption, scattering, and atmospheric 

turbulence. Absorption and scattering by the constituent gases and particles of the 

atmosphere give rise primarily to attenuation of the laser beam. In clear weather 

conditions, apart from absorption and scattering, atmospheric turbulence also impairs the 

laser beam performance [98-100].  

4.1    Air Turbulence Introduction 

As a laser beam propagated through the atmosphere, it suffers attenuation and scintillation 

effect. Attenuation refers to the scattering and absorption due to aerosols and molecules 

[71, 106-108]. The absorption and scattering is the main contribution to signal attenuation 

[107]. When the scattering particle is comparable in size with the laser wavelength, Mie 

scattering occurs and the laser beam is scattered to the forward direction as mentioned in 

Section 2.3. In general, atmospheric attenuation is mainly dependent on the different 

weather conditions.  

In the presence of clear weather for which attenuation and scattering by airborne 

particulates should be minimal, the propagation of a laser beam can still be affected by air 

turbulence. Radiated solar radiation penetrates into earth’s atmosphere and absorbed by 

the earth. This leads to the air around the earth surface becomes warmer and lighter than 

at higher altitudes. So the warmer and cooler air mix thoroughly with each other to 

become uniform, and this causes the random fluctuation of the air temperature [101, 102]. 
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So, turbulence is caused by the temperature inhomogeneities presents in the atmosphere 

[103, 104] which can also be understood as air pockets of different sizes with changing 

temperatures. These air pockets of variable temperatures can act like prisms with different 

refractive indices, which will alter the directions of the laser beam when it propagates 

through the atmosphere. Then random fluctuation of the received signal power and phase 

front distortion occur [105], and further degrade the performance of wireless links. 

Atmospheric turbulence can be characterized by the inhomogeneity of the refractive 

index in the atmosphere along the beam path due to spatial and temporal temperature 

fluctuations. So, when the propagating laser beam suffers intensity fluctuation at the 

receiver side, scintillation effect occurs. For long paths ( > 1km ) parallel or near to the 

ground, scintillation is dominant and can lead to a time-varying fading effect on the order 

of milliseconds.  

Some effects of the atmospheric turbulence are listed as follows [109, 110] 

(1) Scintillation – The phase front of the laser beam is distorted due to the variation of the 
index of refraction, thus leading to the irradiation fluctuation or scintillation. 
 

(2) Beam spreading – The laser beam is spread by diffraction in the propagation path, 
thus resulting in the beam spreading. 
 

(3) Beam wandering – The deflection of the laser beam is caused when the diameter of 
the turbulence eddies are greater than the laser beam diameter. 
 

(4) Beam steering – The beam is out of the receiver aperture range due to the angular 
deviation of the beam from its initial Line-of-sight target.  
 

(5) Image dancing – The focus of the laser beam moves randomly in the receiver plane 
due to the variations of the arrival-angle of the beam. 
 

4.2    Air Turbulence Characterization 

Based on the theory of turbulence and laminar movement of viscous fluid, the 
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atmospheric turbulence can be modeled and studied. The Reynolds number 
e o

R vl v , as 

a very important parameter in the fluid dynamics, is usually used to characterize the 

turbulence flow of a viscous fluid. This parameter is a non-dimensional quantity defined 

by Reynolds with vo as the kinematic viscosity in m2/s, v as the characterized velocity of 

flow in m/s and l (m) as the dimension of the flow. =2000
e

R  is regarded as a critical 

value. When the Reynolds number exceeds this value, turbulence flow occurs [111]. 

Similarly, atmospheric turbulence caused by the variation in the air temperature and 

pressures contributes to the fluctuation of index of refraction [108, 106]. 

 

Figure 4.1 Atmospheric channel based on velocity fluctuations with turbulent eddies. 
Source: [108] 

 

Principally, Navier-Stokes equations can be employed to model turbulence [112]. 

But, because this modelling is a nonlinear process, it will be very complex. So, 

Kolmogrov theory is given which employs energy cascade theory for the explanation of 

turbulence baded on dimensional analysis and approximations for simplification [108]. 

According to cascade theory, when the wind velocity reaches to one point where the 

critical Reynolds number exceeds the normal air flow, air pockets of different 

temperatures and variable sizes are formed and distributed randomly. As mentioned 

previously, the turbulence can be understood as air pockets of different sizes with 
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changing temperatures floating in the air. The air pockets’ scales range from an outer 

scale also called the larger scale size L0 to the inner scale called the small scale size l0. 

During the turbulence process, larger air pockets can be broken by inertial forces into 

smaller ones. Formation of wind shear or convection is responsible for the large scale 

energy pockets, while small scale pockets (smaller than the inner scale) leads to the 

dissipation of energy from these air pockets [108]. These small air pockets act like prisms 

to trigger a random interference effect between different points of the propagating beam 

and then distort wave front as shown in Figure 4.1. 

Air pockets are usually considered to be statistically uniform and isotropic. They 

are smaller than the outer scale L0 which grows linearly with respect to the height above 

the ground from the observer to about 100 meters. This means that the velocity field is 

constant in its mean value and the correlations between random fluctuations from point to 

point just depend on their separation instead of the observation points in the field. In 

Kolmogorov theory, the longitudinal structure function of the wind velocity along the 

propagation path of the wireless link between two points i and j follows a power law 

equation in [113, 114] 

   
2/32

2
0 0

2 4/3 2

0 0

,

, 0

v ij ij

v ij i j

v ij ij

C L l L L
D L v v

C l L L l


   


.                                     (4.1) 

Here the velocity structure constant 2

v
C  is a measure of the total amount of the energy in 

the turbulence. i
v  and 

j
v are the velocity components at point i and j. Mostly, The 

atmospheric turbulence can be explained by velocity fluctuation. Alternatively, the 

temperature structure function can also be used to characterize turbulence by following a 
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similar power law equation [108, 115] 

   
2 2/3

2 0 0

2 4/3 2

0 0

,

, 0

T ij ij

T ij i j

T ij ij

C L l L L
D L T T

C l L L l


    
.                                   (4.2) 

Here 2

T
C  is the temperature structure constant. 

i
T  and 

j
T  represent the temperature at 

point i and j. There is a 2/3 power law behavior in the upper expression in Eqs. (4.1) and 

(4.2), corresponding to the inertial subrange. Kolmogorov first suggested it on the basis of 

dimensional analysis [108]. At small distances, the quadratic behavior of the structure at 

small separation distances can be conducted by employing Taylor series. The temperature 

structure function based on the temperature gradient along the laser beam path is a very 

easy and useful method to characterize the atmospheric turbulence. In our research, this 

method is employed to characterize the atmospheric turbulence, and it will be found that 

it is very convenient and accurate.  

For the characterization of the atmospheric turbulence and the description of the 

intensity fluctuation, many statistical models, such as log-normal distribution model, 

gamma-gamma model, K-distribution model and negative exponential distribution model, 

were developed. But none of them is suitable for all the turbulence conditions due to the 

non-stationary nature of turbulence [108]. Log-normal distribution model is uniquely 

defined by a signal parameter directly related to the weather measurements. It is widely 

employed for weak turbulence because that it is mathematically simple and matches well 

with the experimental measurements for weak turbulence. The gamma-gamma model 

could be used to characterize both the strong and weak turbulence conditions [115, 17, 

117]. The K-distribution, as a special case of gamma-gamma model, is found suitable for 
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strong turbulence [118-120]. The negative exponential distribution is always used for 

saturation regimes [121]. In this chapter, the log-normal model is employed due to its 

simplicity and the generated weak turbulence in the setup.  

4.2.1 Log-normal Model 

As the name implies, the log-amplitude of laser intensity follows a normal (Gaussian) 

distribution when the central limit theorem is applied [120]. The laser intensity of laser 

sections scattered from a great number of independent scatters is modeled along the beam 

path in the medium.  

The electric field ( )E r  of a monochromatic wave propagating in the atmosphere 

can be conducted from Maxwell’s equation as [99, 122] 

 2 2 2( ) ( ) ( ) ( ) 0E k n E E    r r r r ,     (4.3) 

where, 
2

k



  is the wave number. The last term of Eq. (4.3) refers to the turbulence 

induced depolarization part of the propagating wave in atmosphere, which can be ignored 

when the scale of turbulence is larger than the wavelength [71, 123]. ( )n r  refers to the 

random refractive index which can be expressed as a free-space term plus turbulence-

induced term as 

( ) 1 ( )
t

n n r r .     (4.4) 

According to Rytov approximation, the electric field can be expressed in the 

complex form as the multiplication of unperturbed and perturbation terms 
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 0 1( ) exp ( ) ( )E   r r r .     (4.5) 

Here,  0 0( ) exp ( )E  r r is the unperturbed incident field and  1exp ( ) r  refers to the 

first order perturbed field due to turbulence. The other orders of perturbation terms are 

neglected for simplification, which is valid for weak turbulence conditions. The 

turbulence-induced field fluctuation can be written as 

1( ) ( ) ( )j   r r r .      (4.6) 

Here, 1( ) r  is Gaussian distributed, so ( ) r  denotes the log-amplitude fluctuation in 

Gaussian distribution and ( ) r  denotes the log-phase fluctuation in Gaussian distribution. 

