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SUMMARY

In recent years, the wireless data traffic grew exponentially, which was further accom-

panied by an increasing demand for higher data rates. Towards this aim, Terahertz band

(0.1-10 THz) communication is envisioned as one of the key wireless technologies of the

next decade. The THz band will help to overcome the spectrum scarcity problems and

capacity limitations of current wireless networks, by providing an unprecedentedly large

bandwidth. In addition, THz band communication will enable a plethora of long-awaited

applications ranging from instantaneous massive data transfer among nearby devices in

ultra-high-speed wireless personal and local area networks, to ultra-high-definition content

streaming over mobile devices in 5G and beyond small cells.

The objective of the thesis is to establish the physical layer foundations of the ultra-

broadband communication in the THz band. First, a unified multi-path propagation channel

is modeled in the THz band, based on ray-tracing techniques. The wideband characteriza-

tion are analyzed, which include the distance-varying spectral windows, the delay spread,

the wideband capacity and the temporal broadening effects. Second, a multi-wideband

waveform design for the THz band is proposed to improve the distance and support ultra-

high-speed transmissions. Third, two algorithms for timing acquisition in the pulse-based

wireless systems are developed, namely the low-sampling-rate (LSR) algorithm, and the

maximum likelihood (ML)-based approach. Fourth, the distance-aware bandwidth resource

allocation schemes for the single-user and multi-user THz band networks are developed.

Fifth, a three-dimensional (3-D) end-to-end model is developed and characterized, which

includes the responses of the graphene-based reflectarray antenna and the 3-D multi-path

propagation. The provided physical layer analysis in this thesis lays out the foundation for

reliable and efficient ultra-high-speed wireless communications in the THz band.

v



TABLE OF CONTENTS

ACKNOWLEDGMENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv

SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

CHAPTER 1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Motivation for THz Band Communications . . . . . . . . . . . . . . . . . 1
1.2 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.1 Macro-scale Applications . . . . . . . . . . . . . . . . . . . . . . 4
1.2.2 Nano-scale Applications . . . . . . . . . . . . . . . . . . . . . . 5

1.3 Challenges and Research Objectives . . . . . . . . . . . . . . . . . . . . 7
1.3.1 Multi-path Channel Model . . . . . . . . . . . . . . . . . . . . . 8
1.3.2 Multi-Wideband Waveform Design . . . . . . . . . . . . . . . . . 9
1.3.3 Timing Acquisition . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.3.4 Distance-aware Bandwidth-adaptive Resource Allocation . . . . . 11
1.3.5 Three-Dimensional End-to-End Modeling and Analysis . . . . . . 12

1.4 Organization of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . 14

CHAPTER 2 MULTI-PATH CHANNEL MODELING AND WIDEBAND CHAR-
ACTERIZATION . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.1 Motivation and Related Work . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2 Electromagnetic Wave Propagation in the THz Band: A Multi-ray Model . 16
2.3 Multi-path Propagation Effects . . . . . . . . . . . . . . . . . . . . . . . 18
2.4 Overall Multi-ray Model for THz Band Wireless Communication . . . . . 21
2.5 Validation of Multi-Ray Model with Experimental Measurements . . . . . 21

2.5.1 Reflection Coefficient . . . . . . . . . . . . . . . . . . . . . . . . 22
2.5.2 Scattering Coefficient . . . . . . . . . . . . . . . . . . . . . . . . 22
2.5.3 Diffraction Coefficient . . . . . . . . . . . . . . . . . . . . . . . 24
2.5.4 Multi-ray Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.5.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.6 Wideband Characterization . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.6.1 Distance-varying Spectral Windows . . . . . . . . . . . . . . . . 26
2.6.2 Wideband Channel Capacity . . . . . . . . . . . . . . . . . . . . 27
2.6.3 RMS Delay Spread and Coherence Bandwidth . . . . . . . . . . . 29
2.6.4 Temporal Broadening . . . . . . . . . . . . . . . . . . . . . . . . 30
2.6.5 Impact on Communication Techniques in the THz Band . . . . . . 34

2.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

CHAPTER 3 MULTI-WIDEBAND WAVEFORM DESIGN FOR DISTANCE-
ADAPTIVE WIRELESS SYSTEMS . . . . . . . . . . . . . . . . 37

3.1 Motivation and Related Work . . . . . . . . . . . . . . . . . . . . . . . . 37

vi



3.2 Multi-Wideband Communications in the Terahertz Band . . . . . . . . . . 38
3.2.1 Pulse Waveform Model . . . . . . . . . . . . . . . . . . . . . . . 38
3.2.2 Interference . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.2.3 Signal-to-Interference-plus-Noise-Ratio-per-Bit (SINR-per-bit) . . 43
3.2.4 Bit-error-rate (BER) . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.3 Multi-Wideband Waveform Design . . . . . . . . . . . . . . . . . . . . . 45
3.3.1 Rate Maximization for the Fixed Distance . . . . . . . . . . . . . 45
3.3.2 Distance Maximization . . . . . . . . . . . . . . . . . . . . . . . 48
3.3.3 Design Tradeoffs . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.4 Numerical Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.4.1 SINR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.4.2 BER . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.4.3 Power Allocation Schemes . . . . . . . . . . . . . . . . . . . . . 54
3.4.4 Achievable Rates . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.4.5 Distance Improvement . . . . . . . . . . . . . . . . . . . . . . . 58

3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

CHAPTER 4 TIMING ACQUISITION ALGORITHMS AND ERROR ANAL-
YSIS FOR PULSE-BASED WIRELESS SYSTEMS . . . . . . . 61

4.1 Motivation and Related Work . . . . . . . . . . . . . . . . . . . . . . . . 61
4.2 Terahertz Pulse Waveform and Timing Offsets . . . . . . . . . . . . . . . 62
4.3 Low-Sampling-Rate (LSR) Algorithm for Timing Acquisition . . . . . . . 63

4.3.1 Computing the Spectral Coefficients . . . . . . . . . . . . . . . . 65
4.3.2 Designing the Annihilating Filter . . . . . . . . . . . . . . . . . . 66
4.3.3 Determining the Timing Offsets . . . . . . . . . . . . . . . . . . 67

4.4 Maximum-Likelihood-Based Timing Acquisition Approach . . . . . . . . 68
4.5 Error Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.5.1 RMSE and Theoretical Bounds . . . . . . . . . . . . . . . . . . . 71
4.5.2 BER Sensitivity . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.6 Performance Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.6.1 LSR Algorithm Performance . . . . . . . . . . . . . . . . . . . . 74
4.6.2 Influence on Received Signal . . . . . . . . . . . . . . . . . . . . 78
4.6.3 ML Approach Performance . . . . . . . . . . . . . . . . . . . . . 79
4.6.4 BER Sensitivity . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

CHAPTER 5 DISTANCE-AWARE BANDWIDTH-ADAPTIVE RESOURCE AL-
LOCATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

5.1 Motivation and Related Work . . . . . . . . . . . . . . . . . . . . . . . . 82
5.2 Distance-aware Bandwidth-adaptive Resource Allocation: Single-user . . 86

5.2.1 Signal-to-Interference-plus-Noise Ratio (SINR) . . . . . . . . . . 86
5.2.2 Resource Allocation Model . . . . . . . . . . . . . . . . . . . . . 87
5.2.3 Solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5.3 Distance-aware Bandwidth-adaptive Resource Allocation: Multi-user . . . 92
5.3.1 Strategic Spectrum Allocation . . . . . . . . . . . . . . . . . . . 93

vii



5.3.2 Resource Allocation Model . . . . . . . . . . . . . . . . . . . . . 93
5.3.3 Solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
5.3.4 Theoretical Bounds . . . . . . . . . . . . . . . . . . . . . . . . . 97

5.4 Performance Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
5.4.1 Single-user THz Band Communication . . . . . . . . . . . . . . . 98
5.4.2 Multi-user THz Band Communication Networks . . . . . . . . . . 105

5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

CHAPTER 6 THREE-DIMENSIONAL END-TO-END MODELING AND ANAL-
YSIS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

6.1 Motivation and Related Work . . . . . . . . . . . . . . . . . . . . . . . . 112
6.2 A 3-D End-To-End Model in the Terahertz Band . . . . . . . . . . . . . . 114
6.3 Graphene-based Reflectarray Antenna Response . . . . . . . . . . . . . . 114

6.3.1 Complex Conductivity of Graphene . . . . . . . . . . . . . . . . 115
6.3.2 Complex Wave Vector of Graphene . . . . . . . . . . . . . . . . . 116
6.3.3 Radiation Pattern of Reflectarray Antenna . . . . . . . . . . . . . 116

6.4 3-D Channel Model in the Terahertz Band . . . . . . . . . . . . . . . . . 118
6.5 3-D Channel Characterization . . . . . . . . . . . . . . . . . . . . . . . . 120

6.5.1 Reflectarray Antenna Gain and Beamwidth . . . . . . . . . . . . 122
6.5.2 Delay Spread and Coherence Bandwidth . . . . . . . . . . . . . . 123
6.5.3 3-D Angular Spread . . . . . . . . . . . . . . . . . . . . . . . . . 125
6.5.4 Wideband Channel Capacity . . . . . . . . . . . . . . . . . . . . 126
6.5.5 Beam Misalignment . . . . . . . . . . . . . . . . . . . . . . . . . 128
6.5.6 Discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

6.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

CHAPTER 7 CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

PUBLICATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

VITA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

viii



LIST OF FIGURES

Figure 1 Terahertz band (0.1 - 10 THz) in the electromagnetic spectrum. . . . . . 1

Figure 2 Terahertz band applications at the macro-scale. . . . . . . . . . . . . . . 3

Figure 3 Terahertz band applications at the nano-scale. . . . . . . . . . . . . . . . 6

Figure 4 Propagation models between the transmitter (Tx) and the receiver (Rx). . 17

Figure 5 Validation for reflection, scattering and diffraction coefficients. . . . . . . 23

Figure 6 Path gain as a function of frequency. . . . . . . . . . . . . . . . . . . . . 27

Figure 7 Wideband channel capacity for different propagation channels and dis-
tances. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

Figure 8 Coherence bandwidth at different center frequencies. . . . . . . . . . . . 30

Figure 9 An illustration for the temporal broadening effects. . . . . . . . . . . . . 31

Figure 10 Broadening factor analysis. . . . . . . . . . . . . . . . . . . . . . . . . 32

Figure 11 The wideband THz pulse waveform properties. . . . . . . . . . . . . . . 51

Figure 12 SINR for the different distances and frequencies. . . . . . . . . . . . . . 52

Figure 13 BER for the multi-path propagation with d = 5m, f = 300 GHz . . . . . 54

Figure 14 Transmit power over the 0.06 - 1 THz spectrum for the different alloca-
tion schemes, with d = 1m, PTx = 10 dBm. . . . . . . . . . . . . . . . . 55

Figure 15 Data rates for the different allocation schemes over 0.06 - 1 THz band,
and PTx = 10 dBm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

Figure 16 Data rates for the different transmit power and waveforms. The min
power/bit scheme is used in the multi-path propagation. . . . . . . . . . 58

Figure 17 Maximum distance for the different transmit power, over 0.06 - 1 THz
band. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

Figure 18 A pulse-based Terahertz transmit and received signal, with I = 1 and
N f = 3. The timing offsets are shown, which include the random starting
time τ0, the propagation delay tD, and the jittering offset ψi. . . . . . . . 63

Figure 19 Block diagram of the LSR algorithm. . . . . . . . . . . . . . . . . . . . 64

Figure 20 Block diagram of the ML approach. . . . . . . . . . . . . . . . . . . . . 68

Figure 21 Timing acquisition RMSE in comparison with the CRLB. . . . . . . . . 71

ix



Figure 22 RMSE of the LSR algorithm for different THz-band physical parameters. 75

Figure 23 Sampled signals for different LSR factors. . . . . . . . . . . . . . . . . . 78

Figure 24 RMSE of the ML algorithm for different time steps, with Gt = Gr = 0 dB. 79

Figure 25 BER sensitivity for the LSR and ML algorithms. . . . . . . . . . . . . . 80

Figure 26 The system model of the the distance-aware bandwidth-adaptive resource
allocation scheme, by using the control unit. . . . . . . . . . . . . . . . 84

Figure 27 Multi-user communication network. . . . . . . . . . . . . . . . . . . . 92

Figure 28 A flow chart for the distance-aware bandwidth-adaptive resource alloca-
tion in multi-user networks. . . . . . . . . . . . . . . . . . . . . . . . . 96

Figure 29 Solution to the single-user resource allocation. . . . . . . . . . . . . . . 99

Figure 30 SINR. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

Figure 31 Data rates in the single-user THz band communication. . . . . . . . . . . 102

Figure 32 Theoretical bounds in the multi-user THz band networks, for LOS with
Gt = Gr = 20 dBi. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

Figure 33 Resource allocation solution in the multi-user network, for LOS with
Gt = Gr = 20 dBi. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

Figure 34 An architecture of graphene-based reflectarray antenna. . . . . . . . . . 117

Figure 35 A 3-D geometry of THz propagation model between the transmitter (Tx)
and the receiver (Rx). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

Figure 36 Gain of a graphene-based reflectarray antenna in 3-D. . . . . . . . . . . 121

Figure 37 Complexity conductivity of graphene, for a varying chemical potential. . 123

Figure 38 Power angle profiles (PAP) for AoD and AoA. . . . . . . . . . . . . . . 125

Figure 39 Wideband capacity for 3-D channels at d = 5m, for the varying transmit
power and the water-filling (WF) and equal-power (EP) allocation schemes.127

Figure 40 Channel capacity with the beam misalignment. The transmit power is 10
dBm, the frequency band is (0.9-1) THz, and the distance is 5m. . . . . . 129

x



CHAPTER 1

INTRODUCTION

Over the last decade, wireless data traffic has drastically grown due to a change in the

way today’s society creates, shares and consumes information. This change has been ac-

companied by an increasing demand for higher speed wireless communications anywhere,

anytime. Following this trend, wireless ultra-broadband links at 100 Giga-bit-per-second

(Gbps) or even Terabit-per-second (Tbps) are expected to become a reality within five to ten

years. Advanced physical layer solutions and, more importantly, new spectral bands will be

required to support this high data rate for future wireless communications. Amongst others,

Terahertz band (0.1-10 THz) communication (see Fig. 1) is envisioned as a key wireless

technology that can satisfy this demand [1, 2, 3, 4, 5, 6, 7, 8].

1.1 Motivation for THz Band Communications

Besides THz-band communication, several alternatives are currently being considered to

meet this demand:

• In communication systems at frequencies below 5 GHz, advanced digital modula-

tions and sophisticated communication schemes are being used to achieve very high

spectral efficiencies. However, the scarcity of the available bandwidth limits the

achievable data rates. For example, in Long-Term Evolution Advanced networks,

Radio 

Terahertz 
Band 

Infrared Ultraviolet X-rays !!rays 

mm 
waves 

Microwaves 

Figure 1. Terahertz band (0.1 - 10 THz) in the electromagnetic spectrum.

1



the peak data rates in the order of 1 Gbps are feasible over 100 MHz of aggregated

bandwidth [9]. These are three orders of magnitude below the expected needs for

Tbps links.

• Millimeter-wave communication systems, such as those at 60 GHz, have gained a

lot of attention in the last few years due to their ability to support very high data

rates, in the order of 10 Gbps, at the cost of a limited transmission distance [10].

The path to improve these data rates involves the development of more complex

transceiver architectures able to implement physical layer solutions with much higher

spectral efficiency. However, ultimately, the usable bandwidth is limited to be less

than 10 GHz, which effectively poses an upper bound on the achievable data rates.

• Free Space Optical (FSO) communication systems, which operate at infrared (IR)

frequencies and above, are being explored as a way to improve the achievable data

rates in wireless networks. The intrinsically very large available bandwidth at such

very high frequencies plays to their advantage. However, low transmission power

budget due to the eye-safety limits, the impact of several atmospheric effects on the

signal propagation (e.g., fog, rain, dust or pollution), and the size and need of strict

alignment between transmitter and receiver [3], limit the achievable data rates [11]

or the practicality [12] of FSO systems for mobile and personal wireless networks.

On the contrary, the THz band offers a much larger bandwidth, which ranges from tens

of GHz up to several THz depending on the transmission distance [1]. The available band-

width is more than one order of magnitude above state-of-art mm-wave systems, while the

frequency of operation is at least one order of magnitude below that of FSO systems. The

technology required to make THz band communication a reality is also rapidly advancing.

In addition to all these reasons, the THz band is not yet regulated. In terms of broader

impact, THz technology has been recently identified by DARPA as one of the four major

research areas that could eventually have an impact on our society larger than the Internet

2
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Figure 2. Terahertz band applications at the macro-scale.

itself [13]. Therefore, it is the right time for the telecommunications community to jointly

define and pave the way for the future of this novel communication paradigm.

