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ABSTRACT

The rapidly growing demand for higher networking capacity and data rates is

forcing researchers to explore the unused spectrum in the higher frequency bands.

Two such bands, the millimeter wave (mmWave), ranging from 30 GHz to 300 GHz,

and the Terahertz (THz) band, ranging from 0.1 THz to 10 THz, are currently

being investigated for possible use in future networks. Because many atmospheric

molecules have their natural resonant frequencies in these bands, it is important

to understand the effects of molecular absorption and re-radiation on the wireless

networking performance in such high frequency bands. Building on the recently

discovered molecular absorption models, this thesis conducts a theoretical study on

the effect of molecular absorption and re-radiation on both single-antenna and multi-

antenna wireless communications. For the single-antenna communication, the study

focuses on quantifying the temporal and spatial variation of path loss and noise,

which is caused by variation in the molecular composition in the air. In particular, it

studies the extent of spatio-temporal variation of mmWave channels in three largest

cities of Australia by investigating the hourly air quality and weather data over 12

months. The study finds that mmWave channels experience significant variation in

both space and time domains, which causes undesirable network capacity fluctuation

in various places and hours. For the multi-antenna communication, the study yields

a new theoretical discovery that the Multiple-Input and Multiple-Output (MIMO)

capacity can be significantly influenced by atmosphere molecules. In more detail,

some common atmosphere molecules, such as Oxygen and water, can absorb and

re-radiate energy in their natural resonant frequencies, such as 60 GHz, 120GHz and

180 GHz, which belong to the mmWave spectrum. Such phenomenon can provide

equivalent Non-Line-of-Sight (NLoS) paths in an environment that is dominated by

Line-of-Sight (LoS) transmissions, and thus greatly improve the spatial multiplexing

and diversity of a MIMO mmWave system. Finally, the performance of two main

MIMO techniques, beamforming and multiplexing, in the terahertz band is studied.
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Our results reveal a surprising observation that the MIMO multiplexing could be

a better choice than the MIMO beamforming under certain conditions in multiple

THz bands.

We believe that our findings will open the door for a new direction of research

and development toward the feasibility of communication in mmWave and THz

spectrum.
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Chapter 1

Introduction

The current rapid growth of data traffic presents great challenges for wireless network

providers. According to a Cisco forecast [5], wireless devices will account for 67%

of total Internet traffic by 2021, up from 49% in 2016. Furthermore, mobile data

traffic will increase sevenfold between 2016 and 2021, requiring enormous capacity

enhancements in wireless communication systems. For example, 5th Generation

mobile networks (5G) aim to provide peak data rates of 10 Gbps per user [6]. In

addition to cellular network users, short-range local wireless networks or point-to-

point links between home devices are expected to support Tbps links [7] and more

bandwidth-thirsty applications, such as wireless virtual reality (VR) devices, are on

the horizon.

On the other hand, the major portion of wireless communication traffic currently

uses frequencies below 6 GHz. This part of the spectrum is highly used and will

soon become overloaded. In spite of the very efficient use of the spectrum in recent

wireless standards such as Wireless Local Area Network (WLAN) and cellular mobile

communication, using new parts of the spectrum to accommodate increasing traffic

demand is becoming a necessity. A largely unused part of the spectrum in the range

of 30-300 GHz, which is called millimeter wave (mmWave) is attracting attention

for data transmission. Thanks its short wavelengths, mmWave can use a large

array of antennas co-located on a small transmitter or receiver. This can boost

data capacity to realize the dream of 1+ Tbps data rates. However, the spectral

1
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efficiency of mmWave is also limited, and to achieve the extremely high bit rates of

over 1 Tbps, a much larger bandwidth is required than the 1-10 GHz available in

the mmWave band [7]. However, Many challenges still remain, especially regarding

the very high propagation loss in THz band communication.

A key difference between existing lower frequency wireless communication sys-

tems and mmWave/THz is that some molecules in the air, such as water and oxygen,

have their natural resonant frequencies within these bands and can absorb signal

energy at very high rates if excited. This means that the mmWave/THz band is

very sensitive to the amount of water in the air in the form of humidity, moisture,

or rain.

In this thesis, we focus on this molecular absorption phenomenon and its negative

and positive effects on wireless communication.

1.1 Motivation

Exploiting the unused spectrum in the mmWave and THz bands is considered as

a feasible solution to the tremendous data traffic requirements of wireless commu-

nication in near future [8, 9]. However, the technologies and techniques of existing

communication bands cannot simply be assumed to be applicable to the new spec-

trum. In spite of following the same electromagnetic laws, the propagation charac-

teristics can be fundamentally different. The major difference comes from the very

short wavelengths in the mmWave and THz frequency ranges, which results in new

challenges such as blockage sensitivity, directivity, huge path loss and the natural

resonance of atmospheric molecules.

Each species of molecule in the atmosphere not only absorbs signal energy (caus-

ing attenuation), but also re-radiates the absorbed energy. The re-radiated wave is

usually referred to as "noise" in the literature, but interestingly, recent works show

that it is highly correlated to the main signal [10] and can be considered as scattered

signal components which arrive at the receiver later than the original wave [11,12].

The main atmospheric molecules which cause significant molecular absorption in the
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0.03-10 THz range are water (H2O) and oxygen (O2).

The intensity of molecular absorption is related to the mole ratio of each species

of molecule in the air. Oxygen molecule absorption peaks are observed at around

60 and 120 GHz. While the oxygen content of the atmosphere is almost constant

at around 20%, the amount of water varies spatially and temporally. Moreover, air

temperature and pressure also affect absorption.

One of the key techniques in mmWave/THz communication is massive Multiple-

Input and Multiple-Output (MIMO). The short wavelengths of frequencies above

30 GHz allows the co-location of a large number of antennas within a relatively

small footprint, for example, 144 elements in 1 cm2 at 60 GHz [2]. On the other

hand, huge path loss reduce the multipath ray strength, and mmWave/THz is mostly

considered as a Line-of-Sight (LoS) communication. In the absence of multi-path

signal components, MIMO performance is downgraded, and instead of sending mul-

tiple data streams, one stream with a beam directed to the receiver is created by

the MIMO system. This beamforming also significantly improves the Signal-to-

Noise-Ratio (SNR). However, the resulted capacity is not as expected where spatial

multiplexing exists in the channel.

Our findings show that, in spite of the challenges created by molecular absorption/re-

radiation in a communication channel, there are potential capacity enhancements

when multiple antennas are used.

1.2 Problem Statement

Given that temperature and humidity at any given location vary throughout the

day, 5G communication services seeking to exploit the mmWave/THz band must

expect some sort of diurnal variation in attenuation and noise, even in the absence

of any movement. Furthermore, the atmospheric channel conditions may also vary

according to location at any given time, leading to faster channel variation for high-

speed mobile users. Although there have been extensive studies to characterize

mmWave channels under different weather conditions, little study has been made on
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spatio-temporal variations. We believe that detailed knowledge of spatio-temporal

variation in mmWave/THz attenuation and noise is important for designing higher

layer protocols, systems, and services for 5G.

On the other hand, for a given number of transmitter and receiver antennas,

the common understanding is that the MIMO capacity is not frequency selective if

the received signal strength is fixed to a certain level. Such a conclusion has been

validated in the sub-6GHz spectrum, but does this conclusion still hold when we

march into the mmWave spectrum in 5G or short range Tbps communication in the

THz band?

As discussed, the very high path loss at higher frequencies leads to LoS-dominated

communication where the lack of scatterer reduces the possibility of spatial multi-

plexing. Hence, the focus research has been on beamforming, which aims to boost

the SNR in contrast with throughput. A recent study shows that light rain can

improve the multiplexing gain of MIMO channels in mmWave [13]. Conversely, in

[11,12], the authors estimated molecular re-radiation with a multi-scattering model.

Therefore, molecular absorption may be able to improve the channel environment

scattering richness and boost MIMO capacity in the mmWave/THz band.

1.3 Contributions

Using the recently discovered molecular absorption models, this thesis conducts a

theoretical study on the effects of molecular absorption and re-radiation on both

single-antenna and multi-antenna wireless communication systems. The main con-

tributions towards our objective are summarized as:

• For single-antenna communication, the study focuses on quantifying the tem-

poral and spatial variations in attenuation and noise that result from variations

in the molecular composition of the air. In particular, it investigates the extent

of spatio-temporal variation in mmWave channels in the three largest cities of

Australia by analyzing hourly air quality and weather data over 12 months.

The study found that mmWave channels experience significant variations in
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both space and time, which causes undesirable network capacity fluctuations

in various times and places. Furthermore, for high-speed users, spatial at-

mospheric variation causes extra temporal channel variation which leads to

significant link quality fluctuation.

• For multi-antenna communication, our new theoretical discovery is that MIMO

capacity can be significantly influenced by atmospheric molecules. Specifically,

some common atmospheric molecules, such as oxygen and water, can absorb

and re-radiate energy in their natural resonant frequencies, such as 60 GHz,

120 GHz, and 180 GHz, which belong to the mmWave spectrum. Such phe-

nomenon can provide equivalent Non-Line-of-Sight (NLoS) paths in an envi-

ronment that is dominated by LoS transmissions, and thus greatly improve

the spatial multiplexing and diversity of MIMO mmWave systems. This study

also shows that MIMO performance can be frequency-selective, which is con-

trary to the common understanding of MIMO systems in existing microwave

band communication systems.

• Finally, the performance of two main MIMO techniques, beamforming and

multiplexing, in the both the millimeter and terahertz bands, is studied. Our

results reveal a surprising observation that MIMO multiplexing could be a

better choice than MIMO beamforming under certain conditions in multiple

THz bands. In this way, high spectral efficiency can be achieved by resulted

spatial multiplexing by molecules while it is not necessary to transfer Channel

State Information (CSI) to the transmitter for beamforming. This helps to

reduce system complexity and signaling overhead.

1.4 Dissertation Organization

The remainder of this thesis is organized as follows. Chapter 2 presents a literature

review on the mmWave/THz communication channel, molecular absorption and

MIMO concepts. The diurnal and spatial variability of a single communication

channel is presented in Chapter 3 where we assumed the molecular re-radiation to
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be noise. In Chapter 4, we investigate how the re-radiation of molecules in some

frequency windows can boost the MIMO capacity by increasing spatial multiplexing.

The comparative performance of MIMO techniques in the presence of molecular re-

radiation is investigated in Chapter 5. The thesis concludes in Chapter 6, and

finishes with proposals for future research directions.



Chapter 2

Background and the State of the

Art

The need to connect everything, everywhere, and everyone results in a huge volume

of data traffic among connected wireless devices in near future. It is expected to have

21 Billion things connected to the network by 2020 [14] which is known as Internet

of Things (IoT). However, the existing wireless communication technologies that

employ frequency between 100 MHz to 10 GHz are heavily congested and almost

close to the upper capacity limit. The only solution to overcome this limitation and

provide ultra high capacity wireless communication is therefore to exploit higher

frequency bands. Millimeter wave (mmWave) and terahertz (THz) bands ranges

from 0.3 to 10 GHz could be potential candidates to serve this purpose as it has

been recently proposed to be used in 5th and future generation of mobile networks

(5G and 5G+) [9, 15] and Gigabit/s WiFi (also known as WiGig) [16]. In spite of

the mmWave/THz spectrum follow same electromagnetic propagation theory, there

are various of frequency dependent characteristic in compare with conventional sub-

6GHz spectrum. The higher free space path loss because of frequency, blockage,

and molecular absorption make the channel different than what has been deeply

investigated in microwave band.

7
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2.1 mmWave and THz communication challenges

The huge bandwidth of mmWave is the main motivation to be considered as a part

of 5G mobile network. Hence, some mmWave sub-bands have been interested in

by research, such as 28 GHz, 38 GHz, 60 GHz and the E-band (71-76,81-86 GHz).

In 60 GHz many theoretical and experimental works have been done [17–24] and

the IEEE802.11ad is published as Gbps wifi standard [25]. A series of experimental

studies also have been done on 28 GHz and 73 GHz in New York city for LoS

and NLoS scenarios [26–30]. To overcome the high path loss in mmWave/THz

beamforming and directivity of electromagnetic power is needed. Thanks to very

small wavelength, electronically steerable arrays can be used at either of transmitter

or receiver or both which with current technology can be implemented as patterns of

metal on circuit board [31] or plasmonic transceiver which can generate, modulate

and propagate signal in THz band [32]. Thanks to the large number of arrays beam

can be steered toward the receiver electronically with a gain up to 55 dB [2] while the

gain on other directions is much lower. However, the performance of formed beam

is highly related to the information that the transmitter has from the channel state.

Measuring and communication channel state information between transmitter and

receiver cost the channel th signaling overhead [33]. In addition, the procedure of

beam training and precoding add more complexity to communication system.

The diffraction of electromagnetic wave in mmWave/THz is significant because

of very small wavelength. The measurement study in [34] showed in a room with

5 people there will be around 1-2% blockage in 60 GHz. Hence, the sensitivity of

mmWave/THz band to blockage can dramatical reduce the communication reliabil-

ity.