Therefore, the field irradiance in terms of intensity fluctuations at any point in the 

atmospheric turbulence along the beam path is 

2 2 2 ( )

0( ) ( ) ( ) eI E E
  rr r r  .    (4.7) 

The field amplitude follows log-normal distribution due to the Gaussian 

distribution of ( ) r  as 

    2

22

1
exp

22

E
p



 




 
  
 
 

,    (4.8) 

where  E   denotes the mean of the log-amplitude and 
22 2

    refers to the 

log-amplitude variance, which is usually related to the Rytov variance 2

R
 . Using the 

Kolmogorov spectrum in the study of plane waves or spherical waves, it is customary to 

distinguish these cases by values of the log-amplitude variance for spherical wave and 
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plane wave [108] 

  5 62 7 6 2

0

0.56
L

n
k C L d          plane wave,    (4.9) 

    5 6 5 62 7 6 2

0

0.563
L

n
k C L L d           spherical wave,   (4.10) 

where, k and L represent wave number and parallel path length. 2

n
C  is regarded as a 

constant for horizontal propagation of a field in the atmospheric turbulence. Considering 

the relation between intensity and amplitude, the log-intensity can be expressed as 

2

0

(r)
ln 2

(r)

E
l

E


 
  
 
 

 .     (4.11) 

So, the intensity follows the same log-normal distribution which can be derived by 

invoking the transformation of variable as 

 
 

2

0

22

ln
1

exp
22 ll

I
E l

I
p I

I 

           
 
 
 

 .   (4.12) 

Here, the log-intensity variance can be 
2 24
l    based on Eq. (4.11), and the mean log-

intensity can be    2E l E  . Some experimental results have shown that the intensity 

fluctuations obey log-normal distribution for weak atmospheric turbulence conditions 

[124].  
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From Eq. (3.8) with a normalized mean, i.e., 2 ( )

0

( )
e 1

( )

I
E E

I

 
     

 
rr

r
, so  

  2 ( ) 2 2e exp 2 ( ) 0.5 2 1E E


       
r r .   (4.13) 

So, one can conclude   2 2
l

E l   . Then, the log-normal pdf based on Eq. (4.12) is 

plotted as shown in Figure 4.2 with irradiance variance 0.1, 0.2, 0.5. The log-normal 

distribution is more skewed with longer tails towards infinity with variance increasing, 

which confirms the intensity fluctuation increase due to atmospheric turbulence. 
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Figure 4.2 Log-normal probability density function with respect to irradiance for 
different irradiance variances 0.1, 0.5, 0.8. 
 
 

The scintillation index refers to the variance of irradiance fluctuation scaled by the 

square of the mean irradiance, which can be given by Rytov variance under Rytov 

approximation to  
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2 2 7/6 11/61.23
R n

C k L       plane wave,                                               (4.14) 

2 2 7/6 11/60.5
R n

C k L        spherical wave .                                         (4.15) 

Weak fluctuations are associated with 2 1
R

  , and strong fluctuations are associated with 

2 1
R

 . The Rytov variance implies the normalized irradiance variance in weak 

fluctuations, and also is considered as a representation of turbulence strength related to 

2

n
C  and the path length L  [108, 113, 125]. 

 

Table 4.1 Strength of Turbulence Based on Rytov Variance 

Turbulence Strength 
2

R
  

Weak < 0.3 

Medium ~ 1 

Strong >> 1 

Source: [108] 
 

4.2.2 Gamma-gamma Model 

The gamma-gamma turbulence model considers that the light intensity fluctuation is 

attributed to the small scale and large scale atmospheric effects [126]. The small scale 

leads to scattering (scintillation) by air pockets smaller than the Fresnel zone 

 1 2

F
R L k  or the coherence radius 0  of the light, whichever is smaller. Here k refers 

to wave number and L stands for the propagation distance. Large scale effects lead to 

refraction which are due to the air pockets that are larger than the first Fresnel zone or the 

scattering disk 0L k  , whichever is larger. In gamma-gamma distribution, the received 
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intensity of the light can be expressed as the product of two independent random variables 

x
I  and 

y
I  , 

x y
I I I . Here, both variable arise from large to small scale air pockets and 

obey gamma-gamma distribution with probability density function (pdf) as 
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x x x
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p I I I

 
 





   


 ,   (4.16a) 
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 .   (4.16b) 

Here,  and   are the effective number of large and small scale cells, respectively. 

Changing one variable as 
y x

I I I , the conditional pdf can be obtained as 

   
   

1

exp , 0x

x x

x

I I
p I I I I I

I

 






  


.   (4.17) 

Here, 
x

I  is regarded as the mean value of I . In order to derive the unconditional 

intensity distribution, an average over the Gamma distribution of (4.16a) on Eq. (4.17) is 

conducted and the gamma-gamma distribution function is obtain as  
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( ) 2
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.   (4.18) 

Here,     stands for the gamma function and  K    represents the modified Bessel 

function of the 2nd order of   . When a plane wave is assumed, the effective numbers 
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 and   can be expressed as [127-129] 
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If spherical wave is assumed, then the parameters become [128, 130] 
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.   (4.20b) 

Here, 2 4d kD L  with D the receiving lens aperture diameter.  

The gamma-gamma turbulence model can be used to characterize turbulence with 

any strength from weak to strong. Based on Eq. (3.19), the distribution is plotted in 

Figure 4.3 under different turbulence strengths, which shows that the distribution spreads 

more under higher turbulence strength.  
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Figure 4.3 Gamma-gamma probability density function with respect to irradiance for 
different turbulence strengths: weak, moderate and strong.  

 

4.2.3 K-distributed Model 

The K-distributed model, as a special case of gamma-gamma model when 1  , is a 

useful method to characterize strong turbulence [131] when the scintillation index ranges 

from 2 to 3 or the propagation length is larger than 1km [132]. The distribution function 

can be expressed by setting 1  , 

      1

0

,1 1, , 0p p

K p p

p

f I a I a I I
 


 



     ,    (4.21) 

where, the effective number  lies between 1 and 2 [133].  

4.2.4 Negative Exponential Model 

The negative exponential model is usually employed to characterize the intensity 

fluctuation in the saturation regime [115, 134], which can be given by  
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exp , 0NE

I
f I I

I I

 
   

 
 .    (4.22) 

Here, the mean intensity   0E I I  is assumed to be unity in the saturation regime. So, Eq. 

(4.22) becomes 

   exp , 0
NE

f I I I   .     (4.23) 

The exponential distribution based on Eq. (4.22) under different mean intensities 

are shown in Figure 4.4, where the mean values of the distribution reduces significantly 

with the intensity as I0 decreases.  
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Figure 4.4  Negative exponential probability density function for I0 = 0.5, 1, 2. 

 

4.3    Attenuation due to Atmospheric Turbulence 

Atmospheric refractive index is greatly related to temperature, humidity and pressure. 
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However, it is found that the temperature has a more significant influence than the 

humidity and atmospheric pressure to the atmospheric index in the optical wave band 

[135]. As one of the most significant parameters of the atmosphere for optical wave 

propagation, the refractive index n is very sensitive to small-scale temperature 

fluctuations. In Eq. (4.4), the first term 0 ( , ) 1n n r t  is the mean value, and the 

second term 
1( , )n r t  is random deviation from its mean value due to spatial variation of 

pressure and temperature of the air.  

The refractive index of air in the millimeter wave band up to a few hundred GHz can be 

well approximated as [136] 

677.6
1 4810 10v

mmW a

P
n P

T T

      
,                                          (4.24) 

where T, Pa, Pv stand for the temperature in kelvin, the atmospheric pressure in millibars, 

and the water vapor pressure in millibars, respectively. The water vapor pressure can be 

= T 216.7
v

P   with water vapor density   in unit of g/m3. Similarly, for IR wavelengths 

the refraction index of air can be written as [16] 

61 79 10 a
IR

P
n

T

    .                                                       (4.25) 

In this formula, the pressure fluctuations are usually negligible, and the 

contribution of humidity in refractive index fluctuation is insignificant [137]. Therefore, 

the refractive index fluctuations in the range of THz and IR regions are mostly dependent 

on the random temperature fluctuations in clear weather conditions [108, 139]. 

A widely used parameter, which is called refractive index structure parameter (RISP) 2

n
C , 
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is employed to characterize the atmospheric turbulence based on the altitude h of the 

atmosphere [138, 139].  

           
1022 5 6 ˆ0.005 27 10 exp 1000 2.7 10 exp 1500 exp 100

n
C h v h h h h

       A , 

(4.26) 

where Â is a normal value of  2 0
n

C  at the ground level in m-2/3, and wind velocity v ~ 21 

m/s. From Eq. (4.26), it is found that the parameter 2

n
C  varies with h of the atmosphere 

and is almost considered to be constant for a horizontally propagating field. The typical 

average values of 2

n
C  is 10-12 m-2/3 -10-17 m-2/3 for the strong to weak turbulence regimes, 

respectively [140]. Practically, 2

n
C  is a measure of the strength of the fluctuations in the 

refractive index. The value of 2

n
C  along the propagation path can be calculated by 

incorporating the temperature structure function 2

T
C  and is given as [108, 141]: 

2

2 21
n T

dn
C C

dT

   
 

.      (4.27) 

The temperature difference is obtained from point measurement of the mean 

square temperature difference between two temperature sensors at two different points. 

This allows us to determine the parameter 2

T
C  for any given length L using Eq. (4.2). The 

RISP 2

n
C  can be inferred by using Eq. (4.27): in terms of power spectrum of refractive 

index fluctuations, the power spectral density for refractive index fluctuations over 

turbulence channel is given by [115, 142] 
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  2 11 3

0 00.033 , 2 2
n n

k C k L k l   ,                              (4.28) 

where k is the spatial wave number and valid only for inertial sub-range defined in Eq. 

(4.28). In general, the spatial power spectrum of refractive index fluctuations is 

considered to be the same for temperature and velocity fluctuations. For a wide range of k, 

Eq. (4.28) is modified by Tatarskii and von Karman as given in [143]. 

Evaluate and characterize the turbulence based on theory is very challenging and 

complex.  This is because the observable atmospheric channel quantities such as 

temperature, pressure, and wind velocity are mixed and behave in a nonlinear fashion. 

Therefore, the atmospheric turbulence can be simply expressed and characterized based 

on the statistical distributions e.g., probability distribution function (pdf) of received 

irradiance and its related properties. Two assumptions have been made to simplify the 

mathematics [144, 145]: (1) The atmospheric free space communication channel is non-

dispersive for wave propagation. (2)The mean energy in the absence or presence of 

turbulence is the same. This assumption is true for spherical and plane waves. Note that, 

in general, a laser beam propagating over a long link span is mostly considered to be a 

plane wave [143]. 

Several models have been developed to describe the attenuation of atmospheric 

turbulence. The Rytov approximation and Andrew’s method are widely employed for 

actual analysis.  