1.2 Applications

The very large bandwidth provided by the THz band opens the door to a variety of applica-

tions which demand ultra-high data rates and allows the development of a plethora of novel

applications in classical macro-scale networking scenarios as well as in new nano-scale

communication paradigms. Some of these applications can already be foreseen and others

will undoubtedly emerge as the technology progresses.

3



1.2.1 Macro-scale Applications

The envisioned applications of THz band communication at the macro-scale are, among

others:

• Next-geration Cellular Networks: THz band communication can be used in next

generation small cells, i.e., as a part of hierarchical cellular networks or heteroge-

neous networks [14]. The THz band will provide small cells with ultra-high-speed

data communication within coverage areas of up to 10 meters. The operational envi-

ronment of these small cells includes static and mobile users, both in indoor and out-

door scenarios. Specific applications are ultra-high-definition multimedia streaming

to smartphones, or ultra-high-definition video conferencing (Figure 2(a)). In addi-

tion, directional THz band links can be used to provide an ultra-high-speed wireless

backhaul to the small cells.

• Terabit Wireless Local Area Networks (T-WLAN): THz band communication en-

ables the seamless interconnection between ultra-high-speed wired networks, e.g.,

fiber optical links, and personal wireless devices such as laptops and tablet-like de-

vices (no speed difference between wireless and wired links). This will facilitate

the use of bandwidth-intensive applications across static and mobile users, mainly in

indoor scenarios. Some specific applications are high-definition holographic video

conferencing (Figure 2(b)) or ultra-high-speed wireless data distribution in data cen-

ters [15, 16].

• Terabit Wireless Personal Area Networks (T-WPAN): Tbps links among devices

in close proximity are possible with THz band communication. The operational en-

vironment is mainly indoor and usually on a desk. Specific applications include

multimedia kiosks and ultra-high-speed data transfer between personal devices (Fig-

ure 2(c)). For example, to transfer the equivalent content of a blue-ray disk to a

tablet-like device could take less than one second with a 1 Tbps link, boosting the

4



data-rates of existing technologies such as WiFi Direct, Apple Airplay or Miracast.

• Secure Terabit Wireless Communication: The THz band can also enable ultra-

broadband secure communication links in the military and defense fields (Figure 2(d)).

The very high atmospheric attenuation at THz band frequencies and the use of very

large antenna arrays to overcome the limited communication distance result in very

narrow, almost razor-sharp, beams, which drastically limit the eavesdropping prob-

ability. Spread spectrum techniques can also be used over the ultra-broad channel

bandwidth to prevent and overcome common jamming attacks.

1.2.2 Nano-scale Applications

The THz band will also enable wireless communication among nanoscale machines or

nanomachines, i.e., very small functional devices which are able to perform simple tasks at

the nanoscale, such as computing, data storage, actuation or sensing. Each component of

a nanomachine is up to a few hundred cubic nanometers in size, and the size of the entire

device is in the order of a few cubic micrometers at most. The state of the art in nanoscale

transceivers and antennas points to the THz band as their frequency range of operation

[17, 18, 19, 20]. It is not that nanomachines are purposely developed to communicate in

the Terahertz band, but the very small size and unique properties of nano-antennas and

nano-transceivers enable nanomachines to communicate at this very high frequency. Some

specific applications are:

• Health Monitoring Systems: Sodium, glucose and other ions in blood [21], choles-

terol [22], cancer biomarkers [23] or the presence of different infectious agents [24]

can be monitored by means of nanoscale sensors or nanosensors. Several nanosen-

sors distributed around the body, defining a human body nanosensor network (Fig-

ure 3(a)), could be used to collect relevant data about the patient’s health. A wireless

interface between these nanosensors and a micro-device such as a cellphone or spe-

cialized medical equipment could be used to collect all these data and forward them
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Figure 3. Terahertz band applications at the nano-scale.

to the healthcare provider.

• Nuclear, Biological and Chemical Defenses: Chemical and biological nanosensors

can be used to detect harmful chemicals and biological weapons in a distributed man-

ner. One of the main benefits of using nanosensors rather than classical chemical sen-

sors is that the presence of a chemical composite can be detected in a concentration

as low as one molecule and much faster than classical microscale sensors [17]. How-

ever, taking into account that these sensors need direct contact with the molecules,

having a network with a very large number of nanosensor nodes becomes necessary.

By means of distributed spectroscopy, a wireless nanosensor network will be able to

converge the information of the molecular composition of the air in a specific location

to a macro-device in a very short time.
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• The Internet of Nano-things: The interconnection of nanoscale machines with ex-

isting communication networks and ultimately Internet defines a truly cyber-physical

system which known as the Internet of Nano-Things (IoNT) [25]. The IoNT enables

new interesting applications that will impact also in the way we work. For example,

in an interconnected office (Figure 3(b)), a nano-transceiver and nano-antenna can be

embedded in every single object to allow them to be permanently connected to the

Internet. As a result, a user can keep track of all its professional and personal item in

an effortless fashion.

• Ultra-high-speed On-chip Communication: The THz band can provide efficient

and scalable means of inter-core communication in wireless on-chip networks [26],

by using planar nano-antennas to create ultra-high-speed links (Figure 3(c)). This

novel approach will expectedly fulfill the stringent requirements of the area-constraint

and communication-intensive on-chip scenario by virtue of both its high bandwidth

and extremely low area overhead. More importantly, the use of graphene-based THz

band communication [27] would deliver inherent multicast and broadcast communi-

cation capabilities at the core level.

1.3 Challenges and Research Objectives

On the way to pave for the realization of THz band communications, there still exist re-

search challenges from the communication perspectives that require innovative solutions

and even the revision of well-established concepts in wireless communications [1]. As the

focus of this thesis, one of the main challenges is imposed by the very high path loss at THz

band frequencies, which poses a major constraint on the communication distance. Addi-

tional challenges range from the characterization of the frequency-selective path loss of

the THz band channel, to the development of novel modulations, synchronization schemes,

and resource allocation model tailored to the peculiarities of this paradigm. Many of these

challenges are common but more difficult than mm-wave communication systems and as a
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result, the solutions proposed in this thesis can also benefit those systems.

The objective of the thesis is to address these challenges and establish the physical

layer foundations of the ultra-broadband wireless communication in the THz band. In the

following, the challenges and developed solutions at the physical layer are overviewed.

1.3.1 Multi-path Channel Model

For the realization of optimal wireless communication networks in the THz band, it is im-

perative to develop a unified channel model which accurately characterizes the Terahertz

spectrum peculiarities. The challenges and requirements to be addressed for the analysis

and design of THz band channels can be summarized as follows: i) Modeling the multi-

ray propagation: The multi-ray propagation is present in many common scenarios. A

unified multi-ray model for the entire Terahertz spectrum needs to be developed, which

incorporates the accurate characterization of the line-of-sight (LoS), reflected, scattered

and diffracted paths. ii) Analyzing the channel characteristics: The channel parameters

of the Terahertz spectrum such as the path gain, the wideband channel capacity, the rms

delay spread and the temporal broadening effects need to be accurately investigated. These

parameters are influenced by multiple factors including the operating frequency, commu-

nication distance and the material properties of the environment. These challenges need to

be addressed to realize the design of efficient and reliable ultra-high-speed wireless com-

munications in the THz band.

The first contribution of this thesis (Chapter 2) is the development of a unified multi-

ray channel model in the THz band based on ray tracing techniques using a bottom-up ap-

proach. This multi-path channel incorporates the propagation models for the LoS, reflected,

scattered and diffracted paths, is validated by the experimental measurements. Using the

developed propagation models, we present an in-depth analysis on the channel characteris-

tics in the THz band. Specifically, we analyze the distance-varying and frequency-selective

nature of the Terahertz channel. Moreover, we study the coherence bandwidth, and point
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out the significance of the delay spread. Furthermore, we characterize the wideband chan-

nel capacity using flat and water-filling power allocation strategies. Additionally, we an-

alyze the temporal broadening effects of the Terahertz channel. Finally, we advocate for

distance-adaptive and multi-carrier transmissions to best benefit from the unique relation-

ship between distance and bandwidth.

1.3.2 Multi-Wideband Waveform Design

In the waveform design in the THz band, the channel uniqueness needs to be best-exploited,

which includes the distance-varying spectral windows, the large coherence bandwidth due

to the delay spread and the temporal broadening effects [28]. Hence, the waveform for

transmission needs to be tailored for the channel. The additional challenges and require-

ments to be addressed for the THz band waveform design remain and can be summarized

as follows [2]. First, the transmission distance for ultra-high-speed communication is very

limited due to the very high path loss. Moreover, the spectral windows are highly distance-

dependent. Hence, an adaptive modulation scheme needs to be adopted to improve the

transmission range and support ultra-high-speed links. Second, the ultra-broad bandwidth

of the individual spectral window at the order of tens of GHz, which motivates the multi-

wideband transmission by dividing each spectral window into a set of sub-windows or

sub-bands. However, the interference, including the inter-symbol and inter-band interfer-

ences of the multi-band systems, need to be investigated throughly and incorporated in the

performance evaluation.

The second contribution of this thesis (Chapter 3) is that we propose a multi-wideband

waveform design for the distance-adaptive THz band communication, which includes the

features of the pseudo-random time-hopping sequence and the polarity randomization. To

cope with the unique characteristics and improve the distance, the pulse waveform design

in the distance-adaptive multi-wideband system for the THz band includes the develop-

ment of the waveform model and the dynamical adaptation of the rate and the transmit

power on each sub-window. Furthermore, we analyze the inter-symbol interference (ISI)
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between the consecutive symbols and inter-band interference (IBI) among the neighboring

frequency sub-bands associated with the developed multi-wideband system, which need to

be considered for the distance improvement. We further provide the close-form expressions

for the signal-to-interference-plus-noise-per-bit (SINR-per-bit) and the bit-error-rate (BER)

to analyze the system performance. Moreover, we formulate an optimization framework to

solve for the multi-wideband waveform design parameters of the transmit power and sub-

window rate (i.e., the number of frames for each symbol), based on the system model and

the waveform design. The aim is to maximize the communication distance while satisfying

the rate and the transmit power constraints. To avoid solving the non-convex optimiza-

tion problem with the prohibitive computational complexity, four sub-optimal solutions are

proposed and compared for the optimization problem. An extensive numerical analysis is

performed to evaluate the multi-wideband system performance.

1.3.3 Timing Acquisition

Synchronization provides accurate timing information of the received signal to accomplish

demodulation at the receiver, and it becomes a challenging problem in ultra-high-speed

wireless communication networks in the THz band. Timing errors as small as picoseconds

can seriously degrade the system performance. As a result, timing acquisition, which is one

part of the synchronization, constitutes an important but yet unexplored topic in the THz

band system design to date. The unique challenges and requirements for the THz band

synchronization are summarized as follows: i) THz band communication and propagation

peculiarities. The THz band channel is highly frequency-selective, and is characterized by

severe attenuation as well as distortion of the transmitted pulses [28]. Moreover, the severe

frequency-selectivity causes temporal broadening effects of the transmitted signals [28] and

hence, increases the difficulties for timing acquisition drastically. ii) Demand of ultra-high

sampling rates. Given the very broad bandwidth of the THz band signaling (ranging from

tens of GHz up to several THz), the digital synchronization, which has the advantages
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of cost-efficiency, full integration, and robustness [29, 30], requires multi-hundreds-Giga-

samples-per-second (Gs/s) and even Tera-samples-per-second (Ts/s) sampling rates, while

the fastest sampling rate to date is not exceeding 100 Gs/s [31, 32].

The third contribution of this thesis (Chapter 4) is that we propose and analyze two tim-

ing acquisition algorithms for pulse-based THz band communications. First, we extend the

theory of sampling signals with finite rate of innovation [33, 34, 35, 36] from compressive

sampling in signal processing to the communication context, and propose a low-sampling-

rate (LSR) algorithm for timing acquisition in the THz band. In this LSR algorithm, the

features of annihilating filters [37, 38] are exploited in the framework of the THz pulse-

based communication. We tailor the algorithm to the THz band synchronization to cope

with the unique channel characteristics at the THz frequencies and the more challenging

requirements for the reduction of the sampling rate. Furthermore, this LSR works well

when the SNR is high, i.e., above 10 dB. Complementary to the LSR approach, a maxi-

mum likelihood (ML) approach for timing acquisition is proposed in the low SNR case for

THz band communications. This algorithm adopts a two-step acquisition procedure to de-

rive the timing acquisition solutions based on the ML criterion [39, 40, 41]. Furthermore,

the resulting BER sensitivity to the timing errors in the two algorithms are both analytically

and numerically studied.

1.3.4 Distance-aware Bandwidth-adaptive Resource Allocation

For the realization of ultra-high-speed wireless communication networks in the THz band,

it is imperative to develop a novel communication scheme that can address the unique

challenges and requirements, which are summarized as follows. First, the transmission

distance for ultra-high-speed communication is very limited due to the very high path loss.

An advanced communication scheme needs to be developed with the object to improve the

transmission distance to support single or even multiple ultra-high-speed links simultane-

ously [1]. Second, the physical properties in the channel need to be taken into account. For

example, the very strong relationship between the distance and the bandwidth in the THz
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band requires adaption of the utilizing bandwidth as a function of the distance. Moreover,

the delay spread and temporal broadening [28] affect the physical parameters design in the

communication scheme. Third, the enormous usable bandwidth in the THz band needs to

be fully and efficiently exploited in multi-user networks. In particular, a strategic spectrum

utilization design is demanded to simultaneously support multiple ultra-high-speed links in

the THz band.

The fourth contribution of this thesis (Chapter 5) is that we develop a distance-aware

bandwidth-adaptive resource allocation scheme in THz band communication networks,

with the objective to improve the communication distance. The proposed resource allo-

cation scheme captures the unique channel peculiarities including the relationship between

the distance and the bandwidth, and strategically utilizes the spectrum to enable multiple

ultra-high-speed links in long-range networks. In particular, we develop a distance-aware

bandwidth-adaptive resource allocation scheme in the THz band communication network,

which captures the peculiarities of distance-varying spectral windows and efficiently ex-

ploits the Terahertz spectrum. The solutions to the bandwidth utilization, the spectrum

allocation, the modulation techniques, and the transmit power are jointly derived. More-

over, we propose a strategic spectrum allocation principle for the multi-user network, to

intelligently allocate the center spectrum of the spectral windows to the long-distance users

first, and then the side spectrum to the short-distance users. Theoretical bounds on the net-

work data rate are analyzed. This principle is evaluated to effectively improve the spectrum

utilization and enables multiple ultra-high-speed links in the THz band networks.

1.3.5 Three-Dimensional End-to-End Modeling and Analysis

An accurate three-dimensional (3-D) channel model is demanded to accurately characterize

the Terahertz spectrum peculiarities in both the elevation and azimuth planes. In realistic

application scenarios, the multi-path rays arrive the receiver from both the azimuth and

elevation planes, which is the result of the 3-D radiation diagram of the antennas and the

3-D propagation of the electromagnetic waves. These facts introduce an angular spread in
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the elevation plane, and influence the channel physical peculiarities. Moreover, graphene-

based antennas to operate in the THz band are suggested in [42, 43, 44, 45, 27], due to

the fact that graphene supports the propagation of surface plasmon polariton (SPP) waves.

The main merit of using graphene-based antennas is that the equivalent electrical size is

much larger than its physical dimensions due to the much lower speed of SPP waves in a

graphene-based antenna compared to that of free-space electromagnetic waves in a metallic

antenna [27]. To overcome the very high path loss at THz frequencies, reflectarray antenna

technologies [46] are very attractive among others, by taking advantages of parabolic reflec-

tors and phased arrays. This approach is especially fruitful to provide high directivity gain

with low losses at high frequencies such as the THz band. In the literature, reflectarray an-

tennas have been studied in microwave and millimeter-wave bands [47], and more recently

experimentally demonstrated [48] and theoretically analyzed at THz frequencies [49, 50],

from the antenna design perspective. However, the integration of the graphene-based re-

flectarray antenna response into the THz band channel model, and the influences on the

channel peculiarities have not been characterized from the communication perspective.