Wireless communication over terahertz band has been recently investigated for

both nanoscale networking (due to the very small size of the nanoradio) [35,36] and

macroscale high-capacity short range wireless communication [7, 37, 38]. Although

terahertz band is currently not widely used and the required device and circuit

technologies are not matured, many attempts have been conducted to design efficient

terahertz transceivers [39–41] and characterize the wave propagation in this band
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[42, 43]. In one of the recent cases, researchers have developed a small transmitter,

known as T-ray, which is able to transfer information in distances less than 3 meters

at 3 Gbps (Theoretically up to 100 Gbps) in the frequency range from 300 GHz to

3 THz [39].

2.2 Absorption and Re-radiation in mmWave and

THz channel

Wireless communication over higher frequency band such as mmWave and terahertz

band is strongly affected by the molecular absorption noise and attenuation [7, 43].

Indeed, radio communication in these bands is affected by the chemical composi-

tions of the medium (i.e., the existing molecules in the communication channel) in

two different ways. First, the radio signal is attenuated because molecules in the

channel absorb energy in certain frequency bands. Second, this absorbed energy is

re-radiated by the molecules which creates noise in the channel.

2.2.1 Channel Modeling

This section first explains the concept of absorption coefficient used to characterize

the absorption capacity of a given molecule species, followed by the attenuation and

noise models that build on this coefficient.

2.2.2 Molecular Absorption Coefficient

The effect of a given molecule, Si on the radio signal is characterized by its molec-

ular absorption coefficient at frequency f , ki(f) which varies with pressure and

temperature of the environment as well. The molecular absorption coefficients of

many chemical species for different pressure and temperature are available from the

publicly available databases such as HITRAN [44] and NIST Atomic Spectra [45].

Nevertheless, the atmospheric air as the communication medium, is a mixture of

different gases and as we will see in Chapter 3, the mixing ratio of its constituent
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gases may change in hourly basis. The pressure and temperature of the air are also

variable. We, therefore, need to take these variations into account. In order to model

these variations, we assume the mmWave radio channel is a medium consisting of

N chemical species S1, S2, ..., SN and mi(t) is the mole fraction per volume, i.e.,

mixing ratio of molecule Si in the medium at time t. We further assume that the

temperature and pressure of the medium at time t is T (t) and P(t). The medium

absorption coefficient, k(t, f), at time t and frequency f is therefore a weighted sum

of the molecular absorption coefficients in the medium [35,46]:

k(t, f) =
N∑
i=1

mi(t)ki,t(f) (2.1)

where ki,t(f) is the molecular absorption coefficient of species Si in the given

temperature, T (t) and pressure P(t) that can be obtained from HITRAN [44] and

NIST [45].

2.2.3 Attenuation

The attenuation of the radio signal over mmWave is due to spreading and molecular

absorption [7, 35]. The total attenuation at time t , frequency f and a distance d

from the radio source, A(t, f, d) is:

A(t, f, d) = Aspread(f, d)× Aabs(t, f, d) (2.2)

where Aspread and Aabs(f, d) are respectively, the attenuation due to spreading and

attenuation due to molecular absorption at time t , frequency f and a distance d

from the radio source. The spreading attenuation is given as [47]:

Aspread(f, d) =
(

4πf0d

c

)2

(2.3)

where f0 is the central frequency and c is the speed of light and f0 is the central

frequency. The attenuation due to molecular absorption is given as [7]:
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Aabs(t, f, d) = ek(t,f)×d (2.4)

where k(t, f) is the absorption coefficient of the medium at time t and frequency f .

Many linear approximations for equation 2.2 have been proposed in the literature for

different frequencies (in dB or dB/Km) [48]. For some high frequencies over Milliliter

band, the ITU Radio communication Sector (ITU-R) provides various procedures

to estimate specific attenuation due to the dominant molecules in the air (O2 and

H2O) [49] which both can be easily derived from equations 2.3 and 2.4.

2.2.4 Noise

The receivers usually encounter with few types of noises including the thermal noise

(NThermal) generated by the thermal agitation of the charge carriers; electronic noise

(Elec) from receiver input circuits and ambient noise from the environment. The

ambient noise in the higher frequencies channel is mainly originated by the molecular

absorption noise (Nabs) which is due to re-radiation of the absorbed energy by the

molecules in the channel [7, 43]. The total noise power at the receiver therefore is:

NmmWave = Nabs +NThermal +NElec +NOthers (2.5)

where NOthers is the noise from other probable sources. Nthermal and NElec depend on

the receiver’s technology in use. However, there are some promising evidences that

point to the future generation of antenna (such as Graphene-based transceivers)

which has a very low thermal noise that means molecular noise is expected to be

the dominant source of noise in future nanomaterial-based receiver systems [43].

The molecular absorption noise has been studied in the literature since 1986

when F. Box proposed a model for sky atmospheric noise for frequencies higher than

18GHz [50]. There are a number of works that have studied the atmospheric noise

for higher frequencies (mainly Millimeter waves) such as [51] which experimentally

measured the atmospheric noise variation in Mauna Kea in Hawaii over many night

and days using a 143 GHz and 268 GHz transmitter. Recently the molecular noise
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has been re-considered for mmWave and terahertz band [7,43]. Molecular absorption

is not white and its Power Spectral Density (PSD) is not flat because of the difference

in the resonant frequency of different molecules.

There are two main models for molecular absorption noise in the literature. The

first noise model assumes that the magnitude of the noise is not influenced by the

amplitude of the transmitted power, so the molecular noise PSD, Nabs(t, f, d), is

given by: [52,53]:

SNabs(t, f, d) = kBT0(1− e−k(t,f)×d) (2.6)

where T0 is the reference temperature 296K and kB is the Boltzmann constant.

In the second noise model, recently proposed in [10, 50, 54], it is assumed that the

intensity of the transmitted power affects the noise, therefore different transmitted

powers create different levels of noise in a given condition. Based on this noise

model, the PSD of the molecular absorption noise that affects the transmission of

a signal X, SNabs , is contributed by the atmospheric noise, SBN and the self-induced

noise, SXN as [50,54]:

SNabs(t, f, d) = SBN(t, f, d) + SXN (t, f, d) (2.7)

SBN(t, f, d) = limd→∞(kBT0(1− e−k(t,f)d))
(

c√
4πf0

)2
(2.8)

SXN (t, f, d) = U(t, f)(1− e−k(t,f)d)
(

c

4πdf0

)2
(2.9)

where k(t, f) is the absorption coefficient of the medium at time t and frequency

f ; f0 is the central frequency; T0 is the reference temperature (296K); kB is the

Boltzmann constant; U(t, f) is the PSD of the transmitted signal at time t and

frequency f ; and c is the speed of light.

In this study, we use the second noise model. However, using the first noise

model will not affect the contributions and the overall results.
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2.2.5 Channel Capacity

Let U(t, f) be the power spectral density of the transmitted radio signal at time t

and frequency f . The signal-to-noise ratio (SNR) at time t, frequency f and distance

d is:

SNR(t, f, d) = U(t, f)
A(t, f, d)SNabs(t, f, d)

(2.10)

Consider a radio channel consisting of two nodes separated by a distance d, then

at time t, the Shannon capacity over a sub-channel from B1 to B2 Hz is:

Capacity(t, d) =
∫ B2

B1
log2(1 + SNR(t, f, d))df (2.11)

2.3 Atmospheric Effects on Wireless Communi-

cation Channel

several studies investigated atmospheric conditions effects on the channel [1, 13, 55,

56]. The real measurement of rainfall attenuation in Madrid, Spain has been done

in [1] and showed the rain attenuation can dominate other atmospheric effects on

the channel for frequency below 90 GHz. a 24 hours graph, Figure 2.1, of rain

attenuation over a 840 m distance is shown in their work for two different days. The

work in [55] focused on the effects of the atmosphere and weather on the channel

and showed the radio waves above 10 GHz is significantly influenced by molecular

resonance and precipitation. Millimeter-wave communication can experience high

attenuations in the presence of heavy rainfall [57] which is modeled and evaluated

in [13]. They found low rainfall can increase capacity because of positive effect

on antenna performance. In more details, the raindrops can act as scatterers and

improve the MIMO multiplexing gain. However, they also showed when the rain

rate increases, the attenuation of water-drops dominate the scattering effects and

capacity will be lower for heavy rain.
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Figure 2.1: measured rain attenuation at 75 and 85 GHz in Madrid, Spain. a and b belongs to
a low humidity day while c and d shows the data for a very humid day [1].



Chapter 2 Background and the State of the Art 15

2.4 Channel Variation for High Speed Users

Today, many of people spending part of their daily time in intraurban traveling

by cars, buses and high-speed trains. Australian government report shows 90% of

Australians spend more than 90 minutes for commuting to work daily [58] and the

demands for broadband Internet access is not negligible for such a users. Further-

more, the traffic demand is also growing every day where the around 75% of all

devices connected to the mobile network will be smart in 2021 [5]. In this way, the

application of smart devices is not limited to conventional voice and text commu-

nication or web browsing. The same forecast report shows the video will consume

more than three-quarter of mobile data traffic in 2021. Applications such as video

streaming, online video games, virtual reality (VR) might require a high-speed data

link where the stability and availability is a key factor to satisfy users.

As vehicles are supposed to be an integrated part of the future generation of the

wireless communication such as 5G+ [15], mmWave/THz vehicular communication

can play an important role in the cellular network. For instance, vehicles can act

as mobile base stations to eliminate the network coverage holes [15] or serve at

the temporal occasions that require high capacity links (e.g., sports matches). In

addition, it could be used for future road-vehicles [59] where high-resolution real-time

data/images/videos need to be exchanged with the infrastructure and with other

vehicles for different purposes such as safety, fuel efficiency, and traffic prediction. To

this end, recent works have been done for mmWave/THz vehicular communication

[9,60,61]. Besides, The mmWave/THz communication is also proposed for smart rail

mobility where several management and surveillance information such as HD video

in combination with broadband Internet for passenger should be communicated

among infrastructure, wagons and trains [62].

The wireless communication faces with several difficulties which are coming from

the nature of electromagnetic wave propagation. While several characteristics of the

signal including amplitude, phase, and frequency are used to carry the information,

each of them can be corrupted because of multi-path propagation, shadowing, block-

age, weather and so on. The problem is more intensive when the receiver changes
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its position constantly. In this case, Since the distance is changing the signal at-

tenuation also will be variable. On the other hand, Doppler effect also is another

challenge for mobile wireless communication. The higher speed of transmitter or re-

ceiver, there would be more challenges in the wireless channel. While such challenges

are well studied for microwave transmission, there is a different channel model and

characteristic for mmWave/THz band [9]. For example, to overcome very high path

loss in this band, beamforming is proposed as a major solution, but it is sensitive

to mobility and the direction of transmit power need to be steered regards to the

receiver location.

Location-dependent channel characteristics, such as path loss and fading, affect

the signal quality received by the receiver. Current communication technologies

use adaptive power adaptation and coding scheme to keep the bit error rate (BER)

acceptable. In this way, the reliability or alternately the received bit error rate

(BER) can be guaranteed at the cost of losing bit rate. Thus, Any significant spatio-

temporal channel variation for high mobility users results in fluctuation in available

bit rate and affects the quality of service (QoS) experienced by users [63]. Along

with network infrastructure planning to improve coverage [64], some techniques in

a higher level such application layer is also proposed to have a bandwidth map

[63, 65, 66]. Such spatio-temporal bandwidth map can be used by applications to

exploit high bit rate locations and mitigate the data rate drops in the rest of area

during a trip. For example for video streaming, it can provide better user experience

in video playing by providing higher quality and less video "freezing" [67,68].

2.5 Multiple Input Multiple Output (MIMO) in

mmWave and Terahertz Communication

Multiple-input-multiple-output (MIMO) paradigm has been an important research

topic in communication area for the last two decades. The main idea is to co-locate

multiple antennas to send multiple copies of data or divide the data to multiple

streams. The former one is known as diversity which results in reliability and the
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later one is called multiplexing [69] which aims to increase the throughput. In spite

of the simple idea of MIMO there are several challenges in MIMO communication

which have been deeply investigated in the literature.

Boosting the capacity through multiplexing is efficient when independent multi-

path signal components deliver information to the receiver. In this way, the channel

environment should be rich in term of scattering and it results in a random inde-

pendent channel gain for each pair of antennas in the transmitter and receiver [70].

The channel randomness is reflected as the degrees-of-freedom which can be in the

range of one to the minimum of antenna number on either of the transmitter or

the receiver [71]. The Later channel is refered as full rank [69] where there can be

equivalently a maximum possible parallel information sub-channels. In addition to

the rank, the channel also should statistically well-conditioned [72].

The richness of scatterer can be characterized by the ratio received power from

main signal source to the received power from scatterers which is called the Rician

K-Factor [73]. The total strength of multipath rays can be very smaller than line-

of-sight (LoS) signal, which is a LoS dominated channel and the received signal at

receiver antenna are highly correlated. The degrees-of-freedom for such a channel is

one and almost no multiplexing gain can be achieved. The LoS MIMO can have full

rank channel matrix for some specific inter-element antenna spacing, angles, and

distances [74]. However, for mobile communication, the channel distance and array

angles are variable and therefore for LoS scenarios the multiplexing gain hardly can

be achieved.