4.3.1    Rytov Approximation  

The Rytov approximation starts on the basis of Rytov’s analysis [113]. The relationship 

between the refractive index structure parameter and relative variance of optical intensity 
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is shown in Eqs. (4.14) and (4.15). According to [146], the scintillation variance for a 

weak turbulence can be expressed as  

2 2 7 6 11 623.17
n

C k L     .     (4.29) 

So, the attenuation due to scintillation is [147] 

2 7 6 11 62 2 23.17
n

C k L      .    (4.30) 

However, the drawback for this method is that the effect of receiver aperture is not 

included which has a great influence on the turbulence study. This will be presented later. 

4.3.2    Andrew’s Method 

Andrew’s method is one of the more prominent approaches, which is derived on the basis 

of a detailed mathematical analysis of atmospheric turbulence presented by Larry C. 

Andrews [148]. The attenuation because of atmospheric turbulence can be expressed 

approximately on the basis of empirical experience [147, 149] 

210 log 1 ( )
I

D    ,                                            (4.31) 

where, 2

I
  is the scintillation index defined by mean variance of optical intensity [103], 

which will be described in detail. D is the receiver diameter. 

In the Forth-Order Statistics, based on the extended Rytov theory, the irradiance of 

the optical field can be 

ˆ I
I XY

I
  .     (4.32) 
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Here, X is from large-scale turbulence packet effects and Y is from small-scale turbulence 

packet effects. Then, according to Eq. (4.30), the second moment can be  

  

2 2 2

2 2

ˆ

1 1X Y

I X Y

 



  
    (4.33) 

with 2

X
 , 2

Y
  being normalized variances of X and Y, respectively. Then the scintillation 

index can be a sum of three terms involving the normalized variances of large-scale and 

small-scale irradiance fluctuations: 

  

2

2

2

2

2 2

1

ˆ 1

1 1 1

I

X Y

I

I

I



 

 

 

   

                                            (4.34) 

Under the Rytov approximation and considering the relation between the log 

amplitude variance and the scintillation index, the scintillation index can be expressed in 

the form 

 2 2 2

ln lnexp 1
I X Y

     ,    (4.35) 

where 2

ln X
  and 2

lnY
  are large-scale and small-scale log-irradiance scintillations [108]. 
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Figure 4.5  Scintillation index vs. Rytov variance for plane wave. 
 

So, in the case of negligible inner scale l0 and infinite outer scale L0, the scintillation 

index for plane wave is   

   
2 2

2 2

7/6 5/6
12/5 12/5

0.49 0.51
exp 1, 0

1 1.11 1 0.69

R R
I R

R R

  
 

 
      
   

 , (4.36) 

which is considered valid for all values of Rytov variance 2

R
  (Eq. (4.14)) and is suitable 

under weak and strong scintillations.  

 
Similarly, the scintillation index for spherical wave can be expressed as 

   
2 2

2 2

7/6 5/6
12/5 12/5

0.49 0.51
exp 1, 0

1 0.56 1 0.69

R R
I R

R R

  
 

 
      
   

 .    (4.37) 
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Note that the Rytov variance 2

R
 for plane and spherical waves is different in Eqs. 

(4.14, 4.15). The scintillation index with respect to scintillation strength (Rytov variance) 

for plane and spherical waves is plotted in Figure 4.5 and 4.6, which show that 

scintillation index reaches to a peak value as the scintillation strength increases, and then 

approaches the unity as the turbulence reaches the saturation regime. 
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Figure 4.6  Scintillation index vs. Rytov variance for spherical wave. 

 

4.4    Aperture Averaging 

When calculating the scintillation index, the receiving aperture needs to be considered. 

The decrease of scintillation attributed to the increasing receiving area has been described 

previously [150]. So the aperture averaging effect, as the most valuable asset of Andrew’s 

method, is considered in our theoretical model, which is intentionally used in direct 

detection systems to reduce scintillation and, consequently, increase the mean SNR.  

Under general intensity fluctuation conditions and using the large-scale filter function 



76 

 

with both inner and outer scale parameters, the scintillation index for plane and spherical 

wave can be derived by considering the aperture averaging effect as  

 
  5/6

2 12/52
2

7/6 2 2 12/52 12/5

0.51 1 0.690.49
( ) exp 1,

1 0.90 0.621 0.65 1.11

R RR
I

R
R

D plane wave
d dd

 


 
   
    

,            

(4.38) 

 
  5/6
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7/6 2 2 12/52 12/5

0.51 1 0.690.49
( ) exp 1,

1 0.90 0.621 0.18 0.56

R RR
I

R
R

D spherical wave
d dd

 


 
   
    

.        

(4.39) 

Here, 2 4d kD L , which contains information about the distance between the 

transmitter and receiver, wavelength of signal source and the receiver diameter D . In 

Figure 4.7 and 4.8, the scintillation index with respect to turbulence strength are plotted 

for 1550 nm   , 1kmL   and aperture 0,1, 5,10 mmD  . It can be seen that the 

aperture averaging effect can reduce the scintillation effect for both plane and spherical 

waves. 

In the log-normal model, Rytov approximation is employed to characterize the 

atmospheric turbulence, which predicts that the Rytov variance is proportional to the path 

length L  and the index of refraction structure parameter 2

n
C . But this model is only 

suitable for the weak turbulence. For strong turbulence conditions, it fails due to the 

appearance of multiple scattering which cannot be accounted by the Rytov approximation 

[71, 108]. Turbulence ranging from weak to strong conditions can be described by 

Gamma-gamma models due to its assumption that the fluctuation of laser intensity 
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consists of large scale (refraction) and small scale (scattering) effects [126]. Besides, the 

I-K model and Beckmann model are also good candidates for weak to strong turbulence 

conditions. 
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Figure 4.7 Scintillation index of a plane wave vs. Rytov variance with different aperture 
diameters. (wavelength 1550nm, L = 1km). 
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Figure 4.8  Scintillation index of a spherical wave vs. Rytov variance with different 
aperture diameters. (wavelength 1550nm, L = 1km). 
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4.5    Beam Spreading 

The spot width of a laser beam propagating through turbulences can be related to the 

Rytov variance σR
2. The refractive index fluctuations cause beam spreading beyond the 

intrinsic laser beam divergence. The relationship between the mean intensity over time of 

the beam propagating through the turbulence can be expressed as 

 
2 2

0

2 2

2
, exp

e e

W r
I L

W W

 
  

 
r ,                        (4.40) 

where W0 is beam radius at the transmitter, r is the distance from the spot center, and We 

is the effective long-term averaged beam radius in free space at the receiver given by 

2 5/61 1.33
e R

W W    ,                       (4.41) 

where W is the beam radius at the receiver for an unperturbed channel. Λ is the Fresnel 

ratio of the beam at the receiver. 

 

4.6    Summary 

In this chapter, atmospheric turbulence is introduced briefly and some effects of the 

turbulence are listed. Kolmogrov theory, which is discussed in this chapter, is mainly 

based on the classical studies of temperature, velocity, fluctuation of index of refraction 

and statistical modeling of signal power fluctuation induced by atmospheric turbulence. 

This theory has been well established and studied to describe and analyze various effects 
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of the atmospheric turbulence on the wireless signal propagation. Based on this method, 

the atmospheric turbulence can be categorized in strength from weak to strong [99, 158], 

which is dependent on the refractive index variation, temperature inhomogeneities and 

propagation distance through the atmosphere. The theoretical models can be classified to 

log-normal, gamma-Gamma, K-distributed and negative exponential models based on the 

statistical distribution of the random fading irradiance signals. These four models 

corresponds to weak, weak-to-strong, strong and saturation regimes, respectively [123, 

151, 152]. The log-normal model is employed and verified experimentally for the 

characterization of atmospheric turbulence. Aperture averaging effect is analyzed, which 

can reduce the scintillation effect and increase the mean SNR.  
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CHAPTER 5 

RAIN THEORIES 

 

Rain has long been recognized as one of important reasons for unwanted performance 

degradation in sensing, imaging and communication systems using THz waves above 

300GHz due to its strong unavoidable interaction with water molecules.  

5.1    Rain Introduction 

Rain is formed due to the precipitation of water vapor in atmosphere. The formation 

process occurs mainly in two different ways based on warm or cold cloud. Raindrops are 

created by condensation, collision and coalescence in warm clouds, where raindrops with 

approximate radius of 10 μm are generated by condensation. The larger raindrops are 

created by collision and coalescence. A cloud which exists above the zero-degree 

isotherm level is typically called a cold cloud, where ice crystals and super-cooled water 

droplets are contained. In cold clouds, rain can be formed by vapor, riming or aggregation. 

Ice crystal growth by riming and aggregation can produce a wide range of particles sizes, 

which melt to create larger raindrops.  

Raindrops vary in both shape and size [153]. A spherical shape for a rain drop is 

assumed due to the surface tension of water when there is no noticeable motion relative to 

the surrounding air. That’s because the inside spherical pressure due to the surface tension 

of the rain drop is greater than the atmosphere. However, when it drops, the pressure, 

decrease at the top and sides, and increase at the bottom of the drop, and also the 

increased air resistance deforms the water drop by spreading the shape sideways and 

flattening the bottom surface. In References [154, 155], it is found that raindrop with 
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diameter larger than 2.0 mm suffers the effect due to the pressure difference on the 

outside of the drop and becomes oblate spherical in shape. The different types of raindrop 

shapes for given sizes is shown in Figure 5.1. However, in our setup, due to the very 

small velocity of the rain drops when they reach the laser beam, it is assumed the pressure 

difference on different surface sides is negligible and so the raindrops are spherical.  

 

Figure 5.1 Equilibrium raindrop shapes at radius: 1 mm, 2 mm, 3 mm and 4 mm. 
Source: [155]. 