The fifth contribution of this thesis (Chapter 6) is that we develop an analytical 3-D

end-to-end model in the THz band, which includes the responses of the graphene-based re-

flectarray antenna and the 3-D multi-path propagation channel. In particular, the architec-

ture of a graphene-based reflectarray antenna is investigated and the 3-D radiation pattern

is modeled. Moreover, a 3-D THz channel model is developed based on ray tracing tech-

niques, as a superposition of the LoS, reflected and scattered paths. Using the developed

model, we present an in-depth analysis on the 3-D channel characteristics and the influence

of directivity from graphene-based reflectarray antennas in the THz band. In particular, we

thoroughly characterize the antenna gain and the beamwidth, the delay spread and the co-

herence bandwidth, the 3-D angular spread, the wideband channel capacity, and the beam

misalignment influence.
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1.4 Organization of the Thesis

The rest of the thesis is organized as follows. A unified multi-path propagation channel

is modeled and the wideband characterizations are analyzed, in Chapter 2. Then, a multi-

wideband waveform design for the THz band is proposed to improve the distance and

support ultra-high-speed transmission, in Chapter 3. Moreover, two algorithms for timing

acquisition in the pulse-based wireless systems are proposed in Chapter 4. In addition,

a distance-aware bandwidth resource allocation scheme for the single-user and multi-user

THz band networks is developed in Chapter 5. As an extension of the multi-path model,

a 3-D end-to-end model is analyzed in Chapter 6, which includes the graphene-based an-

tenna response and the 3-D propagation phenomena. Finally, the research contributions are

summarized in Chapter 7.
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CHAPTER 2

MULTI-PATH CHANNEL MODELING AND WIDEBAND
CHARACTERIZATION

For the realization of optimal wireless communication networks in the THz band, it is im-

perative to develop a unified channel model which accurately characterizes the Terahertz

spectrum peculiarities. In this chapter, we develop a unified multi-ray channel model in the

THz band (0.06 - 10 THz) based on ray tracing techniques using a bottom-up approach.

The developed theoretical model is validated with the experimental measurements from

the literature. Using the developed propagation models, we present an in-depth analysis on

the channel characteristics in the THz band. Specifically, we analyze the distance-varying

and frequency-selective nature of the Terahertz channel. Moreover, we study the coherence

bandwidth, and point out the significance of the delay spread. Furthermore, we character-

ize the wideband channel capacity using flat and water-filling power allocation strategies.

Additionally, we analyze the temporal broadening effects of the Terahertz channel. Finally,

we advocate for distance-adaptive and multi-carrier transmissions to best benefit from the

unique relationship between distance and bandwidth.

2.1 Motivation and Related Work

The existing channel models for the lower frequency bands such as 60 GHz [51] do not

capture the behavior of the THz band, such as the very high molecular absorption loss or

the very high reflection loss. The few channel models in the THz band to date [8, 52,

53, 54] are aimed at characterizing the multi-path channel at 0.3 THz, as the experimental

measurements are readily available. These models capture the peculiarities of the EM

wave transmission in the THz band, including the molecular absorption effect of direct

ray propagation and the scattering loss of rough surfaces in indirect ray communication.

However, they are mainly based on measurements, which are strictly subject to the specific
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indoor environment settings. Moreover, a stochastically 0.3 THz indoor channel model

is introduced in [55], which provides a scenario-specific parameter set for the considered

environment. Nevertheless, the thorough analysis for the wideband channel characteristics

is missing. Hence, there is a need for a unified multi-ray propagation model with thorough

understanding and analysis of the entire Terahertz spectrum to lay out the foundation for

reliable and efficient wireless communications in the THz band.

2.2 Electromagnetic Wave Propagation in the THz Band: A Multi-ray
Model

We use the ray tracing techniques to develop the multi-ray channel model, by utilizing the

principles of geometric optics to trace the propagation of LoS, reflected, diffusely scattered

and diffracted EM waves. The very short wavelength in the THz band allows accurate

modeling with this ray optical approach. In particular, ray tracing methods have been

proved to enable very good prediction capabilities at 60 GHz as well as low Terahertz

frequency at 0.3 THz [8].

Since the frequency dependency appears in the propagation channel and antennas in the

THz band, we develop a multi-ray propagation model in the THz band as the combination

of many individual sub-bands. Each sub-band is considered to be narrow enough to have

flat frequency response. In the ith frequency sub-band, the narrowband channel impulse

response is expressed as a superposition of Ni rays, among which the nth ray experiences

frequency-dependent attenuation αi,n. For any fixed transmitter and receiver locations and

stationary environment, by denoting τ as the propagation delay, the channel response of the

multi-ray model is given by

hi(τ) =

Ni∑
n=1

αi,nδ(τ − τn). (1)

The multi-ray propagation consists of LoS, reflected, scattered, and diffracted paths,

which are demonstrated in Fig. 4. If there are N(i)
Ref reflected rays, N(i)

Sca scattered rays,

and N(i)
Dif diffracted rays in the ith frequency sub-band, the multi-ray channel model can be
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Figure 4. Propagation models between the transmitter (Tx) and the receiver (Rx).

described as

hi(τ) = α(i)
LoSδ(τ − τLoS)1LoS +

N(i)
Ref∑

p=1

α
(i,p)
Ref δ(τ − τ

(p)
Ref) +

N(i)
Sca∑

q=1

α
(i,q)
Sca δ(τ − τ

(q)
Sca) +

N(i)
Dif∑

u=1

α(i,u)
Dif δ(τ − τ

(u)
Dif),

(2)

where 1LoS is the indicator function that is equal to 1 or 0 for the presence of LoS path

or not. For the LoS path, α(i)
LoS refers to the attenuation, and τLoS stands for the delay.

For the pth reflected path, α(i,p)
Ref is the attenuation and τ(p)

Ref is the delay. Similarly for the qth

scattered path and uth diffracted path, the attenuations are expressed as α(i,q)
Sca and α(i,u)

Dif , while

the delays are denoted by τ(q)
Sca and τ(u)

Dif , respectively.

By invoking the Wiener-Khinchin theorem, the attenuations and delays in the ith fre-

quency sub-band can be written as(
α(i)

LoS, α
(i,p)
Ref , α

(i,q)
Sca , α

(i,u)
Dif

)T

=

(
|HLoS( fi)| ,

∣∣∣H(p)
Ref( fi)

∣∣∣ , ∣∣∣H(q)
Sca( fi)

∣∣∣ , ∣∣∣H(u)
Dif( fi)

∣∣∣)T

, (3)
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where HLoS, H(p)
Ref, H(q)

Sca and H(u)
Dif are the transfer functions for the LoS, reflected, scattered

and diffracted propagation paths, respectively.

2.3 Multi-path Propagation Effects

The transfer functions for the LOS (Fig. 4(a)), reflected (Fig. 4(b)), scattered (Fig. 4(c)) and

diffracted (Fig. 4(d)) ray propagation are described here. A major challenge in non-line-

of-sight propagation is the rough surface roughness. In the THz band, any surface with

roughness comparable to the wavelength (i.e., millimeter or sub-millimeter) scatters the

EM wave. As a result, surfaces that are considered smooth at lower-frequencies wireless

communication become rough in the THz band.

LoS Propagation: The LoS channel transfer function, HLoS, consists of the spreading

loss function, HSpr, and the molecular absorption loss function, HAbs, as

HLoS( f ) = HSpr( f )HAbs( f )e− j2π f τLoS . (4)

The transfer function due to the spreading loss is given by

HSpr( f ) =
c

4π · f · r
. (5)

The transfer function of the molecular absorption loss has the form

HAbs( f ) = e−
1
2 k( f )r, (6)

where c denotes the speed of light, r stands for the distance between the transmitter and the

receiver, and τLoS = r/c equals to the time-of-arrival of the LoS propagation. In particular, k

is the frequency-dependent medium absorption coefficient, and depends on the composition

of the transmission medium at a molecular level [56].

Reflected Ray Propagation: If we denote R as the the reflection coefficient, r1 as the

distance between the transmitter and the reflector, and r2 as the distance between the re-

flector and the receiver, then the frequency-dependent transfer function of the reflected ray
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propagation, HRef , is given by

HRef( f ) =

(
c

4π · f · (r1 + r2)

)
e− j2π f τRef−

1
2 k( f )(r1+r2) · R( f ), (7)

where τRef = τLoS + (r1 + r2 − r)/c is the time-of-arrival of the reflected ray. We use the

Kirchhoff theory to capture the reflection loss, and the reflection coefficient for a rough

surface can be obtained by multiplying the smooth surface reflection coefficient derived

from the Fresnel equations, γTE, with the Rayleigh roughness factor, ρ, as

R ( f ) = γTE ( f ) · ρ ( f ) . (8)

The Fresnel reflection coefficient for TE polarized waves on a smooth surface is

γTE ( f ) =
cos(θi) − nt

√
1 −

(
1
nt

sin(θi)
)2

cos(θi) + nt

√
1 −

(
1
nt

sin(θi)
)2

≈ −

1 +
−2 cos(θi)√

n2
t − 1


≈ − exp

−2cos(θi)√
n2

t − 1

 , (9)

where θi is the angle of incident wave and can be computed using the law of cosine and to

the locations of the transmitter, the receiver and the reflection point. Moreover, nt refers

to the refractive index, which varies with the frequencies and medium material [57]. The

roughness effect is characterized by a Rayleigh factor [57], as

ρ( f ) = exp
(
−

8π2 · f 2 · σ2 · cos2(θi)
c2

)
, (10)

where σ is the Gaussian-distributed rough surface height standard deviation.

Scattered Ray Propagation Model: In the THz band, the wavelength is at the order of

millimeters or below, which results in diffuse scattering very critical in channel modeling.

The impact of scattering increases with higher roughness level. Similarly in the specular

reflected model, we consider the scattering on a surface with a Gaussian-like height dis-

tribution, where sharp irregularities are not present if the correlation length of the rough
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surface, L, is larger than the wavelength. We denote S as the the scattering coefficient for

a rough surface, s1 as the distance between the transmitter and the scattering point, and s2

as the distance between the scattering point and the receiver. Then the transfer function of

the scattered ray propagation, HSca, is given by

HSca( f ) =

(
c

4π · f · (s1 + s2)

)
e− j2π f τSca−

1
2 k( f )(s1+s2) · S ( f ), (11)

where τSca = τLoS + (s1 + s2 − r)/c is the time-of-arrival of the scattered ray. The scat-

tering geometry is considered on the tangent plane (the incident azimuth angle φ1 is π),

and θ1 stands for the zenith angle of the incident wave. In addition, θ2 and φ2 denote the

zenith and azimuth angle of the scattered wave, respectively. The scattering coefficient of

rough surfaces according to the modified Beckmann-Kirchhoff theory [58] and Taylor’s

approximation is given by

S ( f ) ≈ − exp

−2cos(θ1)√
n2

t − 1

 · √ 1

1 + g +
g2

2 +
g3

6

·

√
ρ2

0 +
πcos(θ1)

100

(
ge−vs +

g2

4
e−vs/2

)
(12)

Detailed computations for the parameters including g, ρ0, lx, ly, vx, vy, vs can be found in [58].

Diffracted Ray Propagation Model: We use the Fresnel Knife Edge Diffraction (KED)

theory to provide approximated characterization for diffraction. By incorporating the diffrac-

tion loss, L( f ), the diffraction channel transfer function, HDif , is given by

HDif( f ) =

(
c

4π · f · (d1 + d2)

)
e− j2π f τdif−

1
2 k( f )(d1+d2) · L( f ), (13)

where d1 as the distance between the transmitter and the diffracting point, d2 as the distance

between the diffracting point and the receiver, and τDif = τLoS + 4d/c is the time-of-arrival

of the diffracted ray. In a common diffraction geometry where hd (see Fig. 4(d)) is small

relative to d1 and d2, the diffracted signal travels an additional distance relative to the LoS

path approximately as 4d =
h2

d(d1+d2)
2d1d2

. If we define ν( f ) =

√
2 f4d

c , the diffraction coefficient
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can be obtained by an approximation to the Fresnel integral, as

L( f ) =


µ1( f ) ·

(
0.5e−0.95ν( f )

)
0 < ν ≤ 1,

µ2( f ) ·
(
0.4 −

√
0.12 − (0.38 − 0.1ν( f ))2

)
1 < ν ≤ 2.4,

µ3( f ) · (0.225/ν( f )) ν > 2.4,

(14)

where the frequency-dependent parameters µ1, µ2, µ3 are chosen to best fit the empirical

data in [59].

2.4 Overall Multi-ray Model for THz Band Wireless Communication

By combining the aforementioned models in (4), (7), (11) and (13), the multi-ray model in

the ith frequency sub-band in (2) can be rearranged in (15).

hi(τ) =

∣∣∣∣∣ c
4π · fi · r

e−
1
2 k( fi)r

∣∣∣∣∣ · δ(τ − τLoS)1LoS

+

N(i)
Ref∑

p=1

∣∣∣∣∣∣∣
(

c
4π · fi · (r1 + r2)

)
e−

1
2 k( fi)(r1+r2) ·

−e
−2cos(θi)√

n2
t −1

 e−
8π2 · f 2 ·σ2 ·cos2(θi)

c2

∣∣∣∣∣∣∣
p

· δ(τ − τ(p)
Ref)

+

N(i)
Sca∑

q=1

∣∣∣∣∣∣∣∣
(

c
4π · fi · (s1 + s2)

)
e−

1
2 k( fi)(s1+s2) ·

−e
−2cos(θ1)√

n2
t −1

 · √ 1

1 + g +
g2

2 +
g3

6

∣∣∣∣∣∣∣∣
q

·

∣∣∣∣∣∣∣∣
√
ρ2

0 +
πcos(θ1)

100

(
ge−vs +

g2

4
e−vs/2

)∣∣∣∣∣∣∣∣
q

· δ(τ − τ(q)
Sca)

+

N(i)
Dif∑

u=1

∣∣∣∣∣∣
(

c
4π · fi · (d1 + d2)

)
e−

1
2 k( fi)(d1+d2) · L( fi)

∣∣∣∣∣∣
u

· δ(τ − τ(u)
Dif). (15)

2.5 Validation of Multi-Ray Model with Experimental Measurements

In this section, we validate the developed multipath channel model with the existed experi-

mental measurements, at 60 GHz [51], and 0.3 THz [57, 60, 59]. The developed multi-ray

channel model is unified in the THz Band (0.1- 10 THz), although the validation and eval-

uation are up to 1 THz limited by the available parameter measurements.

The received signal in a multi-ray channel is contributed by not only the LoS path, but

also non-line-of-sight (NLoS), which includes the reflected, scattered and diffracted rays.
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As a result, the coefficients for reflection, scattering and diffraction from our derivations,

are validated with the measured data first. Ultimately, the sub-band multi-ray model is

validated.

2.5.1 Reflection Coefficient

The reflection coefficients for the plaster are characterized, as a function of the incident an-

gle and the frequency, respectively, in Fig. 5(a) and 5(b). In particular, more energy is lost

as the incident wave approaches the perpendicular to the surface, i.e., incident angle ap-

proaches zero. Moreover, the reflection loss is more severe for larger frequencies, because

the level of roughness rises as the wavelength drops. In these figures, the theoretical model

in (8), the approximation using (133), and the measured data from [57] are plotted for

comparison. Furthermore, the mean square error (MSE) between the theoretical model and

its approximation is computed to quantitatively evaluate the approximation. These results

show very good accuracy of modeling and approximation have been obtained, particularly

for large incident angles.

2.5.2 Scattering Coefficient

The theoretical models and the approximation for scattering coefficients are verified. By

fixing the frequency at 0.3 THz, incident zenith angle at θ1 = 30◦ and the scattered azimuth

angle at φ2 = 0◦, the scattering coefficient for the plaster is shown as a function of the

scattered zenith angle θ2, in Figure 5(c). The parameter values used in (12) include: the

refractive index nt = 2.24 − j0.025, the rough surface height standard deviation σ = 0.088

mm, and the correlation length L = 0.18 mm [60]. The approximation shows a reasonable

agreement with the theoretical model and the measurements. Next, by fixing the scattered

zenith angle, the scattering loss rises with the frequency non-monotonically up to 0.7 THz,

as shown in Fig. 5(d). The scattering angles are selected as θ1 = 30◦, θ2 = 45◦, and φ2 = 0◦.

The approximation in (12) has very small MSE of 0.2 dB over the frequency range up to

0.7 THz, compared to the theoretical model by modified Beckmann-Kirchhoff theory.
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Figure 5. Validation for reflection, scattering and diffraction coefficients.
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2.5.3 Diffraction Coefficient

The diffraction coefficients are evaluated using the modified KED model in (14), the mea-

sured data [59] and the KED model. In Fig. 5(e) and 5(f), the diffraction coefficients for

the metal edge and the metal wedge are plotted individually. Because of the lacking for

consideration of material properties, the KED model is not as accurate as the modified

KED model in (14). In particular, we compute the parameters [µ1, µ2, µ3] as [2, 3.6, 1.15]

for the metal edge, and [3.6, 3.6, 1.6] for the metal wedge, which are obtained based on the

empirical experiments. The increasing of diffraction loss for larger diffraction angle αd is

well captured by the modified KED model.

2.5.4 Multi-ray Model

Ultimately, we validate our multi-ray propagation model in (15) with the experimental

measurements conducted in a room of dimensions 5m×2.75m×2.5m, in which there are

two tables separated by a screen [60]. The transmitter Tx is placed under the ceiling to

obtain a large coverage of the room, located at (0.25m,2.5m,2.3m), while the two receivers

are placed on the two tables separately.