The channel is called Rician where both non-line-of-sight NLoS and LoS compo-

nents are non-negligible. In such a case, there is a level of randomness in the channel

which improves the channel multiplexing gain [75]. For a very large K-Factor channel

is LoS dominated as we discussed above and in contrast, for very low K-factor close

to zero, the channel is highly random which usually is referred as Rayleigh when

the channel transfer function elements are independently and identically distributed

complex values [76].

The other key factor in the efficiency of diversity or multiplexing gain is SNR. At

low SNR, the multiplexing approach provides little benefit because the transmitter
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Figure 2.2: A square uniform plasmonic nano-antenna array. [2].

split the power to multiple streams. Alternately, the MIMO can be used as a beam-

former. In this way, the spatial diversity helps to focus power toward the receiver

to mitigate the path loss and reduce co-channel interference [77]. It also is more

practical in lack of scatterer when the channel is rank-deficient and multiplexing

gain is dramatically poor.

Along with emerging demands for communication in new spectrum such as

mmWave and THz bands in recent years, MIMO is envisioned as one of the key

players. mmWave/THz band suffer from very high propagation loss on the one

hand and power limitation of transmitters on the other hand which results in much

shorter communication distance than conventional sub-6GHz communication [7].

Hence, MIMO is a major candidate to enhance communication distance and capac-

ity in the mmWave/THz bands. One of the benefits of the mmWave/THz band is

a wide unused spectrum in comparison with very crowded microwave band. Hence,

it is more power limited than bandwidth limited [77] and beamforming sounds to

be more effective and most of the research is focused on beamforming rather than

multiplexing [2, 78, 79].

The very small wavelength in higher frequency is a key advantage to place a large

number of antennas in a relatively small footprint. The recently developed metama-

terial can support the propagation of Surface Plasmon Polariton (SPP) waves where

since the electromagnetic speed is much lower than free space the wave length is
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Figure 2.3: Gain of metallic and plasmonic nano-antenna arrays at different frequencies as a
function of their footprint [2].

much smaller than same frequency free-space wavelength [80]. Thanks to the very

small wavelength, hundreds of plasmonic antennas can be placed in a few square

centimeters, 2.2, for example, 144 elements in 1 cm2 at 60 GHz [2]. In this way, a

huge beamforming gain up to 55 dB can be achieved with ultra-massive MIMO as

shown in Figure 2.3

2.6 Summary

In recent years, research trends in employing mmWave and THz band is drastically

increased to respond to the huge bandwidth demand in the wireless networks. Cur-

rently, the focus is on using the mmWave band for 5G, IoT and wireless LAN, where

various frequency windows are being investigated to characterize the propagation

model and to design the required protocols in the upper layers. The standardiza-

tion of 60 GHz wifi (IEEE 802.11ad) is finalized and some commercial products are

available in the market. However, the measurement equipment sets are still expen-

sive and a small portion of studies are based on the realistic measurement. For

the spectrum above 100 GHz, experimental studies are even far fewer than 30-100

GHz due to hardware cost and measurement difficulties. Extended applications of

mmWave/THz such as IoT, wearable sensors, localization, and vehicular communi-
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cation also have been proposed but, there is still a long way of standardization and

implementation. Among the wide area of the higher frequency spectrum challenges,

the molecular absorption is also one of the interesting topics since it was negligible

in conventional sub 6 GHz communication. Most of the related works have studied

the effect of atmospheric conditions like fog and rain on mmWave communication

and older research mostly are about long-distance propagation such as radars and

satellite. In spite of well-known theoretical model on molecular re-radiation, this

phenomenon is not investigated in literature sufficiently, especially by experimental

studies. To our knowledge, no existing research has studied the effect of re-radiation

of molecules on MIMO systems. Therefore, in Chapters 4 and 5, we show how the

molecules can play scatterer role and influence MIMO performance. Moreover, the

molecular absorption is characterized by the absorption coefficient of the channel

which is related to temperature, pressure and mole fraction of various gas molecules

in the air. Since these parameters are variable during the day and across cities,

the communication channel will also fluctuate. To the best of our knowledge, the

spatial-temporal variation of mmWave/THz channel has not been studied. For this

purpose, we investigate the diurnal and spatial channel variation of a single channel

in Chapter 3. Finally, we acknowledge that the theoretical study is necessary but

not sufficient to verify our discovery. The experimental study is the subject of future

works.



Chapter 3

Spatio-temporal Channel variation

in the mmWave and THz band

The mmWave/THz spectrum suffers from two main problems. First, the path loss in

this band is significantly high due to high spreading loss and molecular absorption

attenuation. This makes the long-range communication almost impossible which

necessitates to deploy many small base stations in the back-haul. The remedy to

this high path loss problem could be the use of high-power sources, efficient detectors

and high gain antenna systems [81]. Second, this band coincides with the natural

resonant frequency of many existing molecules in the air which can be potentially

a new source of degradation in the channel. This happens when excited molecules

absorb a fraction of the radiated energy (a new source of path loss in the channel) and

start to re-radiate the absorbed energy (a new source of noise). This phenomenon

that is called ‘molecular absorption’ is frequency sensitive and influenced by the

composition, pressure and temperature of the medium.

It is well-known that the atmospheric conditions (air composition, pressure and

temperature) in the urban areas could have some temporal and locational variations

due to mainly climate change, the production of pollution, the modification of phys-

ical and chemical properties of the atmosphere, and the covering of the soil surfaces

[82]. For example, due to forming urban heat islands1 (Figure 3.1) the temperature
1Urban heat islands are defined as the "warm island" (due to rise in temperature of any man-

made area) among the "cool sea" represented by the lower temperature natural landscape [82]

21
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Figure 3.1: Urban heat islands in Atlanta on May 11-12 1997, was captured by NASA While the
city’s temperature was reported as 26.7 degrees Celsius, some of its surface temperatures soared
to 47.8 degrees Celsius [3].

can potentially varies in different location at the same time. Wireless communica-

tion systems seeking to exploit mmWave and higher bands therefore may experience

some sort of temporal and spatial variations in molecular attenuation and noise. As

a result of this temporal and locational variation, the quality of communication link

is expected to be variable specially for high speed mobile users across the urban

area.

In this chapter, we study the spatio-temporal channel variation of mmWave and

THz communication in three largest cities of Australia. The aim of this chapter is to

explore the extent of channel variations that could be expected for channels during

clear days in typical cities around the world. To achieve this, we apply well-known

molecular absorption models to the air quality and weather data over 12 months in

2015/16 collected in three largest cities in Australia. First, We find that even if there

is no rain, there can be significant temporal variation in both attenuation and noise
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between two communicating devices. The attenuation and noise generally drop in

the middle of the day when temperature rises and humidity falls, but remains high

during the night. The diurnal variation is found to be more significant in summer

compared to winter. Secondly, considering weather data of 273 stations across the

city of Sydney, we find a significant difference in channel state among suburbs. We

simulated several urban travels and the results show the spatial channel variation

causes a notable fluctuation in channel capacity which will affect the high speed

mobile user experience.

The rest of the chapter is structured as follows. The details of the air quality data

are described in Section 3.1. Section 3.2 analyzes temporal and locational channel

variations by applying the channel model to the air quality data. We simulate and

discuss how the spatio-temporal variation effect high speed mobile users before we

summarize chapter in Section 3.4.

3.1 Air Composition and Atmospheric Data

In Section 2.2.1, we have shown how the mmWave/THz channel is affected by the

molecular composition of the communication medium. In the vehicular communica-

tion, the channel consists of normal air. In order to characterize the communication

channel, the composition of the atmospheric air therefore needs to be investigated.

The aim of this section is to study the composition of the atmospheric air in urban

areas, mainly three big cities in Australia (Sydney, Melbourne and Brisbane). Note

that the rainfall effect on the channel is out of scope of this work, so we do not

present rainfall information as well as fog and snow. Therefore, in this thesis we

only investigate clear days.

3.1.1 Air Composition Characterization

The major elements of the atmospheric air are nitrogen (78%), oxygen (about 21%)

and other gases such as argon, helium, neon and carbon dioxide (totally less than

1%) [83]. Water in the form of moisture also exists in the air which is highly variable,
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more commonly ranging from 0.2-3%. Ambient air composition is also affected by

the air pollutants mainly ozone (O3), nitrogen dioxide (NO2), sulfur dioxide (SO2),

CO and Particulate Matter (PM), a general term that used for a mixture of solid

particles and liquid droplets suspended in the air [84]. PM is characterized according

to size, PM2.5 and PM10 stand particles that are less than or equal to 2.5 and 10

microns in diameter, respectively.

Figure 3.2 and 3.3 show the absorption coefficient of the main constituent species

of the normal air over 30 to 300 GHz and 0.3 to 10 THz2. The average absorption

coefficient over 30 to 300 GHz for each molecule has been mentioned in its title.

While the absorption of the nitrogen is almost zero, vapor, PM and SO2 have the

highest absorptions, respectively with 3.77, 1.28, 0.18 cm–1. The molecular absorp-

tion of few constituent gases over mmWave frequencies are almost zero that includes

argon, helium, neon and carbon dioxide [45].

Figure 3.4 shows the overall absorption coefficient of the Sydney Rozelle air

over frequency range of 30 GHz to 300 GHz at 1am (11 Dec 2015) which has been

calculated from equation 2.1 using the mole fractions of time equal to 1am, extracted

from Figure 3.6(b). We also show the contribution of each individual constituent

gas in the total absorption of the medium (mi × Ki(f)). As it can be seen, the

water vapor and oxygen are the main effective molecules. Particulate matters, O3

and SO2 are the next contributors and the N2 has the lowest contribution. Based

on Figure 3.4, it seems that by only using the mole fraction of the water vapor the

absorption of the channel can be estimated which is because the contribution of other

species are relatively very low. In order to investigate this, for a given temperature

and pressure of 20◦C and 1 atm, we calculate the absorption coefficient of the air

only using vapor (1%) and compare it with its counterpart when we included all

constituent molecules in the air (Figure3.4).

We plot similar graph for THz band in Figure 3.5. As can be seen, water

molecules are main absorption source in normal air over THz band.
2 There is no absorption coefficient for PMs in HITRAN and NIST. Instead, as PM in Sydney

are mainly composed of organic matters (46%), sea salt (20%), inorganic aerosol (15%), dust (9%)
and elemental carbon (10%) [84], we use the absorption coefficient of available inorganic matters
(HNO3, NH3), organic matter (CH4) and chloride species (NCL, HOCL, CH3CL) to approximate
the absorption coefficient of PM in Sydney.
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Figure 3.2: Absorption coefficient of the main constituent element of the normal air over mmWave
ranging from 30 to 300 GHz.
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Figure 3.3: Absorption coefficient of the main constituent element of the normal air over 0.3-10
THz.
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3.1.2 Variation in the Air Composition and Condition

While the concentration of the main air components (nitrogen and oxygen) are al-

most constant, the concentration of some components such as water vapor and air

pollutants are variable and depends on the location, time and atmospheric condi-

tions, i.e., temperature and pressure. The air quality station in the cities (such as

the one for Sydney [85]) provides hourly air quality data including the concentration

of: Ozone O3 in pphm3, nitrogen dioxide NO2 in pphm, carbon monoxide CO in

ppm4, sulfur dioxide SO2 in pphm and particles PM10 and PM2.5 in µg/m3. Since

in equation 2.1 the molar fractions (relative amounts) of these gases in the air are

used to calculate the absorption, all the values need to be converted to the relative

amount. ppm and pphm are in the ratio form where 1ppm = 0.0001% of mole

ratio [86]. To calculate the equivalent molar fraction of µg/m3, the ideal gas law,

Pp = nRT
V

, is used where Pp is partial pressure of selected gas, n
V

is absolute gas

concentration in mole per volume, T is temperature in kelvin and R is the ideal gas

constant 5. By using the Dalton’s law [87], mole fraction will be partial pressure to

the total pressure ratio.

In order to analyze the channel, the variation of water vapor mole fraction and

atmospheric conditions including temperature and pressure are also required. The

last two not only are required to convert gas concentration to mole fraction but are

also used to extract absorption coefficients from available databases. This supple-

mentary data have been provided through online available weather databases such

as [88, 89]. The amount of vapor in the ambient atmosphere in these databases

are presented in form of relative humidity. Relative humidity is the ratio of the

partial pressure of water vapor to saturation vapor pressure at the same tem-

perature. The saturation vapor pressure (Ps) in pascal can be achieved by Ps =

610.78 × exp (t/(t+ 238.3)× 17.2694) [90] where t is temperature in ◦C. Our data

also include the oxygen mole fraction which is almost constant in dry air (20.946%)

but we recalculated it for the moist air from Dalton’s law based on the moisture

mole fraction [86].
3parts per hundred million
4parts per million
58.314J/mol



Chapter 3 Spatio-temporal Channel variation in the mmWave and THz Band 29

5 10 15 20
290

300

310

Time (Hour)

T
em

pe
ra

tu
re

 (
K

)

 

 

5 10 15 20
1

1.01

1.02

P
re

ss
ur

e 
(a

tm
)

Temperature (K)
Pressure (atm)

(a) Temperature/pressure

2 4 6 8 10 12 14 16 18 20 22 24
10

−8

10
−6

10
−4

10
−2

10
0

10
2

Time (Hours)

 C
on

ce
nt

ra
tio

n 
(%

)

 

 

N
2

O
2

Vapour
O

3

NO
2

CO
SO

2

PM

(b) Mole fraction variation

Figure 3.6: Atmospheric variation (air composition, pressure and temperature) in Sydney/Rozelle
weather station on 11 of Dec 2015.
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Figure 3.6(b) presents our collected data for one station in a particular date

(Sydney, Rozelle on 11 Dec 2015) which includes the mole fraction of the main

constituent components of the air. While mole fraction of oxygen is almost steady,

water vapor as the other important component varies significantly. The correspond-

ing temperature-pressure is also presented in Figure 3.6(a) for the same day and

location which shows the temperature and pressure vary respectively by 16◦C and

10 hPa (0.0001 atm) during 24 hours.