 

5.2    Raindrop Size Distribution 

The raindrop size distribution (DSD) is defined as the number concentration of raindrops 

with diameter D in a given volume of space. Denoted by N (D) with unit m-3mm-1, it can 

be used to calculate rain attenuation and rain rate by employing a suitable model. Many 

raindrop size distributions for rain have been investigated, such as exponential 

distribution [156], log-normal distribution [157], gamma distribution [158] and the 

normalized gamma distribution [159]. 
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5.2.1 Exponential Distribution 

The work on raindrop size distribution was first started by Laws and Parsons [160], and 

then continued by Marshall and Palmer [156] by measuring raindrops on dyed filter paper 

to analyze the raindrop distribution.  By fitting their data, the famous empirical equation 

is proposed as  

   0 expN D N D  .     (5.1) 

Here D refers to the raindrop diameter in mm. 3 1

0 8000N m mm
   and 

0.21 14.1R mm
   are parameters of distribution with R as the rain rate in mm/hr.  N D is 

the number density of raindrops of diameter D in a unit volume. This distribution of 

raindrop size is shown in Figure 5.2 for rain rate of 0.25, 1, 5, 25 and 100 mm/hr. 

However, the drawback for this distribution is that it is not in very good agreement with 

the experimental points for drops less than D = 1 mm. 
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Figure 5.2 Marshall and Palmer raindrop size distribution. 
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A similar form is obtained by Joss, Thams and Waldvogel [161] by measuring the 

raindrop-size distribution using a distrometer in Switzerland. The constants 0N and   in 

the equation differ for drizzle, widespread and thunderstorm rain cases as shown in Table 

5.1. J-D, J-W and J-T represent different types of rain of drizzle, widespread and 

thunderstorm. 

 

Table 5.1  Parameters for Exponential Distribution. J-D: Joss drizzle distribution; J-W: 
Joss widespread distribution; J-T: Joss thunderstorm distribution 
 

Type of Rain N0  m
-3

mm
-1

 Λ mm
-1

 

Drizzle [J-D] 30000 5.7R-0.21 

Widespread [J-W] 7000 4.1R-0.21 

Thunderstorm [J-T] 1400 3.0R-0.21 

Source: [16] 

 

5.2.2 Log-normal Distribution 

The log-normal distribution, given in Eq. (5.2) can better estimate the raindrop size 

distribution because there are a fewer number of small raindrops considered. The 

distribution under different rain rates is shown in Figure 5.3, where the log-normal 

distribution has more flexibility in representing different drop distributions for a given 

rain rate when compared with exponential distribution in Figure 5.2.  

 

 2

2

ln
(D) exp

2ln2 ln

t
D DN

N
D  

 
  

  
 ,    (5.2) 
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where 
t

N refers to total raindrop number in a unit volume,   is the standard geometric 

deviation, and D  indicates the geometric mean diameter.  

 

5.2.3 Gamma Distribution 

The gamma distribution, which improves the estimation accuracy of raindrop size 

distribution, especially at high rain rates, was investigated by Ulbrich. It can be expressed 

as 

   0 expN D N D D
  .    (5.3) 

where  refers to a parameter of distribution,   is the shape parameter and  N D  is in 

m−3cm−1−µ. The effect of the shape parameter on the raindrop size distribution is shown in 

Figure 5.4.  

 

Figure 5.3  Log-normal raindrop size distribution. 
Source: [200] 
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Table 5.2 Parameters for Gamma Distribution 

Type of Rain N0  m
-3

mm
-1

 Λ mm
-1

 

Thawing of Pellets (Hail) 64500R-0.5 5.7R-0.27 

Thawing of Granular Snow (Sleet) 11750R-0.29 4.1R-0.2 

Thawing of Non Granular Snow (Sleet) 2820R-0.18 3.0R-0.19 

Source:[165] 

 
 

One case of gamma distribution as shown in Eq. (5.4) is proposed by Litovinov 

[162, 164] by using the Russian data for all three types of rain. This model was also 

described by Krasyuk, Rozenberg and Chistyakov and by University of Tennessee [164, 

165].  

   2

0 expN D N D D  .     (5.4) 

 

Figure 5.4 Gamma raindrop size distribution. 
Source: [165] 
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Figure 5.5 Gamma raindrop size distribution. (Type of rain - Thawing of Pellets (Hail)). 

 

5.2.4 Normalized Gamma Distribution 

The normalized gamma distribution is first defined by Willis by three parameters  , N  

and 
m

D [166] and later presented by Montopoli [167] as 

    

   
4

4

46
exp 4

4 4
m m

D D
N D N

D D










     
                   

 .  (5.5) 

This distribution is the present best fit to a wide variety of raindrop size 

distribution as shown in [159]. The effects of a variety of changes in the distribution 

parameters on the raindrop distribution is shown in Figure 5.6. 



87 

 

 

Figure 5.6 Normalized Gamma raindrop size distribution. 
Source: [159] 

 

5.3    Rain Rate 

Rain rate, related to the raindrop size distribution, is used to express the amount of rain 

over a given time. It is defined by Baltas as [168] 

   3

3

0

3.6

10 6
R v D D N D dD

 

    ,     (5.6) 

where R indicates the rain rate,  N D  refers to the raindrop size distribution, D is the 

raindrop diameter and  v D  is the rain fall velocity. Rain rate is proportional to the 

raindrop size distribution of order at a given time [167]. Atlas assumed that the fall 

velocity    0.673.78v D D  [169]. The general expression of the nth order raindrop size 
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distribution can be expressed as 

     
10

, ,
cn

n n

n i m i i

i

m t D N D t dD D N D t D





     .    (5.7) 

The following expression shows that the rain rate is proportional to the raindrop 

size distribution of the order 3.67 

 3.673.78
6

R m t


   .     (5.8) 

During a long time period, a rain event may vary considerably. Rain rate 

measurement over such a long time interval effectively averages the rain rate. So, small 

time intervals (such as 1 minute) will represent more variations in the rain event. Rain 

rate can be measured over different time intervals. The rain rate is calculated by averaging 

the experimental 1-min rain rate measurements at different positions and is expressed in 

mm/hr to make facilitate comparisons with other technical reports [170]. 

5.4    Attenuation by Rain 

Absorption and scattering of electromagnetic waves are the main reasons for the 

attenuation in wireless communication links. If a plane wave with field 
i

E  propagates in 

direction 1K̂  and incident on a raindrop at the origin, it will induces a transmitted field 

inside the drop and a scattered field s
E  towards direction 2K̂  [171].   

   expˆ ˆ,
s i

ikr
E f E

r


 1 2K K ,     (5.9) 
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where r is the distance from the origin to the observation point, 2k    is the free 

space propagation constant and   is the incident wavelength.  垐,f 1 2K K , obtained from 

the solution of the boundary value, refers to a matrix function denoting scattering 

amplitude and the polarization state of the scattered wave. Therefore the scattering 

amplitude is related to 1K̂ , 2K̂ , frequency, size, material, shape of the raindrop, and 

polarization of the incident wave. The raindrop and fields are shown graphically in Figure 

5.7. 

 

Figure 5.7  Electromagnetic scattering geometry. 
Source: [171] 

 
 

Absorption, scattering and total extinction cross sections are always considered 

for a raindrop [172-174]. 
a

Q , the absorption extinction cross section, represents the 

power absorbed by the raindrop, and s
Q , the scattering extinction cross section,  

represents the power scattered in all directions. 
t

Q , the total extinction cross section is 

directly related to attenuation of the transmitted signal and can be expressed as 
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   垐ˆ4 Im , ,
t

Q k e f     1 2
K K  ,    (5.10) 

where ê is a unit vector of the polarization state. 垐 1 2K K  can be considered when there 

is only forward scattering. The absorption and scattering can be modelled by several 

different methods such as Mie scattering, Rayleigh approximation,  depending on the 

frequency of the signal and the shape of the raindrop. 

As mentioned in Section 2.3, when gas molecules absorb the photons propagating 

in the atmosphere, absorption occurs [175]. Due to the interactions between photons and 

molecules, absorption, as a quantum effect, is highly wavelength dependent. The collision 

between gas molecules and photons propagating in the atmosphere leads to scattering 

effect, where the direction of the photons will be altered with or without modification of 

its wavelength. With the change in photon direction, the energy of a laser beam would be 

partially dispersed and deflected from detector’s solid angle field of view (FOV).  

Mie first considered a dielectric sphere with arbitrary radius r to solve for the 

scattering and absorption of electromagnetic waves [176]. Ishimaru then restated his 

derivation and formulated it by using two parameters - the relative index of refraction n 

and the normalized circumference χ [177] 

'
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r r
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   ,     (5.11a) 

1 2

1 2p p

b b
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,     (5.11b) 

where 
b

k  and 
b
  are the wave number and wavelength in the background medium. 0  is 
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the wavelength in free space. '

b
  is the real part of the relative dielectric constant of the 

background medium. 
p

n  and 
b

n  are the complex indices of refraction of the particle 

material and of the background medium, respectively, and 
p

  and 
b
  are the 

corresponding complex dielectric constants. ' 1
b
  , 1

b
n   when the background medium 

is air.  

The results of Mie’s solution lead to expressions for the scattering and extinction 

efficiencies of the sphere in the form of converging series, given by 

    2 2
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1

2
, 2 1

s l l

l

n l a b 






   ,    (5.12a) 

     2
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, 2 1 Re

e l l

l

n l a b 






   ,    (5.12b) 

where 
l

a  and 
l

b  as functions of n  and  , are Mie coefficients.  

If the particle size is much smaller than the wavelength of the incident wave 

1n   , the Mie expression for Eq. (5.12) can be reduced to simple expressions known  

as Rayleigh approximation [178]. 

5.5    Dielectric Constant of Water 

Currently, the double-debye dielectric model (D3M) is the most accurate model for 

computing the dielectric constant of water. This model was first developed by William 

Ellison for sea water [179] and can also be reduced to a model for pure water when the 

water salinity is set to zero. 
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where 0 is the permittivity of free space. The expression contains two relaxation terms, 

one with a relaxation time constant 1W
  and another with 2W

 . The parameter functions 

are  

 2

0 1 2 387.85306exp 0.00456992
W

T a T a S a ST      ,  (5.15a) 

 1 4 5 6 7exp
W

a a T a T a ST     ,    (5.15b) 

  10
1 8 9

11

exp ns
W

a
a a S

T a


 
    

,    (5.15c) 

  14
2 12 13

15

exp ns
W

a
a a S
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,    (5.15d) 

16 17 18W
a a T a S     ,    (5.15e) 

     ,35 ,
i

T P S Q T S     ,    (5.15f) 

where 

  2 4 2 6 3 9 42.903602 8.607 10 4.738817 10 2.991 10 4.30, 45 1 103 T T T TT             ,

 (5.15g) 
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2

1 49.843 0.2276 0.00198S S    .    (5.15k) 

Coefficients 1a  to 18a  are listed in Table 5.3. According to Ellison, this semi-expirical 

model represents the dielectric constant “of pure water to within 1% over the frequency 

range 0-20GHz, to within 3% over the frequency range 30-100GHz, and to within 5% 

over 100-1000GHz.” 