In Case 1, the receiver Rx1 has LoS path available and is placed at (1.375m, 0.625m,

0.75m). By contrast, in Case 2, the receiver Rx2 has no LoS, and is placed at (3.625m,

0.625m, 0.75m). The walls and the ceiling are covered by plaster, where its refractive index

up to 1 THz can be found in [57]. The simulation results are summarized in Table 1, which

include the type of arrival path, the path gain and the delay. These results are validated with

the measured at 0.3 THz in [60, 59]. The observations are summarized as follows.

• Case 1: LoS is present. The distance between Tx and Rx1 is 3m. When fi = 0.3

THz, the LoS ray arrives at 8.94ns with the power −90.6 dB. The total gain reaches

−86.5 dB, which suggests a 4.1 dB improvement to have multi-path propagation. In

this simulation, the LoS, the once-reflected, the twice-reflected and the scattered rays

are included.
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Table 1. The significant arrival rays at 0.3 THz.
Case 1, when LoS is present Case 2, when LoS is absent

Arrival path Path Gain [dB] Delay [ns] Path Gain [dB] Delay [ns]
LoS -90.6 8.94 — —

Reflected ray 1 -102.1 9.14 -102.2 14.01
Reflected ray 2 -103.4 9.77 -101.8 14.43
Reflected ray 3 -116.7 10.01 -111.3 14.58
Scattered ray 1 -125.8 9.80 -134.7 14.45
Scattered ray 2 -144.2 10.27 -134.8 14.61
Scattered ray 3 -141.7 11.08 152.5 15.66
Scattered ray 4 -134.1 12.74 -143.5 22.48
Dffracted ray 1 — — -125.9 14.03

• Case 2: LoS is absent. The distance between Tx and Rx2 is 4m. The once-reflected,

the twice-reflected, the relevant scattered and the diffracted rays are included in this

simulation. The strongest reflected ray travels through the ceiling, arriving at 14.43ns

with the path gain −101.8 dB. The total gain by including multi-path propagation is

−94.2 dB, which is 7.6 dB improvement compared to the single NLoS transmission.

Moreover, the diffracted path is included in our simulation, having a delay of 14.03ns

and a path gain of −125.9 dB.

2.5.5 Discussion

The developed narrowband channel model considers that the system bandwidth is nar-

row enough so that the frequency response can be treated as a complex valued scalar over

the whole bandwidth, the so-called frequency-flat channel. Then, we develop a multi-ray

propagation model in the THz band as a combination of these individual sub-bands. In

each sub-band, the multi-ray model is a superposition of the LoS, reflected, scattered and

diffracted paths.

The principles to develop efficient multi-ray model are summarized here. When LoS is

available, the direct ray dominates the received signal energy, while the reflected rays play

a dominant role when LoS is absent. As the operating frequency increases, the surface is

seen to be rougher and hence, more power is scattered out of the specular direction. Hence,
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scattered rays are very important and have to be included in the ray tracing model for both

LoS and NLoS conditions. Furthermore, the diffraction path can be ignored in general, only

except when the receiver is in the very closed region near the incident shadow boundary.

In our analysis of the two study cases, the number of specular reflected rays is up to

6, which may include: one from the table, one from the ceiling, and four from the four

walls. Moreover, the number of dominant scattered rays is 60. For each dominant reflected

ray, i.e., on the table, ceiling and four walls, we consider 10 scattered rays surrounding the

each reflection point. Lastly, when LoS is not available, and there is a screen or a wedge

between the transmitter and the receiver, the number of diffracted ray is 1. Otherwise, the

diffracted rays are negligible.

2.6 Wideband Characterization

Using the developed propagation models, a detailed analysis on the wideband channel char-

acteristics in the THz band is presented here. Specifically, we thoroughly characterize the

distance-varying spectral windows, the wideband channel capacity, the rms delay spread

and the coherence bandwidth, and the temporal broadening effects in this section.

2.6.1 Distance-varying Spectral Windows

Due to the molecular absorption effect, path loss peaks are created, and the spectral win-

dows between these peaks are investigated, as shown in Fig. 6. In particular, three spectral

windows between 0.06 THz and 1 THz can be recognized, which are 0.06 - 0.54 THz,

0.57 - 0.74 THz and 0.76 - 0.97 THz, respectively. As the material properties of reflection,

the scattering and the diffraction properties being measured at higher Terahertz frequencies

(e.g., 1 - 10 THz), more spectral windows can be identified in the future.

The path gain and the width of the spectral windows vary with the center frequency

and the distance. First, as the center frequency increases, the channel path gain values

drop, and the width of the spectral windows dwindles. The path gain separation among

different distances increase for larger center frequencies. Second, the relationship between
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Figure 6. Path gain as a function of frequency.

the distance and the path gain is very close, particularly for short distances. For example,

when distance changes from 2m to 3m, the average path gain decreases from -88.3 dB to -

91.4 dB. On the contrary, by increasing the distance from 5m to 6m, the path gain difference

is only 1 dB, from -94.6 to -95.6 dB. Third, the available spectrum for communication

reduces rapidly as the distance increases. For example, when the distance is 6m, only the

frequency bands (0.06 - 0.54 THz) and (0.58 - 0.73 THz) have path loss values below 100

dB. This close relationship between the distance and the spectral windows motivates the

design of distance-aware communication schemes [61].

2.6.2 Wideband Channel Capacity

To evaluate the wideband channel capacity in the THz band, we can decompose the received

signal as a sum of the sub-bands, where each sub-band channel is narrow and has a flat-

band response. In particular, the ith sub-band is defined as ∆ fi = fi+1 − fi with power Pi

under the constraint
∑NB

i=1 Pi ≤ P, where NB refers to the total number of sub-bands, and

P stands for the total transmit power. In the ith narrowband, the sub-band capacity, Ci, is

expressed as

Ci = ∆ filog
(
1 +

|hi|
2 Pi

∆ fiS N( fi)

)
(16)
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Figure 7. Wideband channel capacity for different propagation channels and distances.

where S N is the power spectral density of the additive white Gaussian noise. hi is given in

(15). Then, the wideband channel capacity in the THz band can be found as the sum of the

capacities of each sub-band [56], as

C =

NB∑
i=1

∆ filog
(
1 +

|hi|
2 Pi

∆ fiS N( fi)

)
. (17)

By varying the total transmit power from 0 to 10 dBm, the channel capacity is numer-

ically computed and shown in Fig. 7, for different transmission distances, different power

allocation strategies and different propagation. We assume the utilized frequency band is

from 0.06 THz to 1 THz, and the distance between the transmitter and the receiver is 3m

and 6m. Using the water-filling (WF) power allocation strategy, the multi-path (MP) ca-

pacity increases with the transmit power and reaches 75 Gbps at P = 10 dBm and r = 3m.

The mean capacity under these conditions is 39.9 Gbps. On the contrary, the mean ca-

pacity reduces by 89% and becomes 4.4 Gbps if the equal power (EP) allocation scheme is

adopted. This suggests an importance of the intelligent resource allocation in exploiting the

Terahertz spectrum due to the very high frequency-selectivity. On the other hand, the ca-

pacity decreases as the distance increases. In particular, at r = 6m, the average MP capacity

based on WF strategy equals to 31.4 Gbps. Furthermore, as the multi-path propagation has

over 4 dB gain over the LoS, the mean capacity of the multi-ray channel is 4.8 times that
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of the LoS path solely. However, this improvement of total path gain and capacity of the

multi-path propagation are at the costs of the increased delay spread and consequently, the

restricted coherence bandwidth to avoid ISI in practice.

2.6.3 RMS Delay Spread and Coherence Bandwidth

We provide an analytical expression to compute the rms delay spread, which is a measure

of how dispersive the channel is. This temporal parameter relates to the performance degra-

dation caused by ISI and useful for the physical system design. The rms delay spread is

computed as [62]

σi =

√
τ2

i − (τi)
2, (18)

where

τi =

∑N
n=1|αi,n|

2τn∑N
n=1|αi,n|

2
, (19)

and

τ2
i =

∑N
n=1|αi,n|

2τ2
n∑N

n=1|αi,n|
2
, (20)

are the first moment (or called the mean excess delay) and second moments of the instan-

taneous power-delay profile, respectively. αi,n is the amplitude of the nth path in the ith

sub-band, as given in (1).

Regarding the power delay profile of Case 1 in Table 1, the rms delay spread is cal-

culated as 0.19ns for r = 3m. This value suggests that the symbol rate is limited to

0.1/σi = 0.53 Gbit/s to avoid ISI for linearly-modulated signals. Moreover, the coher-

ence bandwidth, that is defined as the range of frequencies over which channel correlation

exceeds 50%, is given by 0.2/σi = 1.06 GHz. The increasing frequency would lead to

multi-path effect dwindling, due to the very high loss for the NLoS paths. This results in

a smaller rms delay spread and hence, larger coherence bandwidth, as shown in Fig. 8.

In particular, when the distance is 3m and the center frequency is 0.7 THz, the rms delay

spread drops to 51.7ps, and the coherence bandwidth grows to 3.87 GHz.

As the simulation dimensions and the distance between the transmitter and the receiver
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Figure 8. Coherence bandwidth at different center frequencies.

increase, the ray inter-arrival times are extended. This leads to the larger rms delay spread in

the multi-ray channel and therefore, the smaller coherence bandwidth in the THz band. The

average of the coherence bandwidth drops from 3.42 GHz, to 2.56 GHz, 2.17 GHz, 1.75

GHz and 1.47 GHz, as the distance varies from 2m, to 3m, 4m, 5m, and 6m, respectively.

Moreover, as the distance increases, the convergence of the coherence bandwidth at each

center frequency can be observed.

2.6.4 Temporal Broadening

The transmitted signal experiences the frequency-selectivity in the THz wideband channel,

as shown in (15) and Fig. 6. This frequency-selective attenuation causes broadening ef-

fects on the transmitted signals, which restricts the minimum spacing between consecutive

pulses and hence the data rates. Therefore, in this section, we present an extensive investi-

gation of the temporal broadening effects in the THz band. Similar broadening effects have

been observed in ultra-wideband (UWB) systems [63, 64]. However, in the THz band, the

broadening effects are much stronger due to the much higher level of frequency selectivity.

An illustration of this broadening effect is shown in Fig. 9 and explained as follows.

In order to occupy the Terahertz spectrum, a very short pulse or for simplicity, a Dirac
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Figure 9. An illustration for the temporal broadening effects.

delta function in the time domain is transmitted through the frequency-selective Terahertz

channel. The Fourier transform of the dirac delta function is flat in the frequency domain.

Then, by passing through channel, the transmitted signal experiences increasing path loss

at higher frequencies. As the received signal is transformed back to the time domain using

inverse Fourier transform, the broadening effect appears clearly, in contrast to the originally

transmitted delta function.

In order to quantitatively characterize the broadening effects in the THz band, the auto-

correlation of signals is needed. We define the pulse duration, td, as the time after which

the auto-correlation stays below 0.1% of its maximum, which is equivalent to -30 dB in-

terference to neighboring signals. This pulse duration suggests the minimum separation

between consecutive pulses of transmission, in order to avoid ISI. Furthermore, we define

the broadening factor, η, as the ratio between the pulse duration of the received pulse and

that of the transmitted pulse. We analyze the broadening effects for both LoS and NLoS

propagation, by transmitting raised-cosine pulses. This investigation is particularly use-

ful when high-directivity antennas are being deployed and LoS path or directed NLoS is

guaranteed. In general, the broadening factor increases for higher center frequency, wider

pulse bandwidth and longer communication distance. Under these conditions, the level of

frequency-selectivity in the channel increases. The quantitative observations are discussed

as follows.
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Figure 10. Broadening factor analysis.
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• The broadening factor is closely related to the transmitted signal. In Fig. 10(a),

the transmitted pulse occupies a bandwidth of 20 GHz and the pulse duration is

td = 120.4ps. The frequency-selective attenuation has broadening effects, and the

broadening factor is smaller than 10. In Fig. 10(b), the 200-GHz-wide raised-cosine

pulse with the duration td = 10.6ps is transmitted. This wide pulse experiences a

more severe frequency-selectivity and the resulting η exceeds 10 easily.

• The broadening factor depends on the center frequency. As the carrier frequencies in-

creases from 0.3 THz to 0.7 THz, 1 THz and 2 THz, the broadening factors increase,

because of more severe frequency-selectivity at higher frequencies in the THz band.

For example in Fig. 10(a), the average η is below 2 for fi = 0.3, 0.7 and 1 THz.

On the contrary, the average broadening factor is 3.75 when fi = 2 THz. This sug-

gests that to avoid ISI, a minimal 0.45ns separation is required for the transmission

of 20 GHz-wide pulses centered at 2 THz.

• As the communication distance increases, the frequency-selectivity in the THz band

becomes stronger and hence, more severe distortion arises on the received signals, as

shown in Fig. 10(b). At fi = 0.3 THz and 1m, the broadening factor increases from

1.04 to 10.57, when the distance varies from 1m to 10m. Consequently, to avoid

ISI, at least 0.11ns spacing is needed between consecutive transmission, when the

distance is 10m, the center frequency is 0.3 THz and the transmitted raised-cosine

pulse has a width of 200 GHz.

• The NLoS propagation affects the temporal broadening, as shown in Fig. 10(c). With-

out loss of generality, the reflected NLoS transmission is considered. For the same

traveling distances and transmitted pulses, the reflection introduces additional loss

as well as distortion on transmitted signals, particularly at higher frequencies. At

0.7 THz and θi = 25◦, the reflection loss is −80 dB and the average broadening factor

almost triples, increasing from 11.5 (see Fig. 10(b)) to 33.1.
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2.6.5 Impact on Communication Techniques in the THz Band

These wideband channel characteristics coupled with the technology limitations, strongly

affect the transmission techniques in the THz band. The classical modulation schemes

can be used for THz band communication, but they will not be able to fully benefit the

THz band channel properties, such as the strong relationship between the distance and the

bandwidth. In particular, three communication schemes are covered here, namely impulse

radio, distance-adaptive modulation, and multi-carrier transmission.

First, the impulse radio techniques are developed for THz band nano-networks [65],

for its ultra-low complexity design. However, they are impractical for macro-scale applica-

tions, for the following reasons. By occupying the frequency spectrum up to several THz,

this baseband scheme would interfere with the existing cellular networks operating in dedi-

cated bands. Moreover, the occupation of the THz-wide bandwidth causes severe wideband

broadening effects (as discussed in Sec. 2.6.4), which strictly restrict the pulse rates. In par-

ticular, by occupying the entire THz band, this impulse radio scheme experiences extreme

frequency-selectivity. Although the pulse duration is 0.15ps, the average broadening factor

is 1319, which indicates a minimum separation of 0.19ns between the neighboring pulses.

This would result in the maximal pulse rate of 5.05 × 109 pulses-per-second to avoid ISI.

Additionally, the synchronization for the extreme short pulses operating in the THz band is

extremely challenging, since it may require very high sampling rates (e.g., over multi-giga-

or tera-samples per second).

Second, for distances longer than 1m, the molecular absorption defines multiple trans-

mission windows, in which each window has a strongly distance-dependent bandwidth (as

discussed in Sec. 2.6.1). In order to utilize the advantages of the strong relationship be-

tween the bandwidth and the distance, a new distance-aware adaptive modulation solution

appears as an interesting path to explore. In this context, we developed a new modulation

solution that allows the nodes to intelligently share the channel by adapting the modulation

scheme dependent on the transmission distance [61]. In particular, a node can adaptively
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choose modulations based on the transmission distance in order to occupy either (i) the

entire transmission bandwidth, (ii) the central part of the transmission window (this infor-

mation reaches both close and far nodes), or (iii) the sides of the transmission window (the

information only reaches nearby devices).

Third, the multi-carrier modulation permits adaptive transmissions of different sym-

bols on non-overlapping sub-bands in parallel. As a result, each carrier occupies a smaller

bandwidth (for example, 5 GHz as suggested in Sec. 2.6.3) and supports lower data rates.

This effectively relaxes the design requirements of individual carriers, and is helpful for

THz band communication to overcome ISI and can reach very high data rates. As com-

pensation, many parallel modulators for different carriers and very fast signal generator to

switch between carriers, are required to support multi-carrier modulation. Hence, the op-

timal sub-band width needs to be determined. However, the orthogonal frequency division

multiplexing (OFDM) is not suitable for THz band communication currently, although it

is suggested for 60 GHz systems to enhance the spectral efficiency [66]. The bandwidth

is not scarce in the THz band. Furthermore, the very complex transceivers, high peak-to-

average power ratio (PAPR), and strict requirements for frequency synchronization make

the OFDM challenging and impractical in the THz band for the current technologies, where

digital processors which can handle such high data rates are still not existing. Consequently,

based on the channel characteristics in the THz band, distance-adaptive and multi-carrier

transmissions are suggested to best benefit from the unique relationship between distance

and bandwidth.