We also investigate the spatial variation in atmospheric conditions and vapor

mole fraction. In this case, we obtain weather data from 273 stations across the

Sydney available via an online database [89]. Our data shows about 8◦C maximum

temperature difference across Sydney at 1:30 pm, 28 January, 2016. We also extract

the mole fraction of the water vapor from these 273 stations for the same date/time

and as it can be seen from Figure 3.7, the vapor mole fraction varies between 0.018

and 0.03 that is more than 65% variation.

In the next section, we show how the temporal fluctuation and the spacial vari-

ation of the atmospheric conditions and vapor mole fraction can cause variation in

communication channel.

3.2 Channel Variation Evaluation

As we have seen in Section 3.1, the air composition and atmospheric condition

(temperature/pressure) have temporal(diurnal) and spatial(locational) variations.

The communication channel, therefore, is expected to experience both temporal

and spatial variations which not only affect the probable cellular communication

but also significantly affects the high speed mobile users communication in this

band. This section aims to study these channel variations using hourly air quality

and atmospheric data from different stations in several cities .
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(a) Stations location, Map of Sydney

(b) Temperature (C)

(c) Vapor mole fraction

Figure 3.7: The spatial variation of the temperature and the mole fraction of vapor in Sydney
on 28th January (1:30 pm).
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3.2.1 Methodology

We consider the three largest Australian cities, Sydney (Rozelle and airport), Mel-

bourne (airport) and Brisbane (airport). We study each location over all months

in 2015. For each location/day, we follow the procedure of Section 3.1 to extract

hourly data for temperature, pressure and air composition from the publicly avail-

able air quality and weather stations located around. For each particular location/-

date/hour, we then extract the absorption coefficient of the constituent molecules

for the given pressure and temperature of that hour from online available HITRAN

database. Finally, we plug in the absorption coefficient of each gas and the gas

mole ratio to the the channel model explained in Section 2.2.1, we calculate the

total absorption coefficient, attenuation, molecular noise and link capacity for the

five frequency windows, 38, 60, 73, 150 and 250 GHz each with 1 GHz wide. These

bands have been highlighted in the literature as the most promising sub-bands over

mmWave and THz due to their lower absorption[7]. In summary, we used real mea-

sured atmospheric data and the experimental absorption coefficient of each molecule

from public sources and calculate channel characteristic using the theoretical model

[7, 10–12, 35, 46, 80]. Note that we consider an open space communication chan-

nel. The effect of possible existing objects in communication environment such as

buildings is not in our scope.

3.2.2 Temporal Variation

First, we present the results for one city, Sydney (Rozelle station on 11 Dec 2015) for

a fixed distance of 100m assumed between transmitter and receiver to gain insight

to diurnal variations of weather and its impact on the channel performance. Figure

3.8(a) shows that the moisture varies between 0.2% and 2.3% and the temperature

varies between 20◦ C and 36◦ C throughout the day. Figures 3.8(b), 3.8(c) and 3.8(d)

show the impact of temperature and humidity variation on the channel quality over

the five low absorption sub-bands.

It can be observed the channel quality varies noticeably during the day over all

selected sub-bands, as the molecular absorption (Figure 3.8(b)) changes by a factor
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Figure 3.8: Diurnal channel status in Sydney (Rozelle) on 11 Dec 2015.
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Figure 3.10: Maximummolecular noise and attenuation variation of two selected days for different
cities of Australia, 2015

of 6 on average over these sub-bands. This variation in molecular absorption leads to

an attenuation variation of 2 dB at 38 GHz and 10 dB at 250 GHz. Molecular noise

also drops 4 dBm at the noon at 38 GHz sub-band while the maximum variation is

only 1 dBm at 60 GHz(Figure 3.8(d)) where absorption at this frequency is mostly

influenced by Oxygen and is less sensitive to vapor variation.

In order to investigate the diurnal variations over different seasons, Figure 3.9

plots the maximum daily variation of the attenuation and noise over all 12 months

in 2015 in distance equal to 400m over the operating frequency of 150GHz, where

we extract three non-rainy (clear) days for each month and average their results for

that month. It is clear that the variations are noticeable in all seasons, but larger

variations are expected in summer than in winter for Sydney. Also, the maximum

daily variation is shown in Figure 3.10 for three largest cities of Australia in two

example days in winter and summer. It can be seen the story in Brisbane is different

than other two cities which can be the result of different climate. Note that unlike

Melbourne and Sydney, which are located in the south of the continent, Brisbane is

located in the more tropical region.

So far we have studied diurnal variation for a fixed distance of 400 meters between
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Figure 3.11: Attenuation variation in dB as a function of distance and frequency.

two devices. Next, we study diurnal variation as a function of distance. This time we

consider many different frequency bands within mmWave. Variations in attenuation

and noise are shown as heat maps in Figures 3.11 and Figure 3.12, respectively, for
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Sydney (Rozelle station on 11 Dec 2015). We observe that attenuation variation

is more significant at longer distances, while it is the opposite for noise variation.

This is because the molecular noise is dependent on the received signal power, which

fades away with the distance. Therefore at long distances, molecular noise becomes

negligible. In contrast, the signal attenuation is negligible at short distances, but

becomes very significant with increasing distance.
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Figure 3.12: Noise variation in dBm as a function of distance and frequency.

3.2.3 Spatial variation

In our data collection, we found a significant difference in temperature and moisture

across the city of Sydney which might cause channel variation for high-speed mobile

users. In order to investigate the effect of this variation on the channel quality, we

collect weather data of 273 stations available in [89] for various Sydney suburbs.

The evaluation methodology is same as section 3.2.1 and we assume uniform air

composition along the path between the transmitter and the receiver.

In the first step, we use all the station’s geographical coordinations to plot the

map graph of Sydney. The data has been captured at 1:30 pm, January 28, 2016,
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Figure 3.13: The spatial variation of molecular attenuation on map of Sydney

at several points across the city (Figure 3.7(a)). We use MATLAB interpolation to

estimate the values for all the map points. We crop part of the map which has more

observation point density. We also show the coastal line in the graphs which can be

matched with Figure 3.7(a).

In section 3.1, Figure 3.7(a) shows the map and observation stations as red

marks. Figure 3.7(b) illustrate the temperature graph of corresponding area in

Celsius. There is a maximum 8◦C difference in the map and temperature is generally

lower in the areas near the ocean. In addition, Figure 3.7(c) presents the vapor mole

fraction at the same time which is varying between 0.018 and 0.030 and its variation’s

pattern is different from temperature in Figure 3.7(b). Finally, we calculate the

molecular attenuation for 400 m communication distance at 150 GHz which is shown

in Figure 3.13. About 3.5 dB attenuation variation can be found across the city

which in some areas it happens in a small neighborhood. Also, if we compare

Figure 3.7 and 3.13, it can be seen a visible similarity between vapor mole fraction

graph and the attenuation. It means the moisture plays the most important role in

molecular absorption in mmWave/THz wireless channel although the temperature

is also important.
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In order to show spatial channel variation in different sub-bands, we select 11

observation points in several Sydney’s suburbs. Figure 3.14 shows the evaluation

results for this group of stations. The data are observed at 4:30 pm, January 21,

2016.

As shown in the Figure 3.14, there is about 8◦C difference between the highest

and lowest observed temperatures at Earlwood (35◦C) and Palm beach (27◦C). Also,

the amount of vapor varies between 1.9 to 3.3 % across the selected locations. The

difference in air composition results in different channel characteristics in each area.

The noise and attenuation are calculated for 400m communication distance. It can

be seen attenuation at Glebe differs 6 dB compared with Marrickville at 250 GHz

while this variation reduces to only 1 dB at 38 GHz channel. The molecular noise

also has been shown in the same figure where the results show that while maximum

variation in attenuation happens in higher frequencies, the noise varies more in lower

sub-bands where it is around 1 dBm and can be neglected.

3.3 Impact of High Mobility

In this section, we show how the spatial variation in atmospheric conditions effects on

high speed mobile users such that spatial variation will turn to temporal variation for

this kind of users because of changing location fast. For this purpose, four arbitrary

routes in Sydney are considered on the map which have been shown in Figure 3.15.

The route length for P1 to P4 are about 42, 34, 43 and 32.8 km respectively. We

exploit the same data which was used in section 3.2.3 (Figure 3.13). The routes are

exported by Google map in kml files. We simulate a trip on each route when the

vehicle speed varies between 45 to 60 km/h randomly and trips long 40-50 minutes.

Also, we ignore the diurnal variation in this section.

First, Figure 3.16 shows the signal attenuation which has been resulted by molec-

ular absorption while the free-space path loss attenuation is not included in this

Figure. As it can be seen, the signal attenuation varies about 6 dB/km in few min-

utes. For example, in route 3 the attenuation drops about 4 dB/km around 2000th

second. It is much faster than diurnal variation that we discussed in 3.2.2 which
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Figure 3.14: Channel spatial variation for five sub-bands.
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Figure 3.15: Four selected routes in Sydney

is a new source of channel variation for high speed users where to the best of our

knowledge it was not considered before.

Such a signal variation can affect the link quality and user may experience signif-

icant fluctuation in the available data rate. To show how the absorption will affect

the link quality, we calculate channel capacity theoretically by Shannon’s theory

while we assume a single link. We also assume a fixed communication distance of

400m, which can be vehicle to vehicle or vehicle to infrastructure, transmit power of

40 mW and total 15 dB antenna gain. Realistically, the communication distance also

varies rapidly and changes the channel state but in this work we assume a constant

distance for simplicity to only highlight the molecular absorption effect. Note that

we consider both molecular and thermal noise to calculate the capacity. Figure 3.17

shows how the variation in attenuation results in fluctuation in available data rate

for a channel with 1 GHz bandwidth at 150 GHz.

There are some effective link adaptation schemes in current wireless communica-

tion systems which measure channel quality periodically and aim to overcome slow

and fast channel variations in order to keep the wireless link connected and reliable

[91,92]. These methods of capturing variations in the channel could also be used to

capture channel variations due to molecular absorption. However, when the chan-

nel quality i.e SNR decreases, they mostly rely on downgrading modulation scheme
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Figure 3.16: Molecular attenuation during the travel time at 150 GHz
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Figure 3.17: Possible data rate over selected routes in Sydney for 1 GHz channel at 150 GHz.

or decreasing the coding rate which leads lower bit rate [93]. The other possible

option is power control which adjusts the transmission power to achieve a desirable

performance [94]. But, dynamic power control affects the cellular network design

because it will change signal to interference ratio on the cell edge. On the other

hand, as shown in (2.9), the molecular noise will be amplified when the transmit

power increases. Thus, further research should be done on how the atmospheric

channel variations should be mitigated in mmWave/THz communication.

3.4 Summary

In this chapter, we studied the effect of atmospheric conditions on the communica-

tion over mmWave/THz channel as one of the emerging technologies for high speed
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wireless communication. Using mmWave channel modeling and real air quality/con-

dition data, we investigated the quality of wireless communication in three largest

cities in Australia including Sydney, Melbourne and Brisbane. We found that the

channel quality metrics such as noise, attenuation and capacity can vary temporally

and spatially across the cities, mainly due to variation in air temperature and ex-

isting moisture in the air. We simulated few traveling routes in Sydney and showed

that a high-speed mobile user will experience a significant variation (around 60%) in

bit rate which is not appropriate for real-time services such as video streaming. In

spite of the fact that attenuation and noise of molecular absorption reduce the chan-

nel quality based on common understanding, however the molecular re-radiation is

correlated to signal power and thus can carry information in the channel. Thus

in next chapter, will have a new look on molecular re-radiation in mmWave/THz

band where interestingly, multi-input multi-output communication can exploit the

re-radiation to improve the capacity.



Chapter 4

Effect of Molecular Re-radiation

on mmWave and THz MIMO

In the near future, wireless communication such as the 5th-generation (5G) system

is expected to deliver a massive increase in channel capacity and data rates. To

achieve this, two key technologies have attracted lots of attention recently. The

first one is the use of very high frequency spectrum in the range of higher than

30GHz to 1THz [8, 9]. The second one is the massive multiple-input multiple-

output (MIMO) technology, which advocates the use of a large number of antennas

in wireless communications. The above two technologies are compatible with each

other. In more detail, a short wavelength in mmWave/THz helps to minimize the

inter-element spacing of a MIMO system. As a result, a great number of antennas

can be equipped on mobile devices, which is not practical for the current wireless

systems that usually work in the sub-6GHz spectrum.