 

Table 5.3 Values of Coefficients for Double-debye Dielectric Model 

2

1 0.46606917 10a
   3

10 0.58366888 10a    

4

2 0.26087876 10a
    3

11 0.12684992 10a    

5

3 0.63926782 10a
    4

12 0.69227972 10a
   

1

4 0.63000075 10a    6

13 0.38957681 10a
   

2

5 0.26242021 10a
   3

14 0.30742330 10a    

2

6 0.42984155 10a
    3

15 0.12634992 10a    

4

7 0.34414691 10a
   1

16 0.37245044 10a    

3

8 0.17667420 10a
   2

17 0.92609781 10a
   

6

9 0.20491560 10a
    1

18 0.26093754 10a
    

Source: [201] 



94 

 

 

Figure 5.8 Spectrum of the permittivity (real part) and dielectric loss factor (imaginary 
part) of pure water at 20oC. 
 
 

The frequency responses of permittivity and loss factor of pure water based on 

Eqs.(5.13) and (5.14) are shown in Figure 5.8, where the same general shape are observed 

for both spectrum plots. There is a maximum loss at 16.7 GHz. Based on this plot, it is 

easy to conclude that the attenuation spectrum due to water will have the same shape as 

the imaginary curve. 
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Figure 5.9   (a) Spectrum of the permittivity (real part) and (b) dielectric loss factor 
(imaginary part) of pure water at different temperatures. 
 
 

The symbol   refers to the average relative dielectric constant of the material 

under consideration. In general,  as a complex, consists of a real part ' and an 

imaginary part '' , 

' ''
j    ,      (5.16) 
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where ' is the relative permittivity of the material and '' is its dielectric loss factor. The 

dielectric constant  is related to the complex index of refraction n  through 2
n  with n  

defined as  

' ''
n n jn  .     (5.17) 

It follows that  

   2 2
' ' '' '' ' '', 2n n n n    ,    (5.18) 

and, conversely  

   ' ''Re , Imn n    .   (5.19) 

For a given raindrop size distribution p(r) with r as the radius of the raindrop 

radius, the attenuation coefficient α in dB/km can be determined by integrating over all 

the raindrop sizes as  

    2

0

3.3429
e

p r r r dr  


  .    (5.20) 

Figure 5.10 shows the simulated attenuation spectrum due to rain with Marshall 

and Palmer raindrop distribution based on Eq. (5.20).   
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Figure 5.10 Attenuation spectrum due to rain at 20oC. 

 

5.6    Summary  

A brief introduction of rain is described. Many raindrop size distributions for rain are 

presented, such as exponential distribution, log-normal distribution, gamma distribution 

and normalized gamma distribution. Theory of attenuation by rain caused by absorption 

and scattering is shown. Absorption, as a quantum effect and being highly wavelength 

dependent, occurs due to the absorption of light photon by the gas molecule in the 

atmosphere. Scattering occurs when the photons are deflected because of the collisions 

between photons and gas molecules. The Double-debye model is employed for the 

computing of the dielectric constant of water. A simulated attenuation spectrum due to 

rain by using Marshall and Palmer raindrop distribution is shown. 
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CHAPTER 6 

EXPERIMENTAL AND SIMULATING RESULTS IN ATMOSPHERIC 

TURBULENCE 

 

Practically, it is a hard work to measure and analyze the effect of atmospheric turbulences 

on communication channels due to the required long observation waiting time and the 

difficulty of obtain some reoccurrence of the different atmospheric conditions. So a 

turbulence chamber was built in laboratory to simulate the atmospheric turbulence and 

investigate its effects on the THz and IR communication links under controlled and 

reproducible lab conditions.  

The THz and IR communications lab setup with a maximum data rate of 2.5 Gb/s 

at 625 GHz carrier frequency and 1550nm wavelength has been previously described in 

Chapter 2. It allows for simultaneous recording and analysis of performance degradations 

in both channels due to the same atmospheric turbulence. Figure6.1 shows a block 

diagram of the experimental setup. An iris is inserted concentrically into the beam to limit 

the total received power to an amount that results in a bit-error-rate (BER) of about 10-6 

for an unloaded turbulence chamber. The initial BER is adjusted to that level because then 

statistical BER fluctuations do not significantly impact conclusions that drawn from the 

measurement results. Also, a BER of 10-6 is a typical threshold for modern forward error 

correction technology used in lightwave communication systems [180]. 

The experiments were carried out under total dark environment to reduce the 

effect of ambient light.  
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Figure 6.1 Schematic diagram of the THz and IR wireless communication testbed. 

 

6.1    Experimental Results in Atmospheric Turbulence 

In Figure 6.2, three thermistors are positioned inside the chamber which allows us to 

measure the temperature evolution. For technical reasons the sensors are located a few 

centimeters below the beam path but do not block them. Each sensor has a thermal 

response time τ ~3s, thus no rapid temperature fluctuations of the environmental air can 

be traced. The temperature of the air launched into the chamber can be set to 32oC (cold), 

55oC (warm), and 70oC (hot) and airspeeds of 28.6 m/s (low) and 41.6 m/s (high) can be 

independently adjusted. This parameter set enables the generation of air turbulence that is 

strong enough to obtain minimal-detectable degradations in the THz channel and weak 

enough to cause medium-strong scatter effects in the IR signal. 
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Figure 6.2   Schematics of a turbulence chamber setup to characterize turbulences. 
(Lab=Lbc=Lcd=15cm). 

 

6.1.1    Acoustic Noise Analysis 

It is found that the air flow was partially leaking outside of the chamber and acoustical 

noise from the fans caused vibrations of the mirrors and beam splitters that form the 

interferometer for the visible light. Therefore the holes through which the beams enter 

and leave the chamber are covered with transparent foil polyvinylidene chloride (PVDC) 

( 20um thick ). In Figure 6.3, the power spectrums under different weather conditions are 

shown with and without foils covered. It can be seen that the power collected is reduced 

when foils are used. That means the vibration noise is reduced due to the foil. In Figure 

6.4, the total powers under different weather conditions are compared. Here, it could be 

further verified that the foil reduces the vibrations of the optical components, but there 

was still some residual impact from residual acoustical waves. 
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Figure 6.3 Power spectrum detected from D1 in Mach-Zehnder Interferometer at 
different turbulence conditions with and without foil covers. 
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Figure 6.4 RF-power at the output of D1 in Mach-Zehnder Interferometer at different 
turbulence conditions with and without foil covers phase change in the chamber detected 
with D1 and D2. 
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In Figure 6.5, the power spectrums under different weather condition are recorded 

with foil covers. One can see that the total power is higher for higher temperature and 

higher air speed. This means that there is more power for the air with higher turbulence 

strength which is related to temperature and air speed. 
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Figure 6.5 Power spectrum detected from D1 in Mach-Zehnder Interferometer  at 
different turbulence conditions with foil covers.  

 

6.1.2    Attenuation and BER Performance 

After air is launched into the turbulence chamber, a typical evolution of the attenuations 

in the THz and IR channels becomes visible as shown in Figure 6.6 (a) for the PD_MMF. 

Ten seconds after initiating the recording, hot air is launched with high speed into the 

propagation path of the beams. The IR beam breaks up into a speckle pattern at the 

receiver side. Depending on the receiver aperture these speckle effects become more or 

less visible by the fluctuation strength of the detected IR power. For the PD_MMF, the 

time-averaged (500ms) maximum attenuation of the IR light (around 1dB) is clearly 

evident while the impact on THz signal is small (0.015dB), but above the detection 

sensitivity limit. After the air-supply is powered off at 20 seconds recording time, the 
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transmitted IR power recovers and approaches its original level. The resolution of the RF 

power meter is 0.005 dB, which explains the rough quantization of the recorded THz 

signal. For the IR channel, a strong correlation between its attenuation and the recorded 

BER is clearly visible. The recorded BERs for the THz link verify that air turbulence has 

little impact on the signal, but a common trend between the channel attenuation and the 

recorded BER is visible. Figure 6.6(c) shows the corresponding temperature evolution in 

the chamber. The plots include the de-convoluted recordings in order to partially 

compensate for slow response time of the sensor. Obviously, the attenuation in the IR 

channel reduces immediately when the air flow stops. But the temperature inside the 

chamber decays significantly more slowly. This observation suggests that the link 

attenuation is mainly caused by a constant flow of air pockets with different temperatures 

into chamber that relatively quickly mix and achieve a thermal equilibrium once the air 

flow stops. The mixing however does not produce a homogeneous temperature before the 

airflow has reached the beams and causes refraction index variations. 

 
A series of experiments were conducted for which air at high speed but with 

different temperatures is induced into the chamber. Attenuation of the IR signal and the 

corresponding BER as a function of time are plotted in Figure 6.7 (a) and (b). As expected, 

the attenuation and BER change significantly with air temperature; a strong correlation 

between the air temperature and BER is apparent. In comparison, the attenuation of the 

THz link and the corresponding BER vary less over time as shown in Figure 6.7 (c) and 

(d). Here, it is found that the air flow increases slightly the attenuation and the BER of the 

THz channel but the correlation between both quantities is not always unambiguous. This 

effect may be caused by reflections of the THz signals inside the transmitter and receiver 
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horns that lead to standing waves and multi path propagation phenomena.  
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Figure 6.6  (a) Attenuation of THz link (red curve) and IR link (blue, PD_MMF) as the 
function of time, for warm air at high speed (b) corresponding Log(BER) of THz link (red) 
and IR link (blue) as the function of time, (c) Temperature evolution in turbulence 
chamber, (d) Normalized output power of the PD_SMF, PD_MMF and PD_FS when 
warm air with high speed enters chamber. 
 