2.7 Conclusions

In this chapter, we developed a unified multi-ray channel model in the THz band by us-

ing ray tracing techniques. This multi-ray channel incorporates the propagation models

for the LoS, reflected, scattered and diffracted paths, is validated by the experimental mea-

surements (0.06 - 1 THz). Based on the developed propagation model, we presented a
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thorough analysis on the channel characteristics in the THz band. Specifically, first, the

spectral windows defined by the molecular absorption loss are distance-varying, and the

width of these windows reduces as the distance increases. Second, the multi-path wide-

band channel capacity can exceed 75 Gb/s with the use of 10 dBm transmit power and a

water-filling power allocation strategy over 0.06 - 1 THz. This improvement of total path

gain and capacity of the multi-path propagation over LoS are at the cost of the increased

delay spread and consequently, the restricted coherence bandwidth to avoid ISI. Third, the

rms delay spread is dependent on the distances and carrier frequencies. The resulting co-

herence bandwidth is below 5 GHz, which decreases for longer distances and lower carrier

frequencies. Fourth, the temporal broadening effects limit the minimum spacing between

consecutive transmission and hence the data rate. The defined broadening factor increases

for higher center frequency, wider pulse bandwidth, longer distance, and is affected by

the propagation path. Fifth, in terms of communication techniques, distance-adaptive and

multi-carrier transmissions are suggested to best benefit from the unique relationship be-

tween distance and bandwidth. This work that addresses the unified multi-ray channel

modeling and in-depth characteristic analysis lays out the foundation to design reliable and

efficient communication systems in the THz band.
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CHAPTER 3

MULTI-WIDEBAND WAVEFORM DESIGN FOR
DISTANCE-ADAPTIVE WIRELESS SYSTEMS

In this chapter, a multi-wideband waveform design for the THz band is proposed, by ex-

ploiting the channel peculiarities including the distance-varying spectral windows, the de-

lay spread and the temporal broadening effects. This scheme allows the dynamical vari-

ation of the rate and the transmit power on each sub-window and improves the distance.

Moreover, the closed-form expressions of the SINR and BER for the multi-wideband wave-

form are derived, by considering the inter-symbol and inter-band interferences. Then, an

optimization framework is formulated to solve for the multi-wideband waveform design

parameters of the transmit power and the number of frames, with the aim to maximize the

communication distance while satisfying the rate and the transmit power constraints. Four

sub-optimal solutions are proposed and compared.

3.1 Motivation and Related Work

There are only few solutions which proposed on the way to design the THz signal wave-

form. In [65], a single-band pulse-based scheme is proposed at the THz frequencies. How-

ever, this modulation is mainly valid for very short transmission distances, e.g. nanonet-

works, in which the distance-varying spectral windows do not appear. In our preliminary

study, a multi-narrowband system is developed. However, the resulting number of sub-

bands is quite large and the MQAM is complicated. Moreover, the interference in the

multi-narrowband system is neglected [61]. Hence, there is a need for a multi-wideband

waveform design to improve the distance and support ultra-high-speed transmission.

The design guidelines based on the channel characteristics according to Chapter 2 are

highlighted as follows. The very strong relationship between the distance and the spec-

tral windows at THz frequencies motivates the design to be distance-adaptive and in the
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form of multi-wideband. Moreover, the utilization of the sub-bands needs to be intelli-

gently selected to avoid spectrum with the path loss peaks. Specifically, in the multi-path

propagation with d = 5m, the spectrum above 0.1 THz has significantly large path loss and

cannot be used. In the directional propagation, the communication around 0.56 THz, 0.75

THz, and 0.98 THz needs to be prevented. In terms of the transmission over each sub-

band, wideband pulses can be used, for the features of ultra-low power, compact-size and

ultra-low complexity design. These pulses were firstly proposed for ultra-wideband com-

munication [67] and then was tailored for THz band communication [65]. By occupying

the bandwidth Bg, each sub-window experiences frequency-selective fading for multi-path

propagation, while undergoes flat-fading for directional transmission with a much larger

coherence bandwidth. Furthermore, in accordance with the temporal broadening, the min-

imum separation between the consecutive pulses to avoid the pulse overlapping is 5Tp,

where Tp denotes the pulse waveform duration.

3.2 Multi-Wideband Communications in the Terahertz Band

In this section, we first propose a multi-wideband waveform model for the distance-adaptive

THz band communication by exploiting the channel peculiarities. Furthermore, we analyze

the ISI between the consecutive symbols and IBI among the neighboring frequency sub-

bands associated with the developed multi-wideband system. We further provide the close-

form expressions for the SINR-per-bit and the BER to analyze the system performance.

3.2.1 Pulse Waveform Model

In the multi-wideband communication, each sub-window experiences frequency-selective

fading, since the width of the sub-window is greater than the coherence bandwidth, as

studied in Fig. 6. To increase the received SINR-per-bit, each information symbol on

the sub-window is represented by a sequence of very short pulses, which provides the

pulse combing gain. Within one sequence, the positions of the pulses are determined by a

pseudo-random time-hopping sequence that is specific to each sub-window. Furthermore,
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pulse-based polarity randomization is utilized to provide further robustness against the in-

terference and help optimize the spectral shape [67, 68]. We tailor this pulse waveform to

the THz band to cope with the unique characteristics at the THz frequencies and improve

the SINR or equivalently, the distance.

For the transmission on the uth sub-window, the baseband signal consists of different

symbols. For the ith information symbol, Nu
f frames are used to describe this symbol with

one pulse in one frame. This is represented as

xu(t) =
√

Pu

∑
i

a(i)
u

Nu
f−1∑

m=0

p(i,m)
u · g(t − iNu

f T f − mT f − c(i,m)
u Tp), (21)

where T f and Tp denote the time duration for one frame and one pulse, with their ratio

defining the number of pulse positions in a frame, i.e., Np = T f /Tp. Additionally, Pu

stands for the allocated power in the uth sub-window, Nu
f is the number of frames to rep-

resent one information symbol. In the signal model with polarity randomization and time

hopping [67], a(i)
u ∈ {+1,−1} is the ith binary information symbol, p(i,m)

u denotes the ran-

dom polarity code that takes ±1 with equal probability, and c(i,m)
u refers to the time hopping

code where c(i,m)
u ∈ {0, 1, · · · ,Np − 1} with equal probability of the mth frame. g(t) is the

transmitted wideband pulse with the duration Tp and unit energy.

By combining the signal model in (21) and the THz band channel model in (2), the

received signal is described as

yu(t, d) = xu(t) ∗ hu(t, d) + w(t)

= α(u)
LoS(d)

√
Pu

∑
i

a(i)
u

Nu
f−1∑

m=0

p(i,m)
u · gr(t − iNu

f T f − mT f − c(i,m)
u Tp − tLoS)1LoS

+
√

Pu

N(u)
Ref∑

q=1

α
(u,q)
Ref (d)

∑
i

a(i)
u

Nu
f−1∑

m=0

p(i, j)
u · gr(t − iNu

f T f − mT f − c(i,m)
u Tp − t(q)

Ref) + w(t)

=
√

Pu

∑
i

a(i)
u

Nu
f−1∑

m=0

p(i,m)
u · ψu(t − iNu

f T f − mT f − c(i,m)
u Tp) + w(t), (22)
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where w(t) is the Gaussian noise with the power spectral density S w, and we define

ψu(t) = α(u)
LoS(d)gr(t − tLoS)1LoS +

N(u)
Ref∑

q=1

α
(u,q)
Ref (d)gr(t − t(q)

Ref), (23)

with α(u) = [α(u)
LoS, α

(u,1)
Ref , . . . , α

(u,N(u)
Ref)

Ref ], and gr is the received pulse with the unit energy, which

includes the THz band channel effects on g, as defined in (21).

To combine the multi-path signals for the uth sub-window, a Rake receiver is used with

β(u) = [β(u)
LoS, β

(u)
1 , . . . , β(u)

NRef
] being the Rake combing weights. The output of the Rake re-

ceiver for the ith binary information symbol can be obtained in the form of

r(i)
u (d) =a(i)

u

√
PuNu

fα
(u)
LoS(d)β(u)

LoS1LoS + a(i)
u

√
PuNu

f

N(u)
Ref∑

q=1

α
(u,q)
Ref (d)β(u)

q + IS Iu + IBIu + wu, (24)

where the first term is due to the desired signal propagating through the LoS path, the

second term is from the desired signals through the reflected paths, the third term is the

ISI from the pulses in the adjacent frames due to the multi-path and temporal broadening

effects, the fourth term describes the IBI from the surrounding sub-windows, and the last

term refers to the output noise.

3.2.2 Interference

We analyze the two types of interference associated with the multi-wideband transmission

as described in the previous section, namely, ISI and IBI, which account for the interference

effects among different symbols and different sub-windows.

Inter-Symbol Interference (ISI): The interference for the ith information symbol can be

obtained as a sum of the interference effects on the individual pulses that consist of this

symbol

IS Iu =
√

Pu

(i+1)Nu
f−1∑

m=iNu
f

I(i,m)
u , (25)

where the interference on the mth pulse, I(i,m)
u , is

I(i,m)
u =p(i,m)

u

∑
n1

Nu
f−1∑

n2=0

p(n1,n2)
u a(n1)

u Ψu
[
(n1 − i)Nu

f T f + (n2 − m)T f + (c(n1,n2)
u − c(i,m)

u )Tp
]
. (26)
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Note that when n1 = i, n2 = m, Ψu(0) = 0. In the above equation, Ψu represents the

cross-correlation between ψu and ψ′u, as

Ψu(τ) =

∫ +∞

−∞

ψu(t − τ)ψ′u(t)dt, (27)

where ψu is given in (23), ψ′u represents the weighted sum of the delayed version of the

received pulse, in the form of

ψ′u(t) = β(u)
LoS(d)gr(t − tLoS)1LoS +

N(u)
Ref∑

q=1

β(u)
q (d)gr(t − t(q)

Ref). (28)

where the weights are the Rake receiver coefficients. The expected value of the interference

is equal to zero due to the random polarity code that takes ±1 with equal probability. The

variance can be calculated from (26) and (27), as

E
[
I(i,m)2

u

]
=

1
N2

p

Nu−1∑
m=1

m
[ Nu−m∑

l=1

Rgr (mTp)
(
β(u)(l)α(u)(l + m) + α(u)(l)β(u)(l + m)

) ]2

(29)

where α(u) is the vector of the channel attenuations and β(u) is the vector of the Rake receiver

weights. Rgr denotes the auto-correlation function of gr in (22).

In light of the results in (25) and (29), IS Iu for the multi-path propagation is approxi-

mately distributed as

IS Iu ∼ N

(
0,

Pu

N2
p

Nu−1∑
m=1

m
[ Nu−m∑

l=1

Rgr (mTp)
(
β(u)(l)α(u)(l + m) + α(u)(l)β(u)(l + m)

) ]2)
. (30)

In (26), p(i,m)
u denotes the random polarity code and a(i)

u is the ith binary information symbol,

which both take ±1 with equal probability. Moreover, the channel response in the uth sub-

window in (2) as a function of the distance, the Rake receiver coefficients and the number

of frames are included in this expression.

As the distance increases, the delay spread and the temporal broadening effects in-

crease. However, the increase of the distance reduces the path gains, particularly of the

reflected paths since they travel through additional distances and suffer from the reflection

loss. Hence, the resulting ISI becomes weaker. The above analysis for the ISI is for the
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multi-path propagation. With the use of high-gain antennas, the beamwidth of the transmis-

sion is small and the number of the multi-path components reduces drastically. The delay

spread with the 20-dB-gain antennas is negligible with Nu = 1. Furthermore, the temporal

broadening effects are reduced thanks to the smaller path loss and frequency selectivity in

the channel. Hence, the ISI effects can be neglected in the directional transmission.

Inter-Band Interference (IBI): The inter-band interference occurs in the multi-wideband

systems which causes from the power leakage from the neighboring sub-windows. In the

THz band, the number of sub-windows is at the order of multiple-tens. To model this in-

terference, we invoke the central limit theorem to approximate the IBI with a Gaussian

process. The IBI accounts for the power leakage from the surrounding sub-windows. It

is shown in [69, 70, 71] that the interference from the adjacent frequency bands can be

approximated as Gaussian distributed random variable. Hence, the distribution of the inter-

ference power on the uth sub-window that superimposes from the other sub-windows has

the expression

IBIu ∼ N

0,∫
fu

U(d)∑
v,v 6=u

Pv|Gv
r( fu)

Nu∑
m=1

α(v)(m)β(v)(m)|2d fu

 ,
≈ N

0, Pu

∫
fu

U(d)∑
v,v 6=u

|Gv
r( fu)

Nu∑
m=1

α(v)(m)β(v)(m)|2d fu

 , (31)

where Gv
r( fu) describes the interference on the uth sub-window that is contributed from the

vth sub-window, with v 6= u.

The IBI mainly contributes from the neighboring sub-windows, i.e., (u+1)th and (u−1)th

in this case. Hence, we rearrange the IBIu by using Pu in the above approximation, by

considering the channel quality and the resulting transmit power for the neighboring sub-

windows are similar. This approximation is useful to obtain Pu in (37). Moreover, Gv
r is the

frequency response from the vth sub-window, based on the received pulse gr in (22). The

interaction with the THz band channel and the receiver coefficients are also captured in the

above expression, which influences the IBI.

The IBI captures the power leakage from the surrounding sub-windows, and increases
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if the separation between the consecutive sub-windows (i.e., the bandwidth of the sub-

window that is denoted by Bg) decreases. As the distance increases, the frequency selec-

tivity becomes more severe. Consequently, the temporal broadening makes the transmitted

pulse in the time domain wider, which thereby leads to a reduction of the IBI in the fre-

quency domain. With the use of high-gain antennas, the delay spread reduces significantly

and the channel frequency response varies less frequency-selective. However, the path loss

of the channel is reduced and hence, the IBI becomes more significant in this case. These

effects are captured in (86).

3.2.3 Signal-to-Interference-plus-Noise-Ratio-per-Bit (SINR-per-bit)

The noise based on the Rake receiver in (24) is the weighted sum of the Gaussian noise

from the different paths. The power power spectral density of the noise is distributed as

wu ∼ N

0,Nu
f S w

Nu∑
l=1

[
β(u)(l)

]2
 . (32)

Hence, by combining (24), (30), (86) and (32), the SINR-per-bit in the uth sub-window

at the receiver is calculated as

γ
mp
u (d) =

Pu

[
Nu

f

(
α(u)

LoS(d)β(u)
LoS

)
+ Nu

f

∑N(u)
Ref

q=1

(
α

(u,q)
Ref (d)β(u)

q

)]2

Pu
N2

p
σ2

ISI + Puσ
2
IBI + BgNu

f S wσ
2
noise

, (33)

where the interference and noise terms in the above equation are stemmed from (30), (86),

and (32), respectively

σ2
ISI =

Nu−1∑
m=1

m[Rgr (mTp)
Nu−m∑

l=1

(β(u)(l)α(u)(l + m) + α(u)(l)β(u)(l + m))]2, (34)

σ2
IBI =

∫
fu

U(d)∑
v,v6=u

|Gv
r( fu)

Nu∑
m=1

α(u)(m)β(u)(m)|2d fu, (35)

σ2
noise =

Nu∑
l=1

[
β(u)(l)

]2
. (36)
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Correspondingly, for a given SINR-per-bit and the number of frame, the required trans-

mit power on the sub-window is given by

Pu =
γ

mp
u (d)BgNu

f S wσ
2
noise[

Nu
f

(
α(u)

LoS(d)β(u)
LoS

)
1 + Nu

f

∑N(u)
Ref

q=1

(
α

(u,q)
Ref (d)β(u)

q

)]2

− A1

(37)

where A1 = γ
mp
u (d)

[
σ2

ISI
N2

p
+ σ2

IBI

]
.

The above analysis for the ISI is for the multi-path propagation with Gt = Gr = 0 dB.

With the use of high-gain antennas, the transmission becomes directional and consequently,

Nu = 1 and α(u)
LoS 6= 0. Moreover, the ISI term becomes negligible while the IBI term

becomes more important. The SINR-per-bit for the directional transmission, γdi
u , is given

by

γdi
u (d) =

(
Nu

fα
(u)
LoS(d)β(u)

LoS

)2

∫
fu

∑U(d)
v,v 6=u|G

v
r( fu)α(u)

LoS(d)β(u)
LoS|

2d fu +
BgNu

f S w

GtGrPu

[
β(u)

LoS

]2 (38)

As a function of the desired SINR, the required transmit power on the sub-window for the

directional transmission is

Pdi
u =

γdi
u (d)BgNu

f S w

[
β(u)

LoS

]2

GtGr

(
Nu

fα
(u)
LoS(d)β(u)

LoS

)2
− A2

(39)

where A2 = γdi
u (d)

∫
fu

GtGr
∑U(d)

v,v 6=u|G
v
r( fu)α(u)

LoS(d)β(u)
LoS|

2d fu.