Note that the communication in mmWave/THz poses its own challenges, such

as high free-space path loss, high Doppler shift and blockage [7, 9, 95]. Other than

the above factors and according to more fundamental physics theories, another key

difference between the existing wireless communication in sub-6GHz frequencies and

the future one in mmWave/THz is the reaction of atmosphere molecules, which can

absorb signal energy if excited in their natural resonant frequencies. For example, if

we consider normal atmosphere, Oxygen and/or water molecules will play a major

44



Chapter 4 Effect of Molecular Re-radiation on mmWave and THz MIMO 45

role in the molecular absorption, and their natural resonant frequencies are around

60GHz, 120GHz and 180GHz. Interestingly, resonating Oxygen and water molecules

not only absorb signal energy causing attenuation, they also re-radiate some of the

absorbed energy. As we discussed in 2, this type of molecule-induced re-radiation is

often referred to as molecular noise [7,50], but it is actually highly correlated to the

signal waveform due to its re-radiation nature [10], and hence it can be considered

as a distorted copy of the signal from a virtual non-line-of-sight (NLoS) path.

The aim of this chapter is to show how this molecular re-radiation can change

the MIMO capacity performance as it is very similar to scattering, which is known as

a very important factor to provide spatial diversity for a MIMO channel. Since the

molecule absorption intensity is related to the natural resonant frequencies of the ex-

isting molecules in the realistic atmosphere on earth, (i.e., mainly the large amount

of Oxygen and water molecules), the energy absorption and re-radiation are not flat

especially in the mmWave spectrum. Thus, we propose a conjecture that the MIMO

capacity should vary with frequency due to the impact of such molecular absorp-

tion and re-radiation. Then, we verify our conjecture via theoretical studies

and computer simulations, and find that the MIMO capacity increases

dramatically in some high absorption bands around 60GHz, 180GHz

and 550GHz, thanks to the ubiquitous existence of Oxygen and water

molecules.

The intuition of our theoretical discovery is that the molecular re-radiation adds

a random phase onto the distorted copy of the signal, which equivalently creates a

richer scattering environment that can improve the line-of-sight (LoS) MIMO capac-

ity commonly evaluated in the mmWave spectrum. The impact of our new discovery

is significant, which fundamentally changes our understanding on the relationship

between the MIMO capacity and the frequency spectrum. In particular, our re-

sults predict that several mmWave bands can serve as valuable spectrum

windows for high-efficiency MIMO communications, which in turn may

shift the paradigm of research, standardization, and implementation in

the field of mmWave communications.



Chapter 4 Effect of Molecular Re-radiation on mmWave and THz MIMO 46

4.1 Molecular Re-radiation as Non-Line-of-Sight

Signal Component

The existing molecules in communication medium will be excited by electromagnetic

waves at specific frequencies. The excitement is temporary and the vibrational-

rotational energy level of molecules will come back to a steady state and the absorbed

energy will be re-radiated in the same frequency. These re-radiated waves are usually

considered as noise in the literature. Recently, the molecular noise has been re-

considered for higher frequencies such as THz band ranging from 0.1-10THz [7,

11, 12]. First, We rewrite the molecular noise equations in Section 2.2.1 as a time

invariant power spectral density:

SNabs(f, d) = SBN(f, d) + SXN (f, d), (4.1)

SBN(f, d) = limd→∞(kBT0(1− e−k(f)d))
(

c√
4πf

)2
, (4.2)

SXN (f, d) = Pt(f)(1− e−k(f)d)
(

c

4πfd

)2
, (4.3)

where k(f) is the absorption coefficient of the medium at frequency f , T0 is the

reference temperature (296K), kB is the Boltzmann constant, Pt(f) is the power

spectral density of the transmitted signal and c is the speed of light. The first term

in (4.1), which is called sky noise and defined in (4.2) is independent of the signal

wave. However, the self-induced noise in (4.3) is highly correlated with the signal

wave [10], and can be considered as a distorted copy of the signal wave [11]. Thus,

the received power of the re-radiated signal by molecules at the receiver can be

expressed by

Pr,a(f, d) = Pt(f)(1− e−k(f)d)
(

c

4πfd

)2
. (4.4)

Since the phase of the re-radiated wave depends on the phase of molecular vi-

bration, which varies from molecules to molecules [96], the received power in this

case is affected by a large number of phase-independent re-radiated photons. Thus,

we assume a uniformly distributed random phase for the received signal, with its

power given by (4.4).
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4.2 Integration of Molecular Re-radiation into MIMO

Channel Model

4.2.1 Channel Transfer Function

The channel transfer function for a single LoS channel is given by

h̃LoS(f, d) =

√√√√( c

4πfd

)2

e−k(f)×d × ej2π
d
λ

=
(

c

4πfd

)
e−k(f)× d2 × ej2π

d
λ .

(4.5)

Then, the partial channel transfer function resulted from the molecular absorp-

tion and excluding the LoS component can be represented by

h̃a(f, d) =
√

(1− e−k(f)d)
(

c

4πfd

)2
× ej2πβrandom

= (1− e−k(f)d) 1
2

(
c

4πfd

)
× ej2πβrandom .

(4.6)

Hence, the total channel transfer function is the superposition of the partial channel

transfer functions, which is written as

h̃(f, d)= h̃LoS(f, d) + h̃a(f, d), (4.7)

h̃(f, d) =
(

c

4πfd

)
e−k(f)× d2 × ej2π

d
λ

+(1− e−k(f)d) 1
2

(
c

4πfd

)
× ej2πβrandom . (4.8)

4.2.2 MIMO Capacity

In this chapter, we consider a MIMO system that is consisted of nt transmitting

antennas and nr receiving ones. The received signal vector y at nr receiving antennas
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can be formulated as [97]

y = H̃x+ n, (4.9)

where x is the transmitted signal vector form nt transmitting antennas, and n is

an nr × 1 vector with zero-mean independent noises with variance σ2. The channel

matrix H̃ is defined by

H̃ ,



h̃11 h̃12 . . . h̃1nt

h̃21 h̃22 . . . h̃2nt
... ... . . . ...

h̃nr1 h̃nr2 . . . h̃nrnt ,


(4.10)

where h̃ij is a complex value denoting the transfer coefficient associated with the jth

transmitter antenna and the ith receiver antenna. Note that h̃ij can be obtained

from (4.8) for frequency f and distance dij. A 3× 3 MIMO system with a channel

matrix is illustrated in Figure 4.1.

Figure 4.1: A 3x3 MIMO system, the channel gain of array pairs between transmitter and
receivers

If we assume that the transmitter has no channel state information (CSI), and

the transmitting power is equally distributed among transmitting antennas. Conse-

quently, the capacity of MIMO channel can be written as

C = log2det(Inr + P

ntσ2 H̃H̃†), (4.11)

where P is total transmitting power, and I is the identity matrix [97]. Since the

determinant of (Inr + P
ntσ2 H̃H̃†) can be computed by the product of the eigenvalues

of the matrix H̃H̃†, the MIMO capacity can thus be written in the form of a product
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of non-zero eigenvalues as [98]

C =
m∑
i=1

log2(1 + Pλ2
i

mσ2 ), (4.12)

where λi denotes singular values of the matrix H̃, and hence the squared singular val-

ues λ2
i denotes the eigenvalues of the matrix H̃H̃†. Note that m denotes the number

of non-zero λ2
i , which is also called the rank of H̃ with m ≤ min(nr, nt) [98]. Each of

the λ2
i characterize an equivalent information channel where Pλ2

i

mσ2 is the correspond-

ing signal-to-noise ratio (SNR) of the channel at the receiver. Note that (4.12) is

valid for uniform power allocation at the transmitter. Furthermore, the equivalent

channel SNR, Pλ2
i

mσ2 , should meet a minimum receiver threshold to be reliably de-

tectable by the receiver. We assumed 0 dB as the SNR threshold and uniform power

allocation at the transmitter. On other hand, if transmitter have the channel state

information, the power can be allocated to each transmitter some how maximize the

capacity. In this way, the equivalent channel with stronger again will receive more

power while the total transmit power is limited to P . Thus, equation (4.12) should

be revised as

C =
m∑
i=1

log2(1 + Piλ
2
i

σ2 ), (4.13)

where Pi, ..., Pm are the water-filling power allocations:

Pi =
(
µ− σ2

λ2
i

)
, (4.14)

with µ has been chosen to satisfy the total power constraint ∑Pi = P .

The main difference between beamforming and multiplexing techniques is how to

tune or exploit the eigenvalue distribution. In more details, beamforming technique

aims to maximize λ1 to improve the channel SNR for a single data stream while in

the multiplexing technique, a uniform eigenvalue distribution is preferable. In this

way, multiplexing technique can utilize parallel data streams through MIMO and

maximize the data rate. The complexity of beamforming comes from eigenvalues

tuning because it means the channel state information (CSI) should be measured
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and sent back to the transmitter periodically for optimum precoding. This also

results in a protocol overhead in the channel. On the other hand, multiplexing gain

can take advantage of eigenvalue value distribution even with a blind preceding.

This is more beneficial when there is a rich scattering environment. In next section,

we will discuss how the re-radiation can provide a rich scattering environment.

4.3 Capacity Bounds for MIMO Capacity Under

Molecular Re-radiation

To analyze the MIMO channel capacity and characterize the scattering richness of

channel quantitatively, lets decompose and normalize channel transfer function H̃

regarding (4.7) as

H(f, d) =
√

K

K + 1HLoS(f, d) +
√

1
K + 1Ha(f, d), (4.15)

where H, HLoS and Ha are normalized with corresponding channel gain. Because

of uniformly distributed random phase of received re-radiated signal, elements of

Ha are independent and identically distributed (i.i.d) complex Gaussian random

variables with zero mean and unit magnitude variance. K is the ratio of powers

of the LoS signal and the re-radiated components and if we assume the channel

distance is much longer than antenna space, it can be obtained by

K = Pr,LoS(f, d)
Pr,a(f, d) = e−k(f)d

1− e−k(f)d . (4.16)

This is same as the well-known Rician channel model where the K is called

Rician K-factor. Equivalently, K-factor shows how much channel is rich in term of

scattering and multipath rays. Equation (4.16) shows K is a function of absorption

coefficient of channel medium k(f) and the distance between the transmitter and

receiver d so that a longer distance and higher absorption result in smaller K.

Figure 4.2(a) illustrates how K-factor change for the practical range of absorption

coefficient in the atmosphere for a distance of 1-100m. The capacity of MIMO
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(a)

Figure 4.2: K-factor is an increasing function of distance and absorption coefficient.

channel considering Rician K-fator is studied in several works [75], [99] and [100].

Authors in [100] showed the lower bound of expected capacity of the Rician channel

when the transmitter does not have CSI and the total transmit power P is allocated

equally to all transmitter antennas is the capacity resulted by NLoS component.

E(C(H), ρ) ≥ E(C(Ha),
√

1
K + 1ρ),

(4.17)

=⇒ E(C(H), ρ) ≥ E(C(Ha),
√

1− e−k(f)d), (4.18)

where E(.) denotes the expectation, ρ is received SNR for equivalent single chan-

nel and E(C(H), ρ) is the average capacity of a channel with normalized channel

transfer matrix H and a reception SNR equal to ρ.

It is clear that the lower band is a increasing function of absorption coefficient,

∀f1, f2 such that k(f2) ≥ k(f1), Emin(C(f2)) ≥ Emin(C(f1)). On the other

hand, capacity upper band for a Rician MIMO channel with perfect CSI at receiver

and transmitter where the power is optimally distributed among antennas with

water-filling algorithm is also presented in [75] which is shown in (4.19) where K is
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Racian K-factor and [x]+ = max(x, 0).

E(C(H)) ≤log2

(
1 + nr(1 + ntK)

K + 1

(
min

{
ρ

nt
,
K(1 +K)
nr(1 + ntK)

}
nt +

[
ρ

nt
− K(1 +K)
nr(1 + ntK)

]+ ))

+ (nt − 1)log2

(
1 + nr

1 +K

[
ρ

nt
− K(1 +K)
nr(1 + ntK)

]+
)

(4.19)

Let assume nr = nt = n and put (4.16) in (4.19). The resulted equation is

E(C(H)) ≤

log2

1 + (1 + (n− 1)e−k(f)d)
(

min

ρ,
e−k(f)d

1−e−k(f)d

(1 + (n− 1)e−k(f)d)

n+

ρ− e−k(f)d

1−e−k(f)d

(1 + (n− 1)e−k(f)d)

+ )+

(n− 1)log2

1 + (1− e−k(f)d)

ρ, e−k(f)d

1−e−k(f)d

(1 + (n− 1)e−k(f)d)

+
(4.20)

, which we can see for two extreme cases very low absorption k(f) = 0 and vary

high absorption k(f) =∞ the capacity of a Rician channel for MIMO will limit to

lim
k(f)→∞

= nlog(1 + ρ), (4.21)

lim
k(f)→0

= log(1 + n2ρ), (4.22)

Note that from (4.16), k(f) =∞ means extremely high absorption re-radiation

channel which provide a pure Rayleigh channel and k(f) = 0 presents no absorption

or pure LoS channel.

It is well known that the maximum achievable capacity of a MIMO channel

is proportional to the minimum number of antenna elements at the receiver and

the transmitter. However, in an environment that is lack of spatial diversity, such

capacity would be degraded due to the deficiency of parallel information paths,

i.e., the rank of the MIMO channel, between the receiver and the transmitter [71].