105 

 

0 10 20 30 40 50 60 70 80

0

0.5

1

Time (s)

A
tt
e

n
u

a
tio

n
 o

f 
IR

 L
in

k
 (

d
B

)

 

 

Cold air, high speed

Warm air, high speed

Hot air, high speed

 
(a) 

0 10 20 30 40 50 60 70 80
-7

-6

-5

-4

-3

Time (s)

L
o

g
(B

E
R

) 
o

f 
IR

 L
in

k

 

 

Cold air, high speed

Warm air, high speed

Hot air, high speed

 
(b) 

0 10 20 30 40 50 60 70 80
-0.01

0

0.01

0.02

0.03

0.04

Time (s)

A
tt
e

n
u

a
tio

n
 o

f 
T

H
z
 L

in
k
 (

d
B

)

 

 

Cold air, high speed

Warm air, high speed

Hot air, high speed

 
(c) 

0 10 20 30 40 50 60 70 80
-6.15

-6.1

-6.05

-6

-5.95

Time (s)

L
o

g
(B

E
R

) 
o

f 
T

H
z
 L

in
k

 

 

Cold air, high speed

Warm air, high speed

Hot air, high speed

 
(d) 

Figure 6.7 (a) Attenuation of IR link for different turbulence conditions detected with IR 
data Rx, (b) corresponding Log (BER) of IR link, (c) Attenuation and (d) Log (BER) of 
THz link for different turbulence conditions. 
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Figure 6.8 (a) Attenuation and (b) Log (BER) of IR link for different turbulence 
conditions, (c) Attenuation and (d) Log (BER) of THz link for different turbulence 
conditions. 
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In another series of experiments, warm air at different velocities is launched into 

the chamber. The attenuation of the IR signal and its corresponding BER with a fixed air 

temperature are shown in Figure 6.8 (a) and (b). As expected, the attenuation and BER 

increase with increasing air speed. The recordings of the THz link attenuation and the 

corresponding BER are plotted in Figure 6.8 (c) and (d).  

The IR attenuation effects discussed above can solely be attributed to scintillations 

in the turbulence chamber since absorption phenomena are too small to cause such power 

variations. Scintillation is a severe problem for free-space communications at IR and 

visible wavelengths and has been extensively researched [124, 182, 183]. The constantly 

changing turbulence pattern causes the scintillations, which leads to speckle effects in the 

receiver plane as shown in Figure 6.9. The smaller the receiver aperture the more likely 

that spatial averaging is less effective resulting in the detection of relatively large power 

level fluctuations. If scintillation effects were to occur, more pronounced variations in the 

power coupled into PD_SSMF with small aperture would be expected compared to the 

output of the free space large area detector PD_FS. In Figure 6.2(d), apparently, the 

variations in the power coupled into PD_SSMF are stronger compared to those of the IR 

power detected by the PD_FS. All recordings were done at a sampling rate 125 kHz and 

clearly visible is the sharp drop off of the fluctuations compared to the air temperature 

decay (Figure 6.6(c)) supporting the aforementioned picture of an air stream consisting of 

air pockets with different temperatures. 



108 

 

 

Figure 6.9 Air turbulence causes refractive index fluctuations resulting into speckle 
(intensity variations at receiver) that limits the reach of IR systems. 
Source: [181] 

 

6.1.3    Scintillation Effect Study 

Scintillations are caused by local refraction index changes of air. Since the refraction 

index itself depends on the air pressure and temperature, both quantities can contribute to 

this phenomenon. To analyze which factor is dominant in the setup, the output of D1 

shown in Figure 2.4 is recorded by an electrical spectrum analyzer. Note, acoustical noise 

in the lab, airflow in the room, and vibrations of the lab table significantly affect the 

interferometer. However, one can visualize the impact of temperature fluctuations inside 

the chamber by comparing the spectra for hot and cold airflow at same speed (Figure 6.5). 

In both experiments vibrations and acoustical noise of the setup are similar but the spectra 

significantly differ. Hot airflow causes a relatively wider spectrum that contains more 

power. Two holes in the turbulence chamber allow the THz, IR, and visible beams to pass 

through the chamber. When the two holes to the chamber through which the beams are 

launched are covered with a foil (Polyvinylidene chloride, 20 m). Then the airflow out 

of the chamber and into the lab environment via these two paths is reduced. By covering 

or uncovering these holes, the vibrations and acoustical noise in the system change. 

Under conditions of covered and uncovered hole, the integrated power density of the 

recorded spectra is shown in Figure 6.4, where the power is reduced when the holes are 
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covered.  Regardless of the change in vibrations and acoustical noise in the system, the 

temperature of the launched air obviously has a stronger impact on the spectra than the 

airspeed, which correlates with pressure variations inside the airflow. This leads to the 

conclusion that the scintillation effects in the setup are mainly caused by temperature 

fluctuations which fits to a fundamental assumption made for outdoor scintillation models 

[17, 18]. 

The effects of temperature variations in the chamber can be separated into two 

parts - a spatially more uniform and slowly changing temperature increase (~seconds) and 

relatively fast temporally and spatially varying temperature gradients (~kHz). In Figure 

6.10 (b) and (c), the phase change in one arm of the interferometer and temperature 

evolution at a fixed position (b) in the chamber are shown. The phase change is calculated 

using the output from D1 and D2 by employing a phase unwrapping algorithm. It can be 

seen that the slow phase change follows closely the temperature evolution. To further 

confirm the conclusion, estimation of the phase change is conducted using the refraction 

index of air with the approximation 
61 79 10n P T
   [19], where P, T stand for the 

atmospheric pressure in millibar and a uniform environmental temperature in Kelvin, 

respectively. In Figure 6.10 (b), a 18K temperature increase would lead to a phase change 

of about -40π assuming an effective chamber length of ~1m. This agrees reasonable well 

with the measured maximum phase shift as shown in Figure 6.10 (c). Small differences 

between calculated and measured phase shifts can be probably attributed to measurement 

errors regarding the air temperature inside the turbulence chamber.  
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Figure 6.10  (a) Power density spectra of the interference pattern at D1 under different 
turbulence conditions; (b) phase change in the chamber detected with D1 and D2; (c) 
temperature evolution of the chamber detected by T2 (Figure 6.2). 

 

6.2    Attenuation Simulation in Atmospheric Turbulence 

When using the parameters shown in Table 6.1 and the length for the turbulence chamber 

of L=90cm in Eqs. (4.14, 4.29, 4.36), the experimentally and theoretically determined 
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attenuations become comparable as plotted in Figure 6.11. In case of a perfect matching 

between experiment and theory, the measurement results should reside on the diagonal of 

the plot shown as dashed line. While for both the IR and the THz signal, a linear 

correlation between experimental and theoretical values of channel attenuation can be 

seen. Some divergence from the ideal diagonal line is visible. Likely, the uncertainty in 

the effective turbulence length is the dominant factor that causes this discrepancy. When 

assuming an effective turbulence length of about 60cm, theory and experiment match well. 

Here, the effective turbulence length is different from the chamber length, which is 

shorter than the chamber length of 90 cm in our experiment. So, if the chamber length is 

changed from 60cm to longer, the effective turbulence length should be used in our 

calculation for the attenuation due to atmospheric turbulence. However, if the effective 

turbulence length is longer than the chamber length, the chamber length should be 

considered in the calculation. 

Table 6.1  Refractive Index Structure Parameter Under Different Turbulence Conditions 

Turbulence condition Cn

2
 (m

-2/3
) 

Cold air, high speed 3.5×10-11 

Warm air, low speed 5×10-10 

Warm air, high speed 10-9 

Hot air, low speed 1.2×10-9 

Hot air, high speed 2.3×10-9 
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Figure 6.11 Comparison of experimental and theoretical results of IR (a) and THz (b) 
attenuations under different turbulence conditions.  
 
 

The turbulence chamber can realize different turbulence strengths by changing the 

airspeed and temperature output from the air supplier. However, the turbulence strength 

can also be changed by changing the position of the turbulence source.  
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Figure 6.12 (a) no air, (b) cold air with high speed, (c) warm air with low speed, (d) 
warm air with high speed, (e) hot air with low speed, (f) hot air with high speed. 
 
 

The beam spreading is recorded by using a commercially available 124×124 

pixels Laser Beam Analyzer with 100 μm pixel pitch as shown in Figure 6.12. But the 

spreading of the beam spot is not visible due to the weak turbulence strength. The Fresnel 

ratio Λ of beam at the receiver cannot directly be measured in the setup. From Eqs. (4.38, 

4.39), one can derive a 1st order functional relationship between the mean intensity and 

the RISP of the form  

   
2 2

2 5/60 0

2 2
0, 1 1.33

R

e

W W
I L

W W
        (6.1) 

  This relationship suggests that when plotting the measured mean intensity versus 

the RISP, its values should reside on a straight line with negative slope. Figure 6.13 seems 
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to indicate this which would support our assumption that the temperature gradient in Eq. 

(4.2) is a suitable quantity to characterize the turbulence.  
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Figure 6.13  Intensity of laser beam at receiver side versus index of refraction structure 
parameter, a linear fit to the data is shown. 

 

 

6.3    Summary 

When the THz beam is superimposed with IR beam and propagates through the emulated 

atmospheric turbulence chamber, the signal power attenuation and BER degradations are 

measured, analyzed and compared. Different air turbulence conditions are emulated in the 

chamber and signal impairments recorded. Simulated link performance degradations are 

in agreement with the experimental results. Under identical turbulence conditions the IR 

signal is significantly more attenuated than the THz signal which shows almost no 

degradation. As the air temperature and speed become higher, the attenuation becomes 

more severe in the IR range. However, the impact on THz signal remains minimal. It is 

found that even for airflows comparable to the speed of hurricanes and temperature 

enhancements of several tens of degrees Kelvin the attenuation of the THz signal stays 
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below a tenth of a dB for transmission length in the range of a meter. Experimental 

observations demonstrate that the observed scintillation effects for the IR and THz signals 

are mainly caused by temperature fluctuations in the turbulence. 
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CHAPTER 7 

EXPERIMENTAL AND SIMULATING RESULTS IN RAIN 

 

Similar to air turbulence, there are experimental problems in characterizing wireless links 

in outdoor rain weather conditions, such as long observation time, uncontrollable rain rate 

and varying rain-drop size distributions. These variables present challenges in measuring 

and analyzing the attenuation by rain on communication channels. In the experiment a 

rain chamber which can realize controlled and reproducible lab conditions is designed.  