3.2.4 Bit-error-rate (BER)

In light of the SINR for the designed multi-wideband waveform, the error performance of

the system can be computed. Particularly for the pulse-based systems by incorporating the

interference and the noise effects jointly, the Q-function of the SINR was shown to capture

the error behavior [67]. Hence, starting with the SINR expression in (33), the BER over

the uth sub-window for the multi-path propagation can be approximated as

ε
mp
u ≈ Q(

√
γ

mp
u )

≈ Q

Nu
fα

(u)
LoS(d)β(u)

LoS + Nu
f

∑N(u)
Ref

q=1 α
(u,q)
Ref (d)β(u)

q√
A1

γ
mp
u (d) + BgNu

f S wσ
2
noise/Pu

 , (40)
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where Q(·) denotes the Q-function.

For the directional transmission, the ISI can be omitted while the IBI increases with the

use of high-gain antennas. According to the SINR expression in (38), the BER over one

sub-window is given in the similar fashion, as

εdi
u ≈ Q


√

GtGrPuNu
fα

(u)
LoS(d)β(u)

LoS√
A2Pu

γdi
u (d)

+ BgNu
f S w

[
β(u)

LoS

]2

 . (41)

From the above equations, the BER decreases with the increase of the SINR. Conse-

quently, the BER decreases with the increase of the transmit power and the number of

frames. Moreover, the BER in the directional transmission is greatly reduced thanks to the

additional antenna gains as well as the elimination of the ISI.

3.3 Multi-Wideband Waveform Design

To cope with the unique characteristics and improve the distance, we dynamically adapt

the rate (i.e., the number of frames) and the transmit power on each sub-window in the

pulse waveform model of the distance-adaptive multi-wideband system in (21). To solve

for these parameters, we formulate and solve the optimization framework with the aim to

maximize the distance while satisfying the rate and transmit power constraints. Noticeably,

this problem can be solved by solving the rate maximization problem for a given distance

iteratively, by which the maximum distance is obtained when the maximum rate in the first

problem reaches the threshold, Rth. In this section, we present the problem formulation and

the solution to these two problems.

3.3.1 Rate Maximization for the Fixed Distance

For a distance d, we consider the total number of sub-windows is U(d), which is the ratio

between the total usable bandwidth and the sub-window bandwidth, Bg. The total rate is
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equal to the sum of the rate over each sub-window, as

Rtot =

U(d)∑
u=1

ku, (42)

where by using the wideband signal model in (21), the rate over the uth sub-window is equal

to the inverse of the number of the symbols in one second, which is given by

ku =
1

Nu
f NpTp

=
1

Nu
f T f

. (43)

The computation of ku is a function of the number of frames. The number of frames is

included in the SINR-per-bit in (33) and (38), for the multi-path and directional propaga-

tions, respectively. Moreover, the BER, in (40) and (41), are functions of the SINR-per-bit

and the computed ku. Therefore, ku takes the SINR-per-bit as well as the BER into account

implicitly. In fact, a tradeoff as an outcome of the waveform design is that the increase of

the number of frames leads the decrease of the rate, the increase of the SINR-per-bit, and

the decrease of the BER.

According to the waveform design in Sec. 3.2.1, when Nu
f = 1,∀u = 1, . . . ,U(d) is

the theoretical upper bound to the data rate. However, this solution is infeasible due to

the constraints on the transmit power and the SINR. To maximize the rate, the transmit

power, Pu, and the number of frames, Nu
f , need to be determined over each sub-window.

As the power needed to achieve a certain rate on one sub-window is independent of the

rates on other sub-windows, we decouple the allocation of the transmit power with the

distribution of the number of frames to obtain a sub-optimal solution. Furthermore, the

spectral windows that are used for transmission are distance-adaptive and in particular,

the sub-windows whose path loss exceeds the path loss threshold are not used. After the

transmit power allocation is accomplished, the number of frames on each sub-window , Nu
f ,

can be determined as the smallest number that fulfills the SINR requirement. In particular,

four power allocation schemes are considered in our analysis, as follows.
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1. Min power/bit: The first scheme allocates the transmit power by minimizing the

power-per-bit, which is also suggested in [72]. Relating to our waveform design, this

scheme targets to minimize power/bit for each sub-window, i.e., minimize Pu · Nu
f

as the rate is inversely proportional to Nu
f . This scheme allows an effective and fair

utilization of the transmit power. The resulting power allocation increases steadily as

the frequency increases and the SINR decreases. The resulting allocation is equiv-

alent to the power inversion scheme, where more power is allocated to the higher

frequency bands.

2. Min Nu
f : The second scheme allocates the power starting from the lower frequencies,

i.e., f1 = 0.06 THz to fU = 1 THz, due to the monotonic increase of the path loss

values. At each sub-window, the transmit power satisfies the SINR requirement with

the lowest possible Nu
f , i.e., Nu

f ≥ 1. This allocation continues until the transmit

power requirement in (47) is satisfied. This may result in an unfair utilization of the

transmit power by allocating no power to the high THz frequencies. This scheme is

equivalent to the truncated power inversion scheme in [73].

3. Water-filling: The third scheme follows the water-filling principle [73], which results

in the fact that the sub-windows with better quality are distributed with more power.

To implement the water-filling allocation scheme, the SINR on each sub-window in

(33) is computed by assuming the same number of frames, for example, Nu
f = 1.

After the power distribution is determined, the smallest Nu
f is computed for each

sub-window to achieve the possible largest rate.

4. Equal-power: The fourth scheme follows the equal-power principle [73], by letting

Pu = PTx. Then, the smallest Nu
f is computed for each sub-window. This scheme

allows the transmit power and the number of frames to be obtained offline and greatly

reduces the computational complexity.
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The complexities of sub-optimal algorithms are significantly reduced since the alloca-

tion of the transmit power is decoupled with the distribution of the number of frames, i.e.,

the rates over each sub-window. The four schemes yield different system performance as

well as the computational complexity. The rate performance and the operation regions of

the four schemes are investigated in the numerical section in Sec. 3.4, for both the multi-

path propagation and the directional transmission.

3.3.2 Distance Maximization

In the previous section, the maximal rate is obtained for a given distance and the constraints

on the transmit power and the SINR-per-bit. In light of these results, we formulate an

optimization to find the largest distance by solving the previous problem iteratively, by

which the maximum distance is obtained when the maximum rate in the first problem

reaches the threshold, Rth.

3.3.2.1 Optimization Framework Formulation

For the multi-wideband system in the THz band, we formulate an optimization problem to

maximize the communication distance, d, as follows:

Given: PTx, γth,Rth, S w

Find offline: T f ,Tp,Np, Bg,β
u
≥ 0 (44)

Find: Nu
f , Pu ≥ 0, (45)

Maximize: d (46)

Subject to:

Transmit power: E [Pu] ≤ PTx (47)

SINR-per-bit: γ
mp
u (d) ≥ γth,∀u = 1, . . . ,U(d) (48)

Data rate:
U(d)∑
u=1

1
Nu

f NpTp
≥ Rth (49)

In the above framework, E[·] stands for the expectation operator. Moreover, U denotes the

total number of sub-windows at the distance d with the sub-window bandwidth Bg, which
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is at the order of 102. In (48), γmp
u is given in (33). In (49), the data rate is obtained from

(43).

3.3.2.2 Solution to the Optimization Problem

This optimization requires prohibitive computational complexity for an optimal solution,

for the following reasons. First, this is a non-convex optimization problem with a non-

convex constraint (49), since the Hessian of this constraint is not positive semi-definite.

Furthermore, the complexity grows exponentially with the number of constraints and

variables. There are U + 2 constraints and the number of variables is 2U, where U is at the

order of 102. Instead of searching for an optimal solution, we use algorithms developed in

Sec. 3.3.1 to obtain the sub-optimal solutions for the design parameters. Initially, we select

the Rake receiver coefficients by pursuing the maximum ratio combining principle. The

amplitude and the phase satisfy [74]

β(u)
l = |αl|e j2π futl , for l = 1, . . . ,Nu. (50)

Moreover, we compute the pulse width, Tp = 0.5ns, the number of pulse positions in one

frame, Np = 5, and the bandwidth of the sub-window, Bg = 10 GHz, to satisfy the THz

channel peculiarities, which are common for all the sub-windows. Particularly, the sepa-

ration between the consecutive pulses Np needs to sufficiently large to avoid the temporal

broadening effects, and the selection of the spectral windows at any distance to satisfy the

minimum SINR.

So far the offline parameters of the optimization problem in (46) have been obtained.

Next, the distance maximization problem is addressed by solving the rate maximization

problem for a given distance iteratively, by which the maximum distance is obtained when

the maximum rate reaches the threshold. The detailed solution to the rate maximization

problem is detailed in Sec. 3.3.1, in which the power allocation and the rate assignment

are decoupled. In particular, four power allocation schemes are considered in our analysis,

namely, min power/bit, min Nu
f , water-filling and equal-power. Based on these power
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allocation schemes, the number of frames on each sub-window can be obtained, which

completes the solution of the distance maximization problem.

3.3.3 Design Tradeoffs

The channel peculiarities and the multi-wideband waveform design are fully captured in

the optimization problem. In particular, the SINR-per-bit in (48) and the data rate in the

constraint (49) are obtained based on the functions of the channel in (2), the waveform

signal in (21), and the interferences in (30) and (86).

The optimization problem has two variables that appear in the waveform signal in (21)

and are closely interacted with each other, which are: the transmit power, Pu, and the

number of frames, Nu
f , over each sub-window, which The number of frames can also be

understood as the rate computation over each sub-window. The increase of the transmit

power allows a smaller number of frames in one sub-window to satisfy the SINR-per-bit

constraint. This consequently increases the rate on that particular sub-window. However,

the relationship between the transmit power and the data rate on one sub-window is not

linear. Moreover, increasing the transmit power in one sub-window suggests a reduction

of the available power to other sub-windows. From another perspective, large numbers

of frames on the sub-windows require less power to fulfill the SINR-per-bit constraint.

Although the rate over each sub-window is reduced, more sub-windows can be utilized in

this case.

To increase the communication distance and the rate over the THz band, the tradeoff

between the transmit power and the number of frames on the sub-windows, that are realized

in the four allocation schemes in Sec. 3.3.1, need to be investigated throughly. Furthermore,

the impact of the propagation peculiarities in the THz band such as the antenna gains, path

gains, the delay spread and the temporal broadening influence the wideband waveform de-

sign and ultimately the THz system performance. Lastly, the complexity of this algorithm

is significantly reduced since the allocation of the transmit power is decoupled with the

distribution of the number of frames, i.e., the rates over each sub-window.
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(c) Auto-correlation function.

Figure 11. The wideband THz pulse waveform properties.

3.4 Numerical Analysis

In this section, we perform numerical analysis on the multi-wideband waveform design

for the multi-path propagation and directional transmission, respectively. In particular, the

SINR and the BER for the different transmit power, the different number of frames, and

the different waveforms are studied. By using the THz band channel and the waveform

design, the rate is analyzed, which is dependent on the transmit power, the communication

distance, and the power allocation scheme. Finally, the improvement of the distance to

achieve the data rate requirement, Rth, is investigated.

The simulation parameters are PTx = 10 dBm, γth = 10 dB, and Rth = 10 Gbps for

the multi-path and 30 Gbps for the directional propagations. These parameter values are

consistent with the state-of-art system and hardware design in the Terahertz band, in [28,

75]. The feasible solutions are obtained by using these parameters.

Two types of pulses are used in the simulation for comparison. The pulse shapes are

given by [76]

g1(t) =

(
1 −

25πt2

T 2
p

)
e−12.5πt2/T 2

p , (51)

g2(t) =
1√
Tp
, for − 0.5Tp ≤ t ≤ 0.5Tp. (52)

The pulses in the time domain and the frequency domain are plotted in Fig. 11(a) and

11(b), respectively. g1 has a narrow time response and thus a wide frequency response.

The bandwidth for g1 is 10 GHz. In contrast, the rectangular pulse g2 has the main lobe is
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(a) Multi-path propagation with d = 5m, f = 60 GHz.
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(b) Multi-path propagation with d = 5m, f =

300 GHz.
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(c) Multi-path propagation with d = 1m, f = 1 THz.
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(d) Directional transmission with d = 30m, f =

300 GHz.

Figure 12. SINR for the different distances and frequencies.

4 GHz wide and many sidelobes appear even at 20 GHz around the center frequency. The

normalized power leakage values are 0.18% and 17.47% for the two pulses, respectively.

This would cause the IBI in (86). Moreover, the auto-correlation functions of the two pulses

are demonstrated in Fig. 11(c), whose values at mTp are used in the computation of the ISI

in (30).

3.4.1 SINR

By using (33) and (38), the SINR values for the different transmit power and the different

number of frames are investigated. The observations are summarized as follows. First, the

SINR increases with the transmit power and the number of frames, although the ISI and

IBI rise at the same time. In Fig. 12(a), the SINR for the multi-path propagation at the
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distance of 5m and at the sub-window of 60 GHz is shown. To reach the targeted signal

strength requirement, for example γth = 10 dB, the possible solutions to the constraint (48)

are {Nu
f = 1, Pu = 14 dBm}, {Nu

f = 10, Pu = 4 dBm} and {Nu
f = 3, Pu = 9 dBm}.

Second, as the frequency increases, the THz band channel has higher path loss over

the same distance. The resulting SINR reduces since the path gains decrease in the SINR

express in (33), as shown in Fig. 12(b). To achieve the same signal strength, the minimum

number of frame becomes 5 instead of 1 for the 60 GHz case, with the transmit power of

20 dBm. On the other hand, the minimum transmit power is 17 dBm instead of 9 dBm for

the 60 GHz case, with the number of frames of 10. If the frequency further increases to

1 THz, γth = 10 dB cannot be satisfied for d = 5m. Hence, Fig. 12(c) shows the SINR

for d = 1m, and the possible solutions to (48) are {Nu
f = 3, Pu = 19 dBm}, {Nu

f = 9, Pu =

14 dBm} and {Nu
f = 7, Pu = 15 dBm}.

Third, with the use of the high-gain antennas, the SINR is greatly improved. In partic-

ular, when Gt = Gr = 20 dB, the communication distance can be enhanced to d = 30m for

f = 0.3 THz, as shown in Fig. 12(d). In the SINR expression in (38), the ISI is omitted

since only the LoS path is considered for the directional transmission. Based on these pa-

rameter values, the SINR requirement is satisfied for the solutions {Nu
f = 1, Pu = 2 dBm}

and {Nu
f = 2, Pu = 0 dBm}, among others. Fourth, the influences of the transmit power

and the number of frames are comparable. In particular, when the transmit power increases

from 0 dBm to 10 dBm, the SINR value increases by 10 dB. This improvement of SINR is

approximately the same if we send 10 frames instead of 1 frame for one symbol, as given

in (21).

To maintain the required SINR, the tradeoff between the power efficiency and the rate

effectiveness needs to be determined, since SINR is affected by the combination of the

number of frames and the transmit power.
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Figure 13. BER for the multi-path propagation with d = 5m, f = 300 GHz

3.4.2 BER

Then, the BER is related to the SINR by using (40) and (41). The BER decreases with the

increase of the SINR. Consequently, the BER decreases with the increase of the transmit

power and the number of frames. To realize the error rate below 10−3, the SINR needs to

be greater or equal to 9 dB, while in particular, γth = 10 dB suggests BER = 3.9 × 10−4.

For the multi-path propagation at 0.3 THz over 5m, the BER is given in Fig. 13. A drastic

decrease is observed for the BER and when Nu
f is no less than 4 and Pu is no less than

16 dBm, the BER is below 10−3.

3.4.3 Power Allocation Schemes

By using the THz band channel and the waveform design, the rate is analyzed in this sec-

tion. Four power allocation schemes are considered for d = 1m and PTx = 10 dBm. The

first scheme that minimizes power/bit allows an efficient utilization of the transmit power,

as shown in Fig. 14(a). With the increase of the operating frequency, the path loss increases

and the SINR decreases. To achieve the same power-per-bit, the allocated power increases

steadily. More power is allocated to the higher frequency bands. The second scheme in in

Fig. 14(b) minimizes the number of frames over each sub-window. The transmit power is

allocated only to the sub-windows with the small carrier frequencies, i.e., up to 0.53 THz,
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(a) Min power/bit.
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(c) Water-filling.
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(d) Equal-power.