More specifically, in a rich scattering environment, scatterers provide sufficient NLoS

signal components, leading to a better diversity and capacity. But in the case of
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a LoS scenario, the LoS signal component will dominate the received signal, and

thus decrease the channel rank due to the linear dependence of the LoS antenna

array phases [74]. Thus, in a LoS scenario that is assumed for most mmWave/THz

communications, the maximum MIMO capacity is achievable only with some specific

array configuration [74], where the LoS rays are perfectly orthogonal, resulting in an

opportunistically full-rank MIMO channel. However, this is not practical for mobile

communications, since such kind of optimal antenna setting requires a user steadily

holding a device toward a specific direction.

Generally, the MIMO capacity becomes higher if the channel transfer matrix H

is full rank and well-conditioned. In more detail, the rank of H determines how

many data streams can be multiplexed over the channel, and H is well-conditioned

if the condition number, which is defined as λmax
λmin

, is small and close to one. In other

words, the maximum MIMO capacity can be attained when all λis are equal.

In the next section, simulation results for with realistic absorption coefficients

will be presented in comparison with analytical capacity bounds.

4.4 Simulation

4.4.1 Simulation set-up

To evaluate the MIMO capacity in mmWave/THz band and show the performance

impact of the molecular absorption, we consider a simple n× n MIMO system with

a square uniform Arrays , where at both transmitter and receiver, the inter-element

spacing s is equal to half of the wavelength and the channel distance is d. The

considered MIMO system is illustrated in Figure 4.3. Moreover,

In order to investigate the MIMO performance, we evaluate the theoretical

MIMO capacity with several configurations using MATLAB. More specifically, the

channel transfer matrix in (4.10) is obtained from (4.8), while the distance between

each pair of transmitter-receiver antenna element is calculated by channel geome-

try. Finally, we compute the MIMO capacity using (4.13) or (4.12). Note that in

this chapter, the term capacity is based on the spectral density which shows how
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Figure 4.3: A 64x64 MIMO system with uniform square arrays

many bits can be communicated per second for a 1Hz channel bandwidth. It can

be multiplied by the actual channel bandwidth to calculate the final capacity which

is not presented in this work. Since we apply random phases on NLoS components

created by molecular re-radiation, we conduct the evaluation of the MIMO capacity

with molecular re-radiation for 5000 times and show the average result.

We use the online browsing and plotting tools1, which is based on HITRAN

databases [4] to generate absorption coefficients for different single gas or some

predefined standard gas mixture of atmosphere at sea level, as shown in Table 4.1.

Since the Oxygen and water molecules play main roles in a normal air environment

at mmWave/THz bands [101] and the Oxygen ratio is invariant, we use the highest

and lowest water ratio in Table 4.1, i.e., the "USA model, high latitude, winter" and

"USA model, tropics". The corresponding absorption coefficients have been shown

in Figure 4.6 and 4.11 for mmWave and THz band respectively. They are calculated

for an ambient temperature of 273K and a sea level pressure of 1atm. It can be seen

that there are three major absorption spikes in the mmWave spectrum as follows,

• A pair of them appear at around 60GHz and 120GHz, which are attributed to

Oxygen molecules. Note that the absorption coefficients are the same for both
1http://hitran.iao.ru/gasmixture/simlaunch
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Table 4.1: Atmosphere standard gas mixture ratio in percentage for different climates [4]

USA model, mean latitude,
summer, H=0

H2O: 1.860000 CO2: 0.033000 O3: 0.000003 N2O: 0.000032
CO: 0.000015 CH4: 0.000170 O2: 20.900001 N2: 77.206000

USA model, mean latitude,
winter, H=0

H2O: 0.432000 CO2: 0.033000 O3: 0.000003 N2O: 0.000032
CO: 0.000015 CH4: 0.000170 O2: 20.900001 N2: 78.634779

USA model, high latitude,
summer, H=0

H2O: 1.190000 CO2: 0.033000 O3: 0.000002 N2O: 0.000031
CO: 0.000015 CH4: 0.000170 O2: 20.900001 N2: 77.876781

USA model, high latitude,
winter, H=0

H2O: 0.141000 CO2: 0.033000 O3: 0.000002 N2O: 0.000032
CO: 0.000015 CH4: 0.000170 O2: 20.900001 N2: 78.925780

USA model, tropics, H=0 H2O: 2.590000 CO2: 0.033000 O3: 0.000003 N2O: 0.000032
CO: 0.000015 CH4: 0.000170 O2: 20.900001 N2: 76.476779

atmosphere cases, i.e., "USA model, high latitude, winter" and "USA model,

tropics". This is because the percentage of Oxygen is comparable for those

two cases.

• The third one at 180GHz is created by water (H2O) molecules in the air. For

a tropic atmosphere, the water ratio is higher than that of the winter atmo-

sphere, and thus we can see a significant increase in terms of the absorption

coefficient among these two atmosphere cases.

In THz band, the dominant absorption source in the air is water molecules. We

can see in Figure 4.11 for the tropic atmosphere all absorption peaks are higher than

the winter atmosphere which the main difference is the mole ratio of water molecules

in the air.

4.4.2 MIMO performance as a Function of Absorption Co-

efficient

We discussed the analytical bound of MIMO capacity in 4.3 based on Rician K-

factor and absorption coefficient. In the first step, we simulate the capacity of

a 64x64 MIMO channel at 60GHz for a realistic range of absorption coefficient

between 10-5∼10+3 which may be experienced for different climates over 0.3-10THz.

It should be noted that the actual value of absorption coefficient at 60GHz is around

2.7 × 10−2. The results are presented in Figure 4.4 for two different distances and

reception SNRs. Simulation results are presented for two uniform and waterfilling

power allocations which are labelled as rx - CSI and tx/rx CSI respectively. It

can be observed the capacity of MIMO lies between the bounds for any absorption
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Figure 4.4: Analytical bounds and simulation results of 64x64 MIMO capacity versus absorption
coefficient for different SNR and distance.

coefficient. When the capacity of MIMO system at 5 dB reception SNR for very

low re-radiation, pure LoS channel, is only about 9.5 bps/Hz, it is shown that vary

high re-radiation leads to a Rayleigh channel where capacity significantly increases to

about 100 bps/Hz for uniform and 130 bps/Hz for waterfilling power allocation. Two

different distances are used in Figure 4.4 and we can see for same SNR and at a longer

distance, the maximum capacity can be achieved in lower absorption coefficient.

This is because in a longer distance more molecules exist and act as scatterers. This

is also observed in Figure 4.2 where the longer distance results in smaller Rician

K-factor or equivalently richer scattering. However, for same transmit power longer

distance suffering from more spreading loss. We will investigate capacity versus

distance in section 4.4.3.

From another aspect, the re-radiation changes the channel transfer matrix from

a deterministic matrix for very low absorption to a completely random matrix with

zero mean and identically distributed arrays. The first one has a degrees-of-freedom
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Figure 4.5: Empirical distribution of singular value of matrix H√
k

for different K-factor. For
K → −∞ dB, it converges to the quarter circle law.

equal to one while the first singular value is very large and the rest are almost zero.

Increasing the molecular re-radiation will change increase the degrees-of-freedom

and singular value distribution. We show the empirical distribution of singular

value for different absorption coefficient in Figure 4.5 and it can be seen the distri-

bution is converge to the well-know quarter circle law, [69], for very large absorption

coefficient.

4.4.3 mmWave MIMO Performance

In this section we aim to investigate MIMO performance considering the molecu-

lar re-radiation in mmWave as one of the 5G candidates for future spectrum. We

first assume a uniform power allocation and constant reception SNR over the entire

frequency spectrum, and display the MIMO capacity in bps/Hz for mmWave bands

for a 16x16 MIMO in Figure 4.7. In this figure, the MIMO capacity with absorp-
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Figure 4.6: the absorption coefficient in two different atmosphere, temprature= 273 K, pressure=
1 atm.
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tion is compared with that without absorption. As one can observe, the capacity

of the latter case is flat over the entire band and is not frequency selective, which

corroborates the common understanding up to now. However, when the absorption

kicks in, a significant increase shows up in certain frequency bands with high ab-

sorption. For example, the capacity is boosted by around 150,% at 60GHz for both

atmosphere cases. Furthermore, since the tropic atmosphere contains more water

molecules, it leads to a considerable capacity increase at 180GHz in tropic atmo-

sphere in comparison with those of the winter atmosphere and the case ignoring

re-radiation.

Numerically speaking, we can calculate the capacity of a Single-Input and Single-

Output (SISO) channel, which turns out to be 5 bps/Hz. According to the existing

MIMO theory, for a full-rank 16x16 MIMO channel with enough spatial diversity,

the theoretical capacity will be increased to 16 × 5 ' 80 bps/Hz. As discussed be-

fore, the LoS MIMO channel suffers from poor spatial diversity and can achieve the

maximum capacity only with some specific geometry configuration [74], which is

not feasible for mobile communications. Thus, it can be seen the MIMO capacity

without absorption is close to that of a SISO channel. However, if the molecular

re-radiation is taken into account, it can equivalently create a rich scattering en-

vironment, and in turn, increase the spatial diversity and the MIMO capacity, as

shown in Figure 4.7. This is can be quantified by channel rank and condition number

as was described in 4.3.

We know the physical MIMO channel can be modelled with m equivalent par-

allel channels with gains given by the singular values λi. Where N = min(nr, nt)

and i= 1, 2, ...,m. The channel rank can practically be defined by a number of

equivalent channels can provide SNR greater than a threshold. We assumed the

receiver sensitivity 0 dB. The results are presented on Figure 4.8. We can see in

high absorption frequency the channel rank is increased. However, the absorption

is not high enough in the mmWave band to lead a full rank channel. Besides, the

channel condition number which quantifies the equality of equivalent channels in

MIMO is presented in Figure 4.8(b). It can be observed the molecular re-radiation

improve the eigenvalues distribution at 60GHz and 180GHz.
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Note that in Figure 4.7, we assume a constant reception SNR. However, the

actual attenuation varies with the frequency because (i) the free-space path loss

increases with frequency, and (ii) the molecular absorption also attenuates the sig-

nal. Hence, it is interesting to investigate whether the absorption attenuation will

mitigate the MIMO performance improvement in high absorption frequency bands.

For this purpose, a constant transmit power of 1W and a constant noise power of

-80 dBm are chosen in our next simulation. Note that such parameter setting pro-

vides an SNR value similar to that was used in the previous step. The results are

exhibited in Figure 4.9, where the other parameter values are the same as those in

Figure 4.7. As one can observe, the absorption attenuation has a marginal impact

on the MIMO capacity improvement discussed before. To show this, we also simu-

late a SISO channel and plot its capacity in Figure 4.9, where we can see that the

capacity slightly degrades at high absorption frequency bands at around 60GHz and

180GHz. In other words, the mmWave MIMO system can take advantage of the

molecular absorption and re-radiation to generate more capacity, which prevails the

absorption attenuation.

In Figure 4.2(a), the Rician K-factor has shown as a function of the absorption
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(a) Tropic atmosphere

(b) Winter atmosphere

Figure 4.10: The Rician K-Factor of mmWave channel versus distance and frequency.
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Figure 4.11: Absorption coefficient in THz band, temprature= 273 K, pressure= 1 atm.

coefficient and distance. Here, we plot the heat map of K-Factor versus frequency

and distance. Figure 4.10 shows the K-Factor for two different atmospheres. This

map shows in which frequency and distance, the NLoS re-radiation power becomes

significant. Hence, when the SNR is high enough, the spatial multiplexing is appli-

cable. Note that the dark red in Figure 4.10 illustrates the pure LoS channel.

4.4.4 THz MIMO Performance

In this section, we extend our investigation to the THz band. The channel is sim-

ulated for two different atmosphere gas mixture. Our assumption on the transmit

power is based on current technology [7] and a previous work on THz massive MIMO

[2]. We assume a 10 mW transmit power and 1 m distance as a short range com-

munication. The absorption coefficient is shown in Figure 4.11 for a low humidity

atmosphere (US model high latitude) and a high humidity atmosphere (US model

tropic) over entire THz band (0.1-10THz). However, since the communication is

more feasible in lower THz sub-bands, we show our results over 0.3-3 THz where

the below 300 GHz is also cut because of overlap with mmWave. Furthermore, be-

cause of very short wave length in THz band, it is more practical to use a very large
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Figure 4.12: Signal Attenuation over THz band for tropic atmosphere.

number of antennas. hence, we use 225 antennas on each side in a uniform square

formation such as Figure 4.3.

In addition to absorption coefficient graph, we provide the signal attenuation

for a distance range 10cm-10m illustrated in 4.12. The signal attenuation includes

molecular attenuation in (2.4) and spreading attenuation in equation (2.3). While

the spreading attenuation is increasing linearly in dB with distance and frequency,

the molecular attenuation is also increasing with distance but it is frequency se-

lective. For example, while the total loss at 10m is 107 dB for 500 GHz, the total

attenuation at 557GHz is 86 dB at 1m and it grows to 220 dB at 10m which is

mostly because of very high absorption of water molecules in the channel medium

at this frequency. Note that the channel atmosphere for this case is from tropic

data where the ratio of water molecules in the air is more than 0.02, as shown in

Table 4.1.