The block diagram of the setup is shown in Figure 7.1. The rain chamber has a 

dimension of 100×20×20cm3 (L×W×H) as shown in Figure 7.1(a). Air and water valves 

on its top are used to fill and pressurize the chamber. Its bottom plate is machined with 

3264 holes and 31 gauge needles are epoxied into each hole as shown in Figure 7.1(b). 

The chamber is initially filled with distilled water. Pressurizing the chamber with air 

forces water release through the needles which generate raindrops. The average raindrop 

diameter, which depends on the radius of the needles, is about 1.9 mm [184]. Its rain rate 

can be controllably varied from 0 to 500 mm/hr by changing the air pressure in the 

chamber. The rain rate, used to classify the rain speed, is less than 3.8 mm/hr for light rain 

and more than 7.6 mm/hr for heavy rain [185]. Some variability in the rain rate at 

different locations below the rain chamber is observed. To characterize the average rain 

rate of the chamber, five beakers (opening area of 56.7 cm2) are positioned underneath the 

chamber and collect rain for a minimum of 60 s. The total volume of water from the 

beakers is measured to determine the average rain rate.  
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             (a)                                                              (b) 

Figure 7.1  (a) photo of the rain chamber, and (b) photo of needle distribution at the 
bottom of the rain chamber.  
 
 

The 1-min averaged rain rate is expressed in units of mm/hr to ease comparisons 

with other scientific reports [186]. Typically ten measurements of the rain fall are 

averaged to calculate an average rain rate at a specific pressure. There is a linear 

relationship between rain rate and pressure as shown in Figure 7.2. So the rain rate can be 

controllable varied from around 50 mm/hr to about 500 mm/hr by changing the input 

pressure. Table 7.1 shows the characteristic of rain intensity with respect to rain rate in 

millimeters per hour based on WMO [187]. Comparing the rates with those occurring in 

nature, very heavy rain falls can be produced in the laboratory with an effective path 

length of 4m. 

 

Table 7.1 Rain Intensity Classification by Rain Rate 

Rain intensity Rain rate (mm/hr) 

Light R < 2.5 

Moderate 2.5 ≤ R < 10 

Heavy 10 ≤ R < 50 

Extreme R ≥ 50 

Source: [187] 
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Figure 7.2  Rain rate in mm/hr from the rain chamber with respect to the air pressure in 
the chamber. The vertical error bars with 95% confidence interval shown in the plot 
represent the standard deviation of recorded rain rates. 

 

7.1    THz Spectral Analysis of Rain Drops 

For the characterization of the size distribution of the rain drops generated from the 

chamber, still pictures of the rain are acquired when the system is running with a constant 

pressure. In these pictures, individual rain drops are clearly visible and a ruler is also 

include in the pictures as a reference for the size measurement of the rain drops. Then 

using image analysis software (Image J), it is possible to count the pixels of the rain drops. 

Typically 100 drops are measured at each rain rate. It is observed that the size of the rain 

drops is independent of the pressure and rain rate of the chamber. The distribution of rain 

drop sizes is shown in Figure 7.3. In a good approximation, the drop size distribution is 

approximately follows a Gaussian function with an average diameter of 1.9 mmD   and 

a variance of 2 20.08 mm  . 
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Figure 7.3 Measured rain drop size distribution. A Gaussian fit to the data is shown with 
1.9 mm average diameter and 0.4mm distribution width. 
 
 

The THz-TDS waveform through the rain chamber is measured at a fixed rain rate 

(fixed air pressure in the rain chamber). To characterize the average rain rate of the 

chamber, five beakers (opening area of 56.7 cm2) are positioned underneath the chamber 

and collect rain for a minimum of 60 s. The total volume of water from the beakers is 

measured to determine the average rain rate. As a reference measurement, the THz 

waveform is also measured in the absence of rain. Using the standard Fourier Transform 

analysis of the time-domain waveforms, the attenuation spectrums of the transmitted THz 

waveform are measured and shown in Figure 7.4 under rain rates of 226 and 303 mm/hr. 

The strong peaks at 0.557THz and 0.763THz are artifacts from water vapor lines, which 

is consistent with Grischkowsky’s study [24, 25]. Using the measured attenuation data for 

different rain rates, the attenuation versus rain rate at a fixed frequency of 625GHz is 

plotted in Figure 7.5. The relationship between rain rate and attenuation is approximately 

linear. 
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Figure 7.4 THz power attenuation spectrum under rain rates of (a) 226mm/hr, (b) 
303mm/hr. 
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Figure 7.5 Measured attenuations of THz frequency at 625 GHz for different rain rates. 

 

7.2    Experimental Measurements in Rain 

To determine the receiver sensitivities, BER dependence of the THz and IR signals on the 

detected power using a 27-1 PRBS (Pseudorandom binary sequence) is measured. The 

BERT’s decision threshold is optimized at a BER = 10-6. Then the power of the THz 

signal is reduced stepwise by decreasing the iris aperture. Likewise the IR BER 

performance versus the received power is recorded by adjusting the EDFA output power. 

The decision thresholds are optimized at a BER= 1×10-6. Different slopes for both 

sensitivity curves are visible. If both signals and receivers would be ideal, the sensitivity 

curves would reside on top of each other. But imperfections in the THz signal result in a 

significant slope change. Eye diagrams of THz and IR signals at BER = 10-6 are recorded 

as shown in Figure 7.6. Timing jitter in the THz link (jitter_RMS : 44.99ps, jitter_p-p : 

146.67ps), which is likely introduced by the Frequency Multiplier Chain inside the THz 

source,  is larger than that of the IR signal (RMS : 20.62ps, p-p : 122.22ps) and leads to a 

significant horizontal eye closure and the decrease slope steepness [188]. 
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Figure 7.6  Sensitivity curves of THz and IR links. Inset: Eye diagrams of THz and IR 
signals at BER = 10-6. 

 

 
7.2.1    Attenuation and BER Performance 

After pressurizing the chamber, raindrops are randomly squeezed out from the needles 

and block temporarily and partially the beam path. A typical evolution of the resulting 

average attenuations in the THz and IR links shows Figure 7.7 (a). For measuring the IR 

attenuation the output from the PD_MMF is used. The attenuation of the THz signal can 

be calculated from the recorded RF power on the receiver side. Twenty seconds after 

starting the recording, raindrops cross the propagation path of the beams. A time-averaged 

recording (500 ms integration time) of the THz and IR links is applied.  At a rain rate of 

213 mm/hr the THz link suffers a little bit higher attenuation (~0.1 dB) compared to the 

IR link, which is due to the slightly larger extinction cross section of rain drops at THz 

frequencies [184]. Our THz frequency is sufficiently different from resonant absorption 
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frequencies of water vapor to minimize resonant absorption [29, 189-192]. After 80 

seconds recording time the pressure inside the rain chamber returns to atmospheric 

pressure and the transmitted THz and IR signal power approach their original level. For 

both channels, a strong correlation between their attenuation and their time-averaged BER 

(integration time 1s) is clearly visible. From the comparison between Figure 7.3 (a) and 

(b), it can be seen that the THz link suffers slightly higher power attenuation, but the IR 

link suffers higher increase of the BER during the rain fall. This is attributed to the 

different slopes of BER curves as shown in Figure 7.6, which is caused by the long timing 

jitter in THz link.  
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(b) 

Figure 7.7 Attenuation (a) and Log(BER) (b) of the THz and IR links as a functions of 
time. Rain starts at a rate of 213 mm/hr at ~20 s and stops at ~80 s. 
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(b) 

Figure 7.8 (a) Attenuations of THz and IR links with respect to rain rates and (b) their 
corresponding BERs. 

 
A series of experiments were conducted for which the chamber operated at 

different rain rates. The attenuation of the THz and IR signals as a function of rain rates is 

plotted in Figure 7.8 (a). In this study, the rain rate is calculated by averaging 1-min rain 

rate measurements at 5 different positions and is expressed in mm/hr to ease comparisons 

with other technical reports [170]. Similar to Figure 7.7 (a), the THz signal suffers a 

slightly higher attenuation because of its slightly larger extinction cross section at THz 

frequencies where Mie scattering is dominant form of interaction. Figure 7.8 (b) shows 

that the THz link performs independent of the rain rate at better BER than IR link even 

though it shows higher attenuation. This is consistent with the results shown in Figure 7.3 
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for a single rain rate. 

 
7.2.2    Scintillation Effect Study 

Besides the power decay caused by beam blocking through rain,  scintillation is another 

phenomenon that can lead to severe power fluctuations on the receiver side and has been 

extensively studied for free-space communications at IR and visible wavelengths [24, 25]. 

The ensemble of raindrops inside the beams causes local refraction index variations, 

which leads to speckle effects in the receiver plane. The smaller the receiver aperture, the 

more likely that spatial averaging is less effective which results in a detection of relatively 

large power level fluctuations. If scintillations were to occur, more pronounced variations 

would be observed in the output of PD_SSMF with small aperture compared to that of 

PD_FS with a large area detector. Apparently in Figure 7.9, the variations of the IR power 

coupled into PD_SSMF are stronger compared to those of PD_FS indicating the presence 

of scintillations.  All recordings were done with a sampling rate of 10 kHz.  
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Figure 7.9 Normalized output power of the PD_SSMF, PD_MMF, and PD_FS at 158 
mm/hr rain rate. 
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7.3    Performance Simulation  

Raindrop-size distribution plays an important role in estimating the attenuation by rain. 

Several types of raindrop-size distributions are known and a specific attenuation model 

recommended by the ITU-R is usually being used for attenuation calculation [34, 80, 82, 

156, 162-165, 188, 194, 195]. However, they are not fully suitable for describing the 

artificial rain conditions which obeys a different raindrop size distribution. In the rain 

chamber, the raindrop size follows approximately a Gaussian distribution with an average 

diameter 1.9D   mm and a variance 2 20.4 2   mm2 .  