Figure 14. Transmit power over the 0.06 - 1 THz spectrum for the different allocation schemes, with
d = 1m, PTx = 10 dBm.

while no power is provided for the higher frequency bands, which is equivalent to the trun-

cated channel inversion scheme [73]. The third scheme follows the water-filling principle,

which allocates more power to the sub-windows that have better SINR, as illustrated in

Fig. 14(c). However, this scheme requires a feedback path to supply the channel informa-

tion at the transmitter [61], which is very costly since the channel variation can be very fast

over time at THz frequencies due to the mobility or the transmission medium changes. The

fourth schemes allocates the transmit power equally over the sub-windows from 0.06 THz

to 1 THz, as shown in Fig. 14(d). This scheme allows the offline allocation of the transmit

power and consequently the number of frames.
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3.4.4 Achievable Rates

The total rate over the 0.06− 1 THz band for the multi-path propagation is analyzed for the

aforementioned four power allocation schemes with PTx = 10 dBm, as shown in Fig. 15(a).

When the distance is below 4m, the equal-power scheme outperforms the others and re-

quires no channel information. However, the decreasing rate of this scheme is the largest.

The first scheme and the water-filling scheme have very close performance until d = 5m.

Above this distance, the path loss and the frequency selectivity degrade significantly. As

a result, the fist scheme has the largest throughout since it has the most efficient utiliza-

tion of the transmit power over the 0.06 − 1 THz band. In contrast, the second scheme

allocates the transmit power up to 0.25 THz (see Fig. 14(b)), and has the worst rate per-

formance among the four schemes. Quantitatively, at d = 1m, the rate values for the four

schemes are 18.2 Gbps, 11.6 Gbps, 20.1 Gbps, and 27.3 Gbps, respectively. Furthermore,

the decreasing rates for the four schemes are approximated as 1.67 Gbps/m, 1.02 Gbps/m,

2.06 Gbps/m, and 3.00 Gbps/m, separately, from 1m to 10m.

In addition to the multi-path propagation, we analyze the rate for the directional trans-

mission case, by exploiting the spectral windows. Surprisingly, the rate performance of the

first scheme that minimizes Pu · Nu
f degrades significantly and is the worst among others.

This is due to the fact that the first scheme allocates more power to the sub-windows that

have worse attenuations, as shown in Fig. 14(a). This power allocation scheme performs

well for the multi-path propagation, when the SINR at the receiver is low. However, for the

directional transmission at 20m, this scheme uses 16.06 dBm of the total power, which is

4.3% of PTx. The underexploited use of the transmit power leads to the severe rate degra-

dation of this scheme. On the contrary, the other three schemes take the advantages of

the antenna gains, (i.e., Gt = Gr = 20 dB). The rate and the communication distance are

significantly enhanced. Fig. 15(b) shows the rate over the distance up to 50m. The min

N f , water-filling and equal-power schemes perform approximately the same in this case.

However, the equal-power scheme allows the offline computation of the transmit power
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(a) Multi-path propagation.
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(b) Directional transmission.

Figure 15. Data rates for the different allocation schemes over 0.06 - 1 THz band, and PTx = 10 dBm.

and hence the number of frames. As a result, the equal-power scheme is desired for the

directional transmission.

We note that there exist some numerical discrepancies for these data rate results. For

example, the water-filling scheme performs unexpectedly worse than the other schemes.

Mainly, the reasons are two-folded. First, the problem is solved as a sub-optimal solution,

which suggests that even the water-filling scheme here is not optimal. Second, the discrete

values of the data rates as the inverse of the number of frames also leads to the numerical

errors. Additional sub-optimal or low-complexity optimal solutions can be developed as

future research.

In Fig. 16, the rate values are evaluated for the different mean transmit power, PTx,

in (47), by adopting the first power allocation scheme in the multi-path propagation. The

decreasing rates of the rate are comparable for the different transmit power. In particular,

the average rate over the distance 1m to 10m is 9.07 Gbps, when the mean transmit power

is 10 dBm. The rate values reduce by 29.0% and 50.5%, to 6.44 Gbps, and 4.49 Gbps,

when the transmit power changes to 5 dBm and 1 dBm, respectively. If we use g2, due

to the increase of the ISI and IBI, the rate by using the rectangular pulse is slightly worse

than g1. In particular, the average rates are 9.00 Gbps, 6.39 Gbps and 4.41 Gbps for the

given transmit power. From this analysis, the pulse type makes insignificant influence on
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Figure 16. Data rates for the different transmit power and waveforms. The min power/bit scheme is
used in the multi-path propagation.

the system performance.

3.4.5 Distance Improvement

Based on the analysis on the wideband signal model, the SINR, and dynamic allocation

of the power and the number of frames, we obtain the solutions to the optimization prob-

lem in 3.3.2. By using the four allocation schemes, the maximum distances that can be

supported are shown in Fig. 17(a) for the multi-path propagation, and in Fig. 17(b) for the

directional transmission, respectively. With the transmit power PTx = 10 dBm, the largest

distance to support Rth = 10 Gbps for the multi-path propagation is 4m, which is realized

via the first allocation scheme. As seen in Fig. 17(a), the scheme to minimize power-per-bit

outperforms than the other three allocation schemes, except when PTx = 1 dBm, the second

scheme to minimize the number of frames can reach the largest distance of 1.28m. Com-

pared to the fixed power scheme, the distance is improved by 25% for 1 dBm and 2.6% for

10 dBm.

On the other hand, when the high-gain antennas are used, the first scheme that min-

imizes power-per-bit under-exploits the transmit power severely. Instead, the other three
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(a) Rth = 10 Gbps for the multi-path propagation.
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(b) Rth = 30 Gbps for the directional transmission.
The min power/bit scheme under-exploits the transmit
power severely and is excluded for comparison.

Figure 17. Maximum distance for the different transmit power, over 0.06 - 1 THz band.

schemes have comparable performances and the second scheme that minimizes the num-

ber of frames slightly outperforms. In terms of the maximum distance that achieves Rth =

30 Gbps, the second scheme reaches 22.5m when PTx = 10 dBm. This coverage reduces

with the transit power, and drops to 10m when PTx = 1 dBm. Although the equal-power

scheme achieves 5% − 10% less distance than the water-filling and the min N f schemes, it

has the lowest complexity by allowing the offline power allocation and rate computation.

3.5 Conclusions

In this chapter, we proposed a multi-wideband waveform design for the THz band, which

includes the features of the pseudo-random time-hopping sequence and the polarity ran-

domization, and allows the dynamical variation of the rate and the transmit power on each

sub-window. Moreover, we derived the ISI and the IBI and provided the closed-form ex-

pressions of the SINR and BER for the developed multi-wideband waveform. Based in the

system model and the waveform design, we formulated an optimization framework to solve

for the multi-wideband waveform design parameters of the transmit power and the number

of frames, with the aim to maximize the communication distance while satisfying the rate

and the transmit power constraints. Four sub-optimal solutions are proposed and compared
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via extensive numeral analysis.

The results showed that the SINR increase with the transmit power and the number of

frames in the multi-wideband waveform design, at the cost of the consumption of the power

and the decrease of the rate. With the transmit power of 10 dBm, the largest distance to sup-

port 10 Gbps for the multi-path propagation is 4m, which is realized via the power alloca-

tion scheme to minimize the power/bit on each sub-window and is 10% improvement over

the fixed scheme. However, for the directional transmission, this scheme under-exploits

the transmit power severely. Instead, the allocation scheme that minimizes the number of

frames outperforms. In terms of the maximum distance that achieves 30 Gbps, this scheme

reaches 22.5m. Although the equal-power scheme achieves 5%−10% less distance than the

water-filling and the min N f schemes, it has the lowest complexity by allowing the offline

power allocation and rate computation.
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CHAPTER 4

TIMING ACQUISITION ALGORITHMS AND ERROR ANALYSIS
FOR PULSE-BASED WIRELESS SYSTEMS

Tailored for the unique properties of pulse-based communications in the THz band, two

timing acquisition algorithms are proposed and analyzed thoroughly in this chapter. First,

a LSR synchronization algorithm is proposed, by extending the theory of sampling signals

with finite rate of innovation in the communication context and exploiting the properties of

the annihilating filter. Second, a ML approach for timing acquisition is developed, which

searches for the timing offsets by adopting a two-step acquisition procedure based on the

ML criterion. For evaluation, the error performance and the resulting BER sensitivity to the

timing errors in the two algorithms are both analytically and numerically studied. The sim-

ulation results show that the LSR algorithm has high performance with uniform sampling

at 1/20 of the Nyquist rate when the SNR is high (i.e., greater than 10 dB benefiting from

high antenna gains). Moreover, the LSR algorithm can also effectively mitigate the tempo-

ral broadening effect due to the frequency-selectivity of the THz channel. Complementary

to this, the ML-based algorithm is well suitable in the low SNR case with a half-reduced

search space.

4.1 Motivation and Related Work

The THz band communication has been an attractive subject of study these years. The

contributions in the literature range from the antenna and transceiver technologies [27], to

the channel modeling [56, 28], and beamforming techniques [77]. In particular, ultra-short

pulse-based modulation is proposed to capture the expected capabilities of low-complexity

THz signal generators [65, 78]. Following this direction, we recently proposed a multi-

wideband pulse-based waveform design for distance-adaptive THz band communications [79].

However, to the best of our knowledge, there are only few solutions which are proposed for
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synchronization in the THz band. In [80], a non-coherent receiver architecture based on a

continuous time moving average symbol detection scheme is proposed for the THz pulse-

based communication. However, the timing information and the threshold value used in

this detection-based approach are not analytically provided.

4.2 Terahertz Pulse Waveform and Timing Offsets

Based on the pulse-waveform model in Sec. 3.2, the received channel output is passed

through a receiver filter hR(t), and the filter output is

y(t) =
√

Pt

I−1∑
i=0

ai

N f−1∑
k=0

g(t − iN f T f − kT f − τ0 − tD − ψi) + w(t)

=
√

Pt

I−1∑
i=0

ai

N f−1∑
k=0

g(t − iN f T f − kT f − µiT f − νiTs) + w(t) (53)

where g(t) and the timing offsets are defined as

g(t) = p(t) ∗ h(t) ∗ hR(t), (54)

µiT f + νiTs = τ0 + tD + ψi. (55)

In the above equations, w(t) is the white Gaussian noise, tD = dT/c stands for the trans-

mission delay, and ψi denotes the jittering offset or the random misalignment between the

transmitter and receiver clocks, which dynamically varies over symbols. The channel im-

pulse response is denoted by h(t). In (55), µi identifies the first frame of a symbol, which

amounts to the symbol timing (ST) at a frame level, and suggests that a symbol begins at

t = iN f T f + µiT f . On the other hand, νi indicates the frame timing (FT) at a sample level,

and indicates a frame begins at t = (iN f +k+µi)T f +νiTs, with Ts = 1/ fs being the sampling

interval.

Consequently, the timing acquisition for the THz band communication accounts for the

offsets that include (see Figure 18): i) the random starting time, τ0, ii) the propagation

delay, tD, which is a constant if the transmitter and the receiver are fixed, and iii) the jit-

tering offset, ψi, which is different for the different symbols. Equivalently, finding these
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Transmitted signal 

 τ 0

Received signal 
tD 

Tf 

Tf 

 ψ i

Figure 18. A pulse-based Terahertz transmit and received signal, with I = 1 and N f = 3. The timing
offsets are shown, which include the random starting time τ0, the propagation delay tD, and the jittering
offset ψi.

parameters is related to solving for µi and νi.

Based on the received signal in (53) and the channel response, the SNR is calculated as

γ =
GtGrPt|h|2N f

Pw
, (56)

where Pw refers to the noise power of w(t). As the number of pulses per symbol N f in-

creases, the SNR increases and consequently, the synchronization performance will im-

prove. However, this is at the cost of the sacrifice of data rates. Therefore, there is a

tradeoff among the SNR, the synchronization performance, and the data rate.

4.3 Low-Sampling-Rate (LSR) Algorithm for Timing Acquisition

A signal that is not bandlimited can still be completely reconstructed from uniform sam-

ples, provided that the signal has a finite rate of innovation, as proved in [36]. In the

communication context, the rate of innovation of a memoryless modulation system is the

symbol rate [36]. In many wideband communication systems, the large signal bandwidth

prescribes a prohibitively high sampling rate for implementing an optimal matched filter

receiver, according to the classical sampling theory. Instead, sampling at or above the rate

of innovation can be a solution to such a problem. Indeed, we will show that it is possible to

reliably decode a received signal by sampling it at or above the rate of innovation, not at the

sampling rate dictated by the bandwidth of the transmit signal. This approach was adopted
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Figure 19. Block diagram of the LSR algorithm.

for ultra-wideband (UWB) systems [81, 82]. In this section, we tailor the algorithm of [81]

to the THz band synchronization to cope with the unique channel characteristics at the THz

frequencies and the more challenging requirement for the reduction of the sampling rate.

The resulting LSR algorithm is based on the annihilating filter method and the spectral

estimation techniques in the frequency domain, and is useful to estimate the timing infor-

mation at a sub-Nyquist rate. In particular, the annihilating filter method is a well-known

tool from spectral estimations [37, 38, 83, 84], while in our context, we derive the analyti-

cal sampling formulas in the THz band. The LSR algorithm for timing acquisition is given

in Fig. 19, and consists of the three steps, namely, 1) computing the spectral coefficients, 2)

designing the annihilating filter, and 3) determining the timing offsets. Moreover, the LSR

factor is defined as the ratio between the Nyquist sampling rate Nny, and the implemented

sampling rate Ns, as βLSR = Nny/Ns. We proceed with the description of the three steps of

the LSR algorithm as follows.
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4.3.1 Computing the Spectral Coefficients

By performing the Fourier transform on the received signal in (53), the equivalent signal

model in the frequency domain is expressed as

Y( f ) =
√

Pt

I−1∑
i=0

ai

N f−1∑
k=0

√
GtGr

c
4π f dT

exp
(
−

1
2
K( f )dT

)
· P( f )HR( f ) exp

(
− j2π f

(
iN f T f + kT f

))
exp

(
− j2π f

(
µiT f + νiTs

))
+ W( f ), (57)

where P( f ), HR( f ) and W( f ) represent the frequency responses of p(t) and hR(t), and w(t),

in (53) and (54). Furthermore, we define a sampling interval Ts = T f /Q, where Q is an

integer that denotes the number of samples per frame. Hence, νi takes integer values in the

range of [0,Q − 1], while the multiple of T f is absorbed in µi. After sampling at a sampling

rate Ns with the time interval Ts, the discrete-time signal of (53) becomes

y[n] =
√

Pt

I−1∑
i=0

ai

N f−1∑
k=0

g[n − iN f Q − kQ − µiQ − νi] + w[n]. (58)

Next, we transform the signals into the discrete frequency domain, and assume that the

bandlimited filter g(t) has a center frequency fc =
fU+ fL

2 , where fU and fL denote the upper

and lower cutoff frequencies. The frequency step is defined as f0 =
fU− fL

N . In the frequency

domain, the N uniformly spaced frequency samples can be expressed as

Y[n] =

I−1∑
i=0

Ai[n]
N f−1∑
k=0

exp
(
− j2π fn

(
iN f T f + kT f

))
· exp

(
− j2π fn

(
µiT f + νiTs

))
+ W[n]

=

I−1∑
i=0

Ai[n]
N f−1∑
k=0

exp
(
− j2π fnT f

(
iN f + k + µi

))
· exp (− j2π fnTsνi) + W[n]

=

I−1∑
i=0

N f−1∑
k=0

Ai[n] un
i,k + W[n], n = 0, 1, . . . ,N − 1 (59)

where fn = fL + n f0. In the above equations, the expanded expressions for Ai[n] and un
i,k are

given by

Ai[n] = ai

√
GtGrPt

c
4π fndT

e−
1
2K( fn)dT P( fn)HR( fn), (60)

65



un
i,k = e(− j2π fnT f (iN f +k+µi))+(− j2π fnTsνi). (61)

Note that un
i,k depends on i and k. By using a polynomial approximation, the coefficients

Ai[n] can be expressed as a sum of powers with the exponents of m ∈ [0,M − 1],

Ai[n] ≈
M−1∑
m=0

xmnm. (62)

Hence, the expression for Y[n] in (59) can be further approximated as

Y[n] ≈
I−1∑
i=0

N f−1∑
k=0

M−1∑
m=0

xmnm

 un
i,k + W[n]. (63)

4.3.2 Designing the Annihilating Filter

Based on the spectral coefficients, we proceed with designing the annihilating filter, Ha[m].