The simulation results for 0.3-3 THz is presented in Figure 4.13. Similar to

mmWave results, at high absorption frequencies the MIMO capacity is much higher

when the re-radiation is taken to account. Furthermore, for low humidity atmo-

sphere, the impact of re-radiation is disappeared in most frequencies which is be-

cause of the dominant absorption source in this frequency range is water molecules.
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Figure 4.13: 225x225 MIMO capacity vs. frequency in Thz band.

On the other hand, for the second half of the simulated spectrum, we can see the

MIMO capacity is almost same for with and without re-radiation graphs. The reason

is SNR which is decreasing for the higher frequency where the spreading attenuation

is higher.

In summary, the advantage of re-radiation cannot be obtained in low SNR. If we

consider 557 GHz as a very high absorption frequency where SNR still is moderate,

the MIMO capacity is about 235 and 90 bps/Hz for tropic and winter atmosphere

while it drops to 1.4 bps/Hz for no re-radiation and SISO channels. This is because

in former simulation molecular absorption only increase attenuation to the extent

that the received signal cannot be extracted from noise. However, in presence of

very intensive re-radiation when the SNR is very low the capacity drops same as no

re-radiation case. Which is because we do not consider the equivalent sub-channel

with very low eigenvalues in capacity calculation. We set a 0 dB threshold for Pλ2
i

mσ2 .

For both tropic and winter atmosphere, one of the capacity peaks is observed at

557 GHz. In more details, the capacity enhancement is achieved in a bandwidth of

10 GHz for winter atmosphere while the frequency window for tropic atmosphere is
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(a) Tropic atmosphere

(b) Winter atmosphere

Figure 4.14: The Rician K-Factor of THz channel versus distance and frequency.
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wider and about 50 GHz. From Figure 4.11, it can be seen there is a similar high

absorption window around 750 GHz but in spite of same absorption coefficient, sim-

ulation results show a narrower capacity improvement at that frequency for tropic

and almost no capacity rise for winter which is because of lower SNR. Therefore,

the capacity enhancement frequency windows width is dependent on SNR and ab-

sorption coefficient. Hence, a dynamic bandwidth allocation based on SNR and

absorption coefficient can be designed to exploit the high absorption frequency win-

dows efficiently.

To characterize the scattering richness of channel independent of transmitting

power, the Rician K-factor of 0.3-3 THz channel versus a distance range of 0.5-10

m is shown in Figure 4.14. The dark red illustrates the pure LoS channel and the

dark blue shows a rich scattering Rayleigh channel. The lower humidity of winter

atmosphere results in less scattering. Nevertheless, it still provides a sufficiently

random channel in particular frequencies and distances which leads a significantly

high spatial multiplexing gain.

4.5 Summary

In this chapter, we investigated the MIMO capacity for mmWave/THz, where the gas

molecules in our atmosphere like Oxygen and water not only can increase the path

loss, but also can re-radiate a copy of signal wave and equivalently create multipath

channels. Our results showed that in certain frequency bands, where the absorption

coefficient is significantly high, the MIMO channel can achieve a capacity that is

close to the theoretical limit, thanks to the great improvement in spatial diversity.

Our new discovery fundamentally changes our understanding on the relationship be-

tween the MIMO capacity and the frequency spectrum, especially for mmWave/THz

communications with massive MIMO. While the re-radiation improve the scattering

richness of channel, the scattering is not always beneficial for MIMO. In contrast

with multiplexing technique which aim to maximize spectral capacity, the beam-

forming technique as a major solution in mmWave/THz band is used against very

high path loss to maximize the SNR. The latter technique, not only does not take
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advantage of multipath rays but also in intensive scattering loose the efficiency. We

will discuss and compare this two MIMO approach in the next chapter.



Chapter 5

Beamforming and Multiplexing in

the Presence of Re-radiation

The high propagation loss is the main issue of using mmWave/THz spectrum where

part of the radio signal attenuation is due to molecular absorption. In more details,

water molecules can intensify the total loss to more than 200 dB for some THz

frequencies at 10-meters distance. Therefore, the potential applications the THz

link are limited to short range communications such as nanosensors [102], wireless

on-chip communications and wireless personal area networks [7].

To overcome the very high path loss, the transmit power could be largely in-

creased. Unfortunately, this is not feasible with the current technology and it is

limited to a few of mW [7]. Alternately, channel gain can be significantly improved

by means of the multi-antenna beamforming technique. Indeed, due to the very

small footprint of a large number of antennas at the THz band, beamforming using

very large scale Multiple Input Multiple Output (MIMO) systems has been consid-

ered in the field as a practical solution which can provide up to 55 dB channel gain

at 1 THz [2].

However, beamforming comes at the cost of system complexity and signaling

overhead where the transmitter should receive the channel state information con-

tinuously and align the beam to the receiver. On the other hand, to achieve a

significant MIMO beamforming gain in high frequency spectrum the beam would

69
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become very narrow which is sometimes described as a pencil beam. This makes

beamforming vulnerable to any transmitter/receiver mobility because it is difficult

to perform beam re-alignment in a very short time interval.

Another approach to take advantage of MIMO is the MIMO multiplexing tech-

nique. While the beamforming technique strives to focus the transmission energy

and achieve a large channel gain in a specific direction, the multiplexing technique

builds it strength on creating parallel information channels. However, the multiplex-

ing gain is significant only when there are enough non-negligible multipath signal

components in a rich scattering environment. Because of the huge path loss, THz

communication is usually assumed to be applied in as a Line-of-Sight (LoS) dom-

inant channel and thus, the research focus has been on beamforming rather than

multiplexing.

In chapter 4, we showed that in the channel medium, molecules absorb and re-

radiate the electromagnetic energy in mmWave/THz band, which transforms the

LoS channel into a rich-scattering environment. The re-radiation is usually consid-

ered as noise but the theoretical model(described in section 2.2) shows it is highly

correlated to main signal [10]. In this chapter, we will theoretically investigate the

mmWave/THz channel capacity for both cases of beamforming and multiplexing

in a MIMO set-up. We find that the multiplexing technique can provide a con-

siderable capacity gain in comparison with the beamforming technique on certain

conditions. Also, in some other conditions where the beamforming yields a higher

capacity, the multiplexing technique is still preferable choice due to its easier imple-

mentation. While multiplexing technique can use a blind precoding scheme without

channel state information (CSI) to reduce the signaling overhead and transmitter

complexity, in contrast, the beamforming technique always requires accurate CSI to

smartly direct its energy in the spatial domain. Finally, we also find that in very

low reception signal-to-noise (SNR) when CSI at transmitter is unavoidable, the

multiplexing technique supplied with optimal power allocation is more efficient than

beamforming.
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5.1 System Description

5.1.1 Channel Decomposition

In this section, a general description of the beam forming and multiplexing is pre-

sented and the methodology of this chapter is formalized. The MIMO capacity

formula is presented in chapter 4 where the channel is decomposed to equivalent

independent parallel sub-channels. The channel transfer matrix H has a singular

value decomposition (SVD):

H = UΣV∗ (5.1)

Where U and V are nr × nr and nt × nt unitary matrices respectively, Σ is a

rectangular diagonal nr × nt matrix and V∗ is the conjugate transpose of V. The

non-negative real diagonal elements of Σ, λ1 ≥ λ2 ≥ ... ≥ λn, are the ordered

singular values of matrix H. If we assume:

x̃ = V∗x, (5.2)

ỹ = U∗y, (5.3)

ñ = U∗n, (5.4)

Then the channel equation (4.9) can be rewritten as

ỹ = Σx̃ + ñ, (5.5)

where the ñ has same distribution as n with the same variance σ2 [98]. The

equivalent parallel channels is shown in Figure 5.1 where ith channel is a virtual SISO

channel where gain is eigenvalue λ2
i and the power Pi can be allocated dedicatedly

to. The capacity of MIMO is then calculated from (4.13).
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Figure 5.1: The equivalent independent parallel channels of MIMO channel through SVD.

5.1.2 Precoding Structure

The precoding is a technique to assign one or multiple information streams with

a different weight to transmitter antennas. The aim of precoding is to maximize

the bit rate or reliability. The first one results spatial multiplexing gain and second

one diversity gain [103]. In the precoding, the channel state information (CSI) can

be exploit to optimize the gain and precoding without channel state information is

called blind precoding. We assume transmitter have z independent data streams

to send simultaneously as a z-dimension symbol vector s = [s1, ..., sz]T where z ≤

min(nr, nt). In a linear precoding procedure, an nt × z precoding matrix W is

multiplied to symbol vector and generates the precoded signal vector x.

x = Ws (5.6)

In our work, we assume the precoder matrix is orthonormal such as W†W = Iz.

SVD-Based Precoding

The optimum linear precoder in term of capacity can be obtained by choosing W =

Vz where the VzQ is an nt × z matrix constructed from the first z columns of

V derived from (5.1) and Q is z × z diagonal matrix for power allocation. The
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optimum power allocation scheme is water-filling approach which is present in (4.14).

Considering the total power constraint P

Q = diag{
√
Pi, ...,

√
Pz} where

(
z∑
i=1

Pi

)
≤ P. (5.7)

Optimal Beamforming

To achieve the maximum SNR, beamforming is used to focus energy on one direction

which leads to a large channel gain. In this approach, same copy of data is sent to

all transmitter antennas to exploit the high single channel gain. Therefore, z = 1

and the optimal precoder vector is

W =
√
PV1 (5.8)

Where V1 is the first column of V. What the transmitter requires from channel

state is to receive only V1 from receiver to use as the precoder. However, it also

results the complexity and signaling overhead .

In this chapter, to avoid confusion, we consider only SVD based transmit pre-

coding and receive combining methods. Other beamforming methods are not in

our scope since the upper bound of other beam-formers performance is SNR im-

provement of the SVD beam-former [104]. For further information, authors in [104]

present comprehensive survey of beamforming-methods in the high-frequency band.

Multiplexing

As mentioned above, the multiplexing aims to exploit spatial multiplexing to increase

the channel throughput. Hence, it is optimum when exploit all of parallel sub-

channels in Figure 5.1 to maximize the channel capacity. But the number of parallel

channel depends on the channel rank which is equal to non-zero singular values in

matrix Σ. The channel rank is also called degrees-of-freedom and the maximum

can be achieved if the channel matrix H is sufficiently random. In presence of CSI

at transmitter the optimum multiplexing is to send an independent data stream on
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each sub-channel. In other word, if we consider a full rank channel, z = min(nr, nt)

and

W = VQ (5.9)

Where the optimum Q is obtain by water-filling. For precoding, transmitter need

to know the entire elements of matrix V and to run the water-filling, matrix Σ. This

results complexity and signaling overhead. To make the multiplexing simpler and

avoid the waste of bandwidth, the multiplexing can implement with blind precoding.

For this purpose, an arbitrary unitary matrix can be chosen and a uniform power

allocation is considered Q =
√
P Int . Hence, no CSI is needed in transmitter but this

solution is not optimum especially when the channel is rank-deficient. In this case,

part of power is allocated to sub-channel with zero gain. However, when the element

of channel matrix H are i.i.d with zero mean (Rayleigh Channel) the channel is full

rank and well conditioned, the uniform power allocation performance is close to

water-filling.

Note that for a pure LoS channel, the degrees-of-freedom is one and thus, there

is only one independent sub-channel. Therefore, the multiplexing and beamforming

both use W =
√
PV1 as precoder and result same capacity. Aim of this chapter

is to compare above techniques in the presence of molecular re-radiation. As we

discussed in chapter 4, in mmWave and THz bands, molecules can absorb and re-

radiate electromagnetic energy in specific frequencies. This phenomena act such as

scattering and can convert a pure LoS channel to a Rician or Rayleigh channel. In

section 4.3, we showed characterized channel scattering richness by Rician K-factor

which is a function of distance and channel medium absorption coefficient. There-

fore, not only the SNR and absorption coefficient effects on MIMO performance but

also the distance can play an important role. In next section, we simulate multi-

plexing and beamforming techniques and compare the performance under various

SNR and absorption conditions.
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5.2 Simulation Results

The simulation parameters and methodology are same as chapter 4. Note that the

simulation results in previous chapter in Figure 4.7 and 4.13 are for MIMO multi-

plexing technique with uniform power allocation and blind precoding. It means the

transmitter does not need CSI which leads to signaling overhead and complexity

in the transmitter. As discussed before, beamforming is proposed as a major so-

lution to overcome high path loss in higher frequency such as mmWave, especially

in short range communication where the channel is LoS and there is not enough

spatial diversity to take advantage of multiplexing. In order to compare Optimal

Beamforming (OBF) and Multiplexing (MP) performance in presence of molecular

re-radiation, we simulate various realistic scenarios where the transmit power and

distance are chosen base on practical applications. We calculate the MIMO capac-

ity of optimal beamforming (BF-rx/tx CSI), multiplexing with water-filling power

allocation (MP-rx/tx CSI) and multiplexing with uniform power allocation (MP-rx

CSI) and blind precoding. All three techniques are simulated in two conditions:

with or without re-radiation.

5.2.1 Beamforming and Multiplexing in mmWave Band

The results for mmWave band are shown in Figures 5.2 and 5.3. First, it can be ob-

served in Figure 5.2(a) for a 5m distance where the SNR is significantly high, the MP

technique with or without CSI at transmitter results significantly higher capacity at

frequencies with high molecular re-radiation in comparison with OBF. For example

at 60GHz, While the SISO capacity is around 8 bps/Hz, the capacity increases to

about 60 bps/Hz and 87 bps/Hz for MP without and with CSI at the transmitter.