7.3.1    Simulation of Attenuation 

For a given rain, the raindrop concentration as function of the raindrop radius can be 

estimated using the measured rain rate R [196],  

( )
t d

R
P r

vV
 ,       (7.1) 

where R is the rain rate, vt is the velocity of raindrops inside the beam, and 
d

V  stands for 

the volume of a raindrop with radius r. The attenuation coefficient α in dB/km of the THz 

and IR channels can be determined by integrating over all the raindrop sizes as  

    2

0

3.3429
e

p r r r dr  


  ,     (7.2) 

where,  e
   is the extinction efficiency of raindrops which can be derived from Mie 

scattering theory 
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where, the dimensionless parameter 
'

0

2
b

r 


 . 0  is the wavelength of light. '

b
  is 

the real part of relative dielectric constant of the background medium. In the experiment, 

the background medium is air, hence 
' 1
b
   is assumed. al and bl are the Mie coefficients 

as described in [197], which are functions of χ and the refractive index n. Here a double-

debye dielectric model (D3M) is employed to calculate the dielectric constant of water 

[191]. Its real and imaginary parts refer to the relative permittivity and its dielectric loss 

factor for the raindrop, respectively. Both, scattering and absorption effects are considered 

in the extinction efficiency, which are known to be the two main effects for attenuation by 

rain [198]. 

100 150 200 250 300 350 400 450 500
0

0.2

0.4

0.6

0.8

Rainrate (mm/hr)

P
o

w
e

r 
A

tt
e

n
u

a
tio

n
 (

d
B

)

 

 

THz Link (exp)

IR Link (exp)

THz Link (theo)

IR Link (theo)

 

Figure 7.10  Comparison of experimental and theoretical results of THz (black) and IR 
(blue) attenuations at different rain rates. 
 

The attenuation of THz and IR channels are calculated by using Eq. (7.2). Figure 

7.10 shows a comparison of theoretical attenuation and the corresponding experimental 

results for different rain rates. The experimental attenuations are roughly consistent with 
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the theory. The small discrepancy between them can likely be attributed to a measurement 

error of rain rate and drop size. One observes that there is a relatively larger variation in 

the measured rain attenuation at large rain rates ~450 mm/hr compared to lower rates, 

which is consistent with other experimental and theoretical results in heavy rain [35]. 

 

7.3.2    Simulation of BER Performance 

The extinction cross section and average attenuation can be calculated by modeling the 

stochastic process of rain fall and using the sensitivity BER curve and measured BER 

performance. For a number of raindrops (N) inside the signal beams, a Poisson 

distribution is considered 

 
!

b
N

N
b

N

e N

N


 
 ,                          (7.4) 

where b
N is the average raindrop number. For a raindrop count N, the specific 

attenuations in THz and IR links can be estimated using Eq. (7.2) and corresponding 

BERs can be obtained from the sensitivity curves in Figure 7.6.  The expected average 

channel BER follows then from weighting the specific raindrop counts with their 

probability for occurrence using Eq. (7.4)   

1

N

N

BER BER 




  .      (7.5) 

In the experiment, the average BER is measured as shown in Figure 7.8(b). The 

extinction cross section can be calculated by using an inverse procedure that starts from 

measured average BER values (Figure 7.11). The predicted and rain rate independent 
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extinction cross sections for THz and IR are 2.32πr
2 and 1.88πr2 respectively [199], which 

agrees well with the results from Mie scattering theory. It also confirms that the different 

slopes of the sensitivity curves (Figure 7.6) are responsible for the somewhat 

counterintuitive fact that relatively higher attenuation in the THz channel not necessarily 

leads to lower BER performance than in the IR channel as shown in Figure 7.8 (a) and (b). 
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Figure 7.11  Predicted extinction cross sections using a stochastic rain model and 
measured receiver sensitivities. The average extinction cross sections from our prediction 
for THz and IR links are 2.32 and 1.88 in unit πr2. 
 
 

7.4    Summary 

The THz attenuation due to rain over a frequency band ranging from 0.1 to 1 THz over a 

4m distance is evaluated A rain chamber is designed which can produce controllable and 

reproducible rain conditions with rain rates from 50mm/hr to 500mm/hr. The THz power 

loss is measured by using a THz-TDS system when it propagates through the rain 

chamber. Theoretical rain attenuation is calculated by employing Mie scattering model 

and measured Gaussian distribution of rain drop sizes. Calculated results are compared 

with experimental measurements under the whole rain intensities which can be generated 

in the rain chamber, and results show that they agree very well with each other. This 
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confirms that the theoretical model can provide very good fit for the experimental data 

and will enable prediction of the performance of THz wireless communication links in 

outdoor weather conditions. 

When THz and IR beams carrying the same data load, are superimposed and 

propagate through emulated rain conditions, the signal attenuation and BER degradation 

due to rain are measured, compared, and analyzed. Under identical rain rate (raindrop 

concentration), the THz signal suffers slightly higher attenuation compared to the IR 

signal due to the slightly larger extinction cross section of raindrops in the THz band. But 

in the setup, the THz signal performs at better BER than the IR channel, which indicates 

that the overall performance of a channel is not just dependent on its attenuation.  

Different rain rates are emulated with the rain chamber to vary the attenuation for the THz 

and IR channels.  It is demonstrated that the IR signal is impaired by both the attenuation 

and scintillation effects. A theoretical model based on Mie scattering is used to simulate 

the attenuation in both links and the extinction cross section of raindrops. The results 

agree well with the experimental observations.  In conclusion, for typical rain conditions, 

the attenuations for THz and IR links are comparable. 
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CHAPTER 8 

CONCLUSIONS AND FUTURE WORK 

 

The research work in this dissertation is summarized and concluded in this chapter. Future 

word is mentioned and described roughly. 

8.1    Conclusions 

In order to analyze the impairments of Terahertz (THz) and Infrared (IR) links caused by 

different weather conditions such as atmospheric turbulence and rain, THz and IR free-

space communication links at 625GHz and 1550 nm, respectively, with a maximum data 

rate of 2.5Gb/s have been developed. A usual non return-to-zero (NRZ) format is applied 

to modulate the IR channel while a duobinary modulation technique is utilized to driving 

the multiplier chain based 625GHz source, which enables signaling at high data rate and 

higher output power. The performance of both channels is analyzed by measuring the 

power attenuation and bit-error-rates (BERs) in each link.  

Temperature and pressure fluctuations in the air lead to the random deviation from 

the mean value of refractive index. Based on the Kolmogorov spectrum of plane waves, 

Rytov variance is used to classify the atmospheric turbulence strength. Andrew’s method 

is employed to simulating the power due to turbulence in THz and IR channels. To 

characterize the phase change in the links caused by turbulence, a Mach-Zehnder 

interferometer is used to confirm the existence of turbulence induced scintillation effects 

in IR channel. Due to the relatively larger size of raindrops compared to THz wavelength, 

Mie scattering theory is applied. The attenuation by rain is modeled using a double-debye 

dielectric model (D3M) for the water dielectric constant. A Gaussian raindrop size 
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distribution is utilized based on the fitting of the raindrop distribution. The specific 

attenuation is predicted according to Beers-Lambert Law and integrating it over all the 

raindrop sizes. Simulation results of attenuation by atmospheric turbulence and rain in 

both channels are presented and compared. Due to the relatively small wavelength of IR 

compared to THz wavelength, one would expect the obvious scintillation effects in IR 

link. The IR beam at 1550nm carrying the same data rate is superposed with the THz 

beam (625GHz) and propagates through the same turbulence and rain conditions. An 

obvious scintillation effect is observed in the IR link, which confirms the presence of 

scintillation effects.  

8.2    Future Work 

As shown in this dissertation, THz and IR signaling performance in atmospheric 

turbulence and rain conditions are studied theoretically and experimentally in our lab. 

Besides, the performance in fog and dust conditions was also investigated by our group 

preciously. There are still some topics suggested for future research work. 

(1) Communication links in outdoor 

In this research work, the performance of THz and IR communication links is measured 

and analyzed in the controllable laboratory. However, the weather conditions in outdoor 

are more complicated which cannot be characterized by the methods used in this work. 

The turbulence generated in the chamber is attributed to the temperature fluctuations 

introduced by an air supplier. In outdoor, the pressure induced local refractive index 

changes is relatively small and can be neglected. While the changes due to atmospheric 

temperature fluctuations are significant and should be considered seriously. This is 

consistent with the turbulence in our chamber. But these temperature inhomogeneities are 
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attributed to the influences of tall buildings, plants, air condition, heating machines, 

and/or others that can lead to temperature changes. So this needs one to consider much 

more for the characterization of turbulence in outdoor.  

Besides, turbulence with only weak strength can be generated and Log-normal 

distribution model is employed for the simulation in this work. In outdoor, strong and 

saturated turbulences can be realized for long link length, so the Gamma-Gamma 

distribution, K-distribution and Negative exponential distribution models can be 

employed to calculate the link performance. 

The rain condition generated in the lab simply follows a Gaussian raindrop size 

distribution based on the measurements. However, the raindrop size distributions in 

different sites are different and the mostly used distributions are just empirical 

expressions So it is a hard work to characterize communication performance when no 

exact raindrop distribution can be used. But, comparison between experimental and 

calculated results based on different distributions methods may play a role to get to a 

suitable model for characterization. For example, Seishiro Ishii from Japan has taken such 

works by employing Marshall-Palmer (M-P), Best, Polyakova-Shifrin (P-S), Weibull 

distribution and ITU-R specific attenuation model. Results show that the ITU-R model 

can provide the best fit for the experimental data. 

(2) Steerable THz antennas 

Line-of-sight wireless systems with high gain antennas is needed for THz 

communications due to the high free space path loss caused by water vapor and other 

molecules, particles in atmosphere. However, such design makes the whole system so 

directional that links will be broken when objects move into link paths. This can reduce 
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Qos (quality of service) if the systems. Therefore, steerable antennas are good choices to 

sole such problems, which can switch the systems to other alternative links intelligently.  

In future work, steerable “intelligent” antennas can be employed to improve the 

performance of communication links. 
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