For low absorption frequency windows, OBF and MP with CSI in transmitter bring

higher capacity in compare with MP with CSI only at receiver. As discussed before

if we ignore the re-radiation, the MIMO performance is flat over entire band and

only higher spreading loss decreases it in higher frequencies. Figure 5.2(b), 5.3(a)

and 5.3(b), the channel is simulated for longer distance. Equation (4.16) showed

the longer distance leads more scattering because of more molecules in the channel,
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Figure 5.2: The 64X64 MIMO channel performance over mmWave band for distance 5 and 15m.
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Figure 5.3: The 64X64 MIMO channel performance over mmWave band for distance 35 and 50m.
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Figure 5.4: The MIMO capacity using different techniques over communication distance. Total
transmit power is 150 mw.

but also the reception SNR will be much lower which reduces the MP gain. Thus,

it can be seen in Figure 5.4 for distance further than 20m, MP technique without

CSI at the transmitter cannot take advantage of molecules re-radiation. However,

the MP with rx/tx CSI is still providing higher capacity than OBF technique.

5.2.2 Beamforming and Multiplexing in THz Band

In this section, we extend our investigation to the THz band. The channel is simu-

lated for two different transmit power and three distances. In THz band due to very

high propagation loss, the applications are limited to short range communication.

Furthermore, distances have been chosen to cover various application scenarios. For

example, THz nanosensors are considered to communicate in a very short distance

in the order of 0.1-10 cm or less, while THz communications are also nominated

to provide terabit per second ultra high video communication link at around 0.1-1

m distance for home entrainment devices like TV or virtual reality (VR) devices.

In addition, longer distances to a few meters characterize wireless personal or local
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Figure 5.5: MIMO techniques performance for a very short range communication, 10 cm distance.
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Figure 5.6: MIMO techniques performance for a short range communication, 1 m distance.
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Figure 5.7: MIMO techniques performance for a medium range communication, 10 m distance.
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networks.

Figure 5.5 illustrates the capacity of the investigated transmission techniques for

a 10 cm distance. The transmit power is increased from 100 µW in Figure 5.5(a)

to 1 mW in Figure 5.5(b). It can be seen that a huge performance difference exists

between MP and OBF, thanks to the tremendous MP gain provided by the rich

scattering environment due to molecule re-radiation. Furthermore, in very high ab-

sorption frequencies which existing studies consider as infeasible windows for THz

communications, a significant capacity improvement can be observed. This is be-

cause more absorption leads to more re-radiation, which transforms a LoS dominant

channel to Rayleigh channel. The details can be found in Section 4.3, where we have

discussed how the re-radiation decreases the K-factor and creates a rich scattering

environment. To sum up, the re-radiation improves the MP gain which is funda-

mentally supported by a better eigenvalue distribution and channel matrix rank in

mathematical analysis. It is also observed that for ultra high absorption frequency

such as 550GHz, the MP technique with and without CSI at transmitter results

same capacity. The reason is in very rich scattering in a Rayleigh channel, the uni-

form power allocation is close to optimum [75]. In other words, the water-filling

scheme results in uniform power allocation.

In Figure 5.6, the distance is increased to 1 m. With a relatively large distance

for THz communications, it can be seen the OBF gain is comparable with the MP

gain. However, we can see the MP gain in high absorption windows, such as 540-

580 GHz, is significantly higher than the rest of spectrum for a 10 mW transmit

power. It is a different story for a 1 mW transmit power where the capacity of

MP with uniform power allocation, drops to zero in high absorption windows. It is

because of the equivalent SNR, (Pλ
2
i

mσ2 ), of most parallel channels created by the MP

technique is less than 0 dB and practically such parallel channels are not effective

because the receiver cannot reliably detect the received signals and the bit error rate

is very high. Such results are not surprising since it has been shown in several works

on conventional communication band [105] that the blind MP performance drops

dramatically in low SNR. However, considering the same implementation challenges

of OBF and MP with transmitter CSI, the MP technique might still be a preferable
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Figure 5.8: Capacity of MIMO vs. SNR for very low and very high absorption channel.
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choice for frequency up to 1 THz. For example, it can be observed in Figure 5.6(a)

at 0.9 THz, the capacity is 4 and 11.7 bps/Hz for the MP without and OBF/MP

with transmitter CSI, respectively.

Finally, Figures 5.7 present the results for a 10m distance case. For such a

distance, path loss leads to a very low reception SNR and thus using CSI in the

transmitter for both MP and OBF can increase the capacity significantly. The MP

technique with uniform power allocation is almost impractical for very low SNR. It is

well-known that OBF technique is not very effective where there are strong multipath

rays [105]. Thus, it is observed that in very high absorption frequency windows, the

OBF performance drops sharply. It is not only because of receiving strong NLoS

rays caused by molecule re-radiation but also due to LoS signal attenuation. Note

that the simple MP technique without CSI the transmitter can take advantage of

same windows in high SNR as we discussed above for Figure 5.6(b).

To show the impact of SNR and absorption coefficient in capacity among the

simulated techniques, the resulted capacity for extremely low and high absorption

channel medium is shown in Figure 5.8 versus SNR which is the reception SNR of

a single channel with same transmit power. The number of antennas is reduced to

64x64 to have a smaller gap and better resolution. Figure 5.8(a) presents a very

high re-radiation channel where the power of NLoS re-radiated components is much

stronger than LoS signal and the channel is Rayleigh. As can be seen for low SNR,

blind precoding with uniform power allocation is almost unsuccessful to improve

MIMO capacity. However, the impact of re-radiation becomes significant for SNR

above -3 dB and we can see when SNR is high enough the blind MP capacity is

close to MP with CSI at the transmitter. On the other hand, the capacity of a

channel with a very low absorption coefficient is illustrated in Figure 5.8(b). The

re-radiation is almost negligible and it is a pure LoS channel. For such channel, it

can be observed the MP with rx/tx CSI results in the same capacity as beamforming

which is because the channel rank is one an all the power is allocated to a single data

stream on one information path. Hence, when there is not enough signal strength

at receiver, the transmitter should have CSI to steering beam toward the receiver.

Furthermore, the advantage of water-filling MP in comparison with OBF is that
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MP can take advantage of both beam shaping and multiplexing over a few parallel

path in the cost of more signaling overhead. To sum up, Once again, The results

are shown in Figure 5.8 highlight our theoretical discovery that re-radiation can be

a key player in mmWave/THz MIMO communication.

5.3 Summary

In this Chapter, we compared the beam forming and multiplexing techniques of

MIMO in the mmWave/THz band. We showed the received signal has enough

strength, high transmit power or lower distance, the multiplexing technique can

provide a considerable capacity gain compared with beamforming thanks to molec-

ular re-radiation. Our theoretical model also showed re-radiation of molecules in

the THz band can be helpful for massive MIMO system to improve the channel per-

formance using multiplexing technique. The re-radiation can provide significantly

strong multi path components to achieve a full spatial multiplexing gain where the

receiver is in enough SNR coverage. It means some very high absorption frequency

windows which have been formerly pointed as not feasible for communication might

be a preferable choice for MIMO in some certain applications. On the other hand,

for beyond a few meters such as 10 meters, there should be channel state infor-

mation at the transmitter to exploit channel spatial multiplexing, otherwise, the

multiplexing capacity drops to zero where the beamforming technique can still pro-

vide effective spectrum efficiency. However, providing channel state information at

transmitter results in complexity and protocol overhead for both beamforming and

multiplexing techniques. In summary, we showed in the mmWave/THz band, both

low absorption and high absorption frequency windows can be used for communica-

tion through MIMO where the beamforming and multiplexing can be the effective

techniques respectively.



Chapter 6

Conclusion and Future Work

In this chapter, we summarize and highlight the key research outcomes of this study,

and discuss possible future work in this area.

6.1 Key Outcomes and Concluding Remarks

This thesis investigated molecular absorption and re-radiation in the frequency range

of 0.03-10 THz. We first used the common assumption that re-radiation is simply

noise, and used real atmospheric data from selected Australian cities to demonstrate

the variation of channel composition. Accordingly, it results spatio-temporal channel

variation. In a different approach, we considered the correlation between the main

signal and molecular re-radiation, and showed that this phenomenon can enhance

communication capacity at higher frequencies. The key outcomes and conclusions

of this thesis are presented below.

• We applied well-known molecular absorption models to 12 months of hourly

air quality and weather data collected from the three largest Australian cities

in 2015. We found that even when there is no rain, there can be significant

diurnal variation in both attenuation and noise between two communicating

devices separated by a fixed distance. The attenuation and noise generally

drops in the middle of the day when the temperature rises and humidity falls,

but remains high during the night. The diurnal variation was more significant

86
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in summer than in winter. This observation was valid for all bands within the

mmWave/Thz spectrum except for the 60 GHz band, which remained very

stable through the day. This is due to the fact that 60 GHz is mainly affected

by the amount of oxygen in the air, which remains relatively stable despite

fluctuations in temperature and humidity.

• We collected data from 273 weather stations in various Sydney suburbs. We

found that temperature and humidity varied significantly between coastal and

inland suburbs. We analyzed the impact of spatial atmosphere variation on

high-speed mobile users and showed that it led to temporal channel variation

when users traveled across the urban area.

• We assumed molecular re-radiation to comprise multipath signal components,

and thus the mmWave/THz channel was modeled as a Rician channel. A

channel transfer function was calculated by superposition of the LoS channel

with deterministic elements and an i.i.d random channel resulting from the re-

radiation. We used the well-known Rician K-factor to quantify the portion of

re-radiation in the received signal. In the other word, the K-factor quantified

the scattering richness of the channel.

• Based on the MIMO theory, we showed that molecular absorption can reduce

the Rician K-factor and transfer the channel from being a pure LoS channel

(very low absorption) to a fully random Rayleigh channel. Our analytical

study revealed that significant molecular re-radiation in the channel could

increase the MIMO capacity of an apparently LoS channel by increasing the

degrees-of-freedom and improving statistical conditions.

• Since molecular absorption is frequency selective, we found that the MIMO

performance was also frequency selective in the mmWave and THz bands,

which is against the common understanding of MIMO. While the capacity

gain can only be achieved in narrow windows centered around 60 GHz and

180 GHz within the mmWave spectrum, the gains are achievable across a

large part of the THz spectrum.

• In spite of the MIMO multiplexing gains dropping dramatically for low SNRs,
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we showed that for some conditions, blind multiplexing can still result in no-

table MIMO capacity in comparison of beamforming, which adds complexity

and signaling overhead to the channel.

• Our results revealed that for high SNR and high re-radiation conditions, the

multiplexing technique with blind precoding achieves an enormous capacity

gain, much larger than that of beamforming and comparable to multiplexing

with optimum precoding. Note that the key advantage of blind multiplexing

is its lower complexity and lack of signaling overhead.

• We showed that for very low SNRs, blind precoding is not practical. How-

ever, in the presence of sufficient re-radiation, multiplexing with CSI at the

transmitter can still result in better capacity gains than beamforming.

6.2 Future Work

Our theoretical study was based on the well-known molecular absorption and re-

radiation model which has been published in several important studies [7,10–12,35,

50, 54]. However, experimental measurements are required to validate simulation

results. Hence, in the first step, we suggest measuring the K-Factor in a preferably

open space environment and at one of the high absorption frequency bands such as

60 or 180 GHz. Secondly, a prototype MIMO system should be developed to mea-

sure MIMO performance with and without re-radiation, for example, in a vacuum

chamber. The simple idea is to measure the K-factor or impulse response of channel

in the vacuum chamber and compare with a chamber containing normal air.

Furthermore, a theoretical or experimental study should investigate the channel

coherent time in the presence of molecular re-radiation. We believe that this has a

very important impact on our theoretical findings, especially when MIMO is designed

to use CSI at the transmitter for precoding purposes. The key point here is to

discover how quickly the current CSI expires, and how soon the channel measurement

feedback data should be updated. There is a new challenge here. The copied

signal from molecules has a random phase which may change much faster than
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communication signal period time. Therefore, the conventional coding/modulation

techniques may not be practical to detect distorted signal and to remove the inter-

symbol interference.

Moreover, the channel scatterers are molecules which are moving constantly. On

the other hand, the thermal energy of molecules is also variable. Therefore, the same

question as above is how dynamic the CSI could be. However, the huge number of

molecules in the channel medium may cause a steady channel where the summa-

tion of a very large number of random received phase can have an i.i.d Gaussian

distribution. To verify the CSI variation, authors suggest a Monte Carlo simulation

of channel environment in the time domain to investigate the variation of received

NLoS (re-radiated) signal components at the receiver such as done in [106].In this

approach, a large number of wandering photons can be simulated which are propa-

gated in all directions, hit molecules and is re-radiated in a random direction. The

photon is traced through several collisions and by repeating this with a vast number

of photons, the flow of photons at the receiver can be characterized.
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dB Decibel

Gbps Giga bit per second

GHz Giga Hertz

ITU International Telecommunication Union

CSIRO Commonwealth Scientific and Industrial Research Organisation
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