The N spectral coefficients Y[n] are computed according to (63), with N ≥ 2L + 1. The

annihilating filter is designed for guaranteeing

Ha[n] ∗ Y[n] =

L∑
l=0

Ha[l]Y[n − l]

= 0, for n = 0, 1, . . . ,N − 1, (64)

where L = I · N f · M. By exploiting the z-transform properties of Ha[n], the annihilating

filter coefficients Ha(z) in the z-domain are

Ha(z) =

L∑
l=0

Ha[l]z−l

=

I−1∏
i=0

N f−1∏
k=0

[
1 − p0

i,kz
−1

]M
, (65)

where p0
i,k is a function of the frequency step f0 and relates to un

i,k as

p0
i,k = exp

(
− j2π f0T f

(
iN f + k + µi

)
− j2π f0Tsνi

)
=

(
un

i,k · exp
(

j2π fL

(
T f

(
iN f + k + µi

)
+ Tsνi

))) 1
n
. (66)

Our aim is to explore the properties of the annihilating filter in (65) to solve for the timing

offsets. The annihilating filter has the degree of L and L + 1 unknown filter coefficients,
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which consequently require L + 1 linear equations to solve for the annihilating filter coef-

ficients. This indicates that N ≥ 2L + 1 samples are needed in Y[n], which is shown in the

matrix form of the above equation

Y[L] Y[L − 1] · · · Y[0]

Y[L + 1] Y[L] · · · Y[1]
...

... . . . ...

Y[2L] Y[2L − 1] · · · Y[L]





Ha[0]

Ha[1]
...

Ha[L]


= 0. (67)

To efficiently solve for the annihilating filter coefficients, we can set Ha[0] = 1, without

loss of generality. Then, the matrix equation can be rearranged as Y′ · H′a = −Y1, where

the matrices are defined as

Y′ =



Y[L − 1] Y[L − 2] · · · Y[0]

Y[L] Y[L − 1] · · · Y[1]
...

... . . . ...

Y[2L − 1] Y[2L − 2] · · · Y[L]


, (68)

H′a = (Ha[1] Ha[2] · · · Ha[L])T , (69)

Y1 = (Y[L] Y[L + 1] · · · Y[2L])T , (70)

where (·)T denotes the transpose operator.

4.3.3 Determining the Timing Offsets

Next, we utilize the derivations above to compute the timing offsets. With the filter coeffi-

cients Ha[m], the values of µi and νi can be estimated by exploiting the pole properties of

the annihilating filter. After transforming the annihilating filter impulse response into the

z-domain in (65), we relate the filter characteristics to the desired timing parameters.

Denoting the poles as { p̂0
i,k}, the estimated ST and FT offsets are solved as

µ̂i =

 6 p̂0
i,k

− j2π f0T f

 − iN f − k, (71)

and ν̂i =

 6 p̂0
i,k

− j2π f0Ts

 − Q
(
iN f + k + µ̂i

)
, (72)
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Figure 20. Block diagram of the ML approach.

where b·c denotes the flooring operator. For (71) and (72), we search for the poles p̂0
i,k that

are closest to the unit circle [34].

This algorithm is reliable when the noise level is low and the antenna gains are high. In

THz band communications, beamforming techniques as well as the pulse combining gain

can effectively improve the SNR and hence decrease the noise effect. Nevertheless, the

problem of numerical ill-conditioning may arise by using this approach, mainly because

root-finding is not robust to noise. Alternatively, instead of finding the roots, matrix ma-

nipulations can be performed, exploiting the properties of the signal subspace [35, 37, 83].

However, a major computational cost for this method arises in the singular value decom-

position procedure in the matrix manipulations, which is an iterative algorithm with very

high computational costs and is not favored in this work.

4.4 Maximum-Likelihood-Based Timing Acquisition Approach

The LSR algorithm developed in the previous section allows choosing a sub-Nyquist sam-

pling rate and achieves good timing acquisition performance when the SNR is high. As
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a complementary approach, for the low SNR case (i.e., less than 10 dB), the ML crite-

rion [39, 40, 41] is adopted to derive a timing acquisition algorithm tailored to the pulse-

based THz band communication in this section. In particular, a two-step acquisition pro-

cedure and a weighted construction are used in this process in the absence of timing in-

formation. Starting with the THz communication model (53), we introduce a vector with

trial values of the unknown timing offsets as
(
τ̃0, t̃D, ψ̃i

)T
and the hypothetical channel-

dependent received pulse as g̃(t), which correspond to the parameters in (54) and (55). We

assume the absence of inter-symbol interference in the directional transmission, and treat

the noise component w(t) in the received signal according to (53) as a zero-mean Gaussian

process with constant power spectral density over the receiver-filter bandwidth. Moreover,

we describe z̃(t) as the noise-free component of the trial received signal, as

z̃(t) =
√

Pt

I−1∑
i=0

ai

N f−1∑
k=0

g̃(t − iN f T f − kT f − τ̃0 − t̃D − ψ̃i). (73)

We define g̃1(t) =
∑N f−1

k=0 g̃(t− kT f ). The ML rule is equivalent to searching
(
τ̃0, t̃D, ψ̃i

)T
and

g̃1(t) for a minimum of ||y(t) − z̃(t)||2, which equivalently maximizes

Λ

[
y(t)|

(
τ̃0, t̃D, ψ̃i

)T
, g̃1(t)

]
= 2

∫ IN f T f

0
y(t)z̃(t)dt −

∫ IN f T f

0
[z̃(t)]2 dt

= 2
∫ IN f T f

0
y(t)

√
Pt

I−1∑
i=0

ai

N f−1∑
k=0

g̃(t − iN f T f − kT f − τ̃0 − t̃D − ψ̃i)dt

−

∫ IN f T f

0

 √Pt

I−1∑
i=0

ai

N f−1∑
k=0

g̃(t − iN f T f − kT f − τ̃0 − t̃D − ψ̃i)


2

dt

= 2
∫ IN f T f

0
y(t)

√
Pt

I−1∑
i=0

aig̃1(t − iN f T f − τ̃0 − t̃D − ψ̃i)dt

−

∫ IN f T f

0

 √Pt

I−1∑
i=0

aig̃1(t − iN f T f − τ̃0 − t̃D − ψ̃i)

2

dt (74)
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In this objective function, we assume that the training symbols ai are uncorrelated with

each other. Moreover, we recognize that one symbol waveform is confined with the non-

zero support over [0,N f T f ]. Hence, the objective function can be further rearranged

Λ

[
y(t)|

(
τ̃0, t̃D, ψ̃i

)T
, g̃1(t)

]
≈ 2

√
Pt

I−1∑
i=0

ai

∫ N f T f

0
y(t + iN f T f + τ̃0 + t̃D + ψ̃i)

·

N f−1∑
k=0

g̃(t − kT f )dt − Pt

I−1∑
i=0

|ai|
2
∫ N f T f

0

N f−1∑
k=0

g̃(t − kT f )


2

dt

≈ 2
√

Pt

I−1∑
i=0

ai

∫ N f T f

0
g̃1(t) · y(t + iN f T f + τ̃0 + t̃D + ψ̃i)dt − Pt

I−1∑
i=0

|ai|
2
∫ N f T f

0

[
g̃1(t)

]2 dt.

(75)

The ML-based time acquisition problem can be solved by adopting a two-step proce-

dure. In particular, the objective function can be rearranged by taking g̃1(t) as a nuisance,

as (
τ̃0, t̃D, ψ̃i

)T
= arg max

{
max
g̃1(t)

{
Λ

[
y(t)|

(
τ̃0, t̃D, ψ̃i

)T
, g̃1(t)

]}}
. (76)

To solve the inner maximization in (76), we fix
(
τ̃0, t̃D, ψ̃i

)T
and set ∂Λ

∂g̃1(t) = 0 in (75) with

t confined over [0,N f T f ]. The resulting optimal estimate of the received pulse waveform

g̃1(t) is obtained as

g̃1(t) =
1∑I−1

i=0
√

Pt|ai|
2N f
·

I−1∑
i=0

aiy(t + iN f T f + τ̃0 + t̃D + ψ̃i). (77)

This estimate can be interpreted as a weighted construction with the normalized known

training symbols ai/
∑I−1

i=0 |ai|
2 as the weighting coefficients. By substituting (77) into (75)

and (76), we reach the solution to the timing acquisition problem. As a result, the timing

offset is obtained(
τ̃0, t̃D, ψ̃i

)T
= arg max

{ 1∑I−1
i=0
√

Pt|ai|
2N f

∫ N f T f

0

 I−1∑
i=0

aiy(t + iN f T f + τ̃0 + t̃D + ψ̃i)

2

dt
}
.

(78)

The desired estimate maximizes the energy in (78). The block diagram to implement the

ML approach is illustrated in Fig. 20. The cost of the ML approach is affected by the size
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Figure 21. Timing acquisition RMSE in comparison with the CRLB.

of the search space, and can be reduced by enlarging the time step to a multiple of Ts.

The tradeoff between the synchronization performance and the complexity is investigated

numerically in Sec. 4.6.

4.5 Error Analysis

In this section, we first provide an estimation error analysis in terms of the root-mean-

square-error (RMSE) and the CRLB analytically and numerically. Then, we derive an

analytical expression of the BER as a function of the timing acquisition errors.

4.5.1 RMSE and Theoretical Bounds

To evaluate the developed algorithms, we analyze the RMSE of timing estimates and com-

pare with the CRLB. First, we define the estimation error in the ith symbol of the signal

as

ε̃i = (τ̃0 + t̃D + ψ̃i) − (τ0 + tD + ψi). (79)

Over the I symbols of the transmitted signal, the normalized RMSE of the estimation error

ε̃i at the frame level is given by

RMSE(ε̃) =

√
1
I

∑I−1
i=0 ε̃i

2

T f
(80)
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To approximate the RMSE of the LSR algorithm by a function of the SNR, we employ an

analytical expression developed via a first order perturbation analysis [85],

RMSE {ε̃} ≈

√
2M + 1

6(π f0)2 · (N − M)2(M2 + M) · SNR

≈

√
1

3M(π f0)2 · N2 · SNR
, (81)

where the approximation in (81) is a function of the frequency step, f0, the polynomial de-

gree, M, and the total number N of frequency samples Y[n] in (59). By contrast, the CRLB

suggests a lower bound on achievable RMSE for any unbiased estimation methods [86], as

CRLB {ε̃} =

√
3

2(π f0)2 · N3 · SNR
. (82)

Note that the performance of the ML estimator is close to the CRLB and can achieve

this bound asymptotically [76, 87]. Hence, we only compare the RMSE performance of

the LSR algorithm with the CRLB, as shown in Fig. 21. The LSR algorithm provides a

very good estimation performance, and its RMSE approaches the CRLB as the polynomial

degree is comparable to the number of frequency samples, i.e., N ≥ 2IN f M+1, as described

in Sec. 4.3.2. In particular, by increasing the sampling rate X times for the same SNR, the

RMSE of the LSR algorithm decreases by a factor of M1/2 · X, while the CRLB reduces by

a greater factor of X3/2 as can be deduced from (82). These results are consistent with the

observations in [81].

In this analysis, we select the degree of the polynomial estimation as M = 20 in (63). As

the LSR factor (βLSR in Fig. 19) increases from 1 to 10 and 20, the performance difference

between the LSR algorithm and the CRLB increases. At SNR=30 dB, the approximated

RMSEs are 3 × 10−5, 4 × 10−4 and 1 × 10−3 respectively, while the CRLB or equivalently,

the performance of the ML algorithm with a time step of 1, is equal to 2×10−6. The RMSE

performance becomes worse as the SNR decreases, and is further away from the CRLB

as the LSR factor increases. Furthermore, by comparing with the simulation results, the

approximations are in good agreements particularly for high SNR. In addition, the error
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performance of the ML method is studied, for different time steps ranging from 1, 2 to 4.

The ML method generally outperforms the LSR approach. At SNR=−30 dB, the RMSE

increases from 2 × 10−3, 5 × 10−3 to 3 × 10−2.

4.5.2 BER Sensitivity

In the following, we evaluate the BER performance of the THz receiver equipped with

the above timing acquisition methods. The goal is to assess the BER sensitivity caused

by the timing acquisition errors while assuming ideal channel estimation. Particularly for

the pulse-based systems, by incorporating the interference and the noise effects jointly, the

Q-function of the SNR was shown to capture the error behavior [76, 88, 89]. In light of the

received signal in (53), the timing errors model in (55), and the SNR expression in (87),

the BER is given by

ρi(µi, νi) = Q


√

GtGrPt|h|2N f R2
p(µiT f + νiTs)

Pw

 , (83)

where we consider ai takes a value from {+1,−1} with equal probabilities. In (83), Rp(t)

describes the normalized auto-correlation function of the THz pulse, p(t), as

Rp(τ) = AR

∫ +∞

−∞

p(t)p(t − τ)dt, (84)

where AR is the normalizing factor. If the timing acquisition is perfect, the best-case BER

is

ρi(0, 0) = Q


√

GtGrPt|h|2N f

Pw

 , (85)

where the term inside the Q-function is the square root of the SNR. According to the above

equation, the BER decreases for higher SNR, smaller timing acquisition errors, and larger

number of pulses per symbol.

4.6 Performance Evaluation

In this section, we assess the LSR synchronization algorithm and the ML-based approach in

terms of the timing offset estimation performance, based on Monte Carlo simulations. All
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Table 2. Physical Parameters Used in the Simulations
Symbol Parameter Value Unit

Ts Nyquist sampling interval 0.5 ps
Tp Pulse width 10 ps
T f Frame length 1 ns
N f Number of frames for one symbol [1,4] –
f0 Frequency step 10 MHz
Pt Transmit power 1 dBm
Gt Transmit antenna gain [0, 30] dBi
Gr Receive antenna gain [0, 30] dBi
Pw Noise power -80 dBm
fL Lower filter cutoff frequency 0.06 THz
fU Upper filter cutoff frequency 1 THz
dT Communication distance [1, 20] m

presented results are averages over 1000 realizations. Moreover, we study the influence of

synchronization on the resulting received signals. Finally, we analyze the BER sensitivity

as a function of the timing acquisition errors for the two algorithms. We consider the

following choice of parameters in the simulations. The random initial delay τ0 and the

random misalignment between the transmitter and the receiver ψi in (55) follow uniform

distributions over [−T f ,T f ], and are multiples of Ts = 0.5 ps. The physical parameters that

are used in the simulations unless otherwise stated are listed in Table I, which is consistent

with the THz device specifications in the literature [75].

4.6.1 LSR Algorithm Performance

In the following, timing offset estimation based on the LSR algorithm developed in Sec. 4.3

is considered. After determining the filter coefficients, we can find the roots in the z-

domain. Based on the results of roots finding, we obtain the timing offset. We study

the RMSE as a function of the LSR factor, for different antenna gains, distances, pulse

waveforms and transmission bands. As our main objective is to achieve an accurate syn-

chronization by using a sub-Nyquist sampling rate, we investigate which LSR factors βLSR

can support RMSE ≤ 0.01T f . The results and the observations are discussed as follows.
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Figure 22. RMSE of the LSR algorithm for different THz-band physical parameters.
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4.6.1.1 Impact of Antenna Gain

In Fig. 22(a), the RMSE performance is evaluated for different antenna gains. In particular,

when the antenna gains equal Gt = Gr = 30 dB by benefiting from the very large antenna

arrays [2, 77], and the communication distance is dT = 5m, βLSR = 20 can be adopted.

In this case, the path loss is approximately 110 dB [56] and the resulting SNR is equal to

30 dB. On the one hand, a reduction of antenna gains implies a decrease in SNR, which

makes RMSE increasing significantly. As the antenna gains are equal to 20 dB, 10 dB and

0 dB, the maximum LSR factor reduces from 16 to 4 and 2. With these antenna gains, the

SNR values reduce to 10 dB, -10 dB, and -30 dB. At the Nyquist sampling rate, the RMSE

increases to 3 × 10−4, 1 × 10−3 and 3 × 10−3, respectively. These results are consistent

with the analytical studies in Sec. 4.5.1 for the high SNR values, i.e, larger than 10 dB.

For lower SNR values, the analytical expression in (81) over-estimates the RMSE, i.e., the

analytical expressions yield larger RMSE values than the simulations. Hence, when the

antenna gains or the equivalent SNR are very small, the RMSE becomes significant and the

LSR algorithm is not suitable to be used.

4.6.1.2 Impact of Communication Distance

Moreover, we study the influence of communication distances on the synchronization per-

formance in Fig. 22(b). In general, as the distance increases, a higher path loss results and

more severe frequency-selectivity appears in the THz band spectrum. This consequently

degrades the RMSE of the LSR algorithm. Although the LSR factor βLSR = 20 can be

supported to achieve RMSE = 0.01 frame, the average RMSE values increase from 0.003,

0.005, 0.007 to 0.011, as the distance increases from 5m, 10m, to 20m. At these distances,

the SNR values are equal to 30 dB, 20 dB and 10 dB.

4.6.1.3 Impact of Pulse Repetitions

In addition, the influence of the number of the pulses to represent one symbol (N f ) in the

transmitted signal is studied in Fig. 22(c). The increase of the number of pulses per symbol

N f leads to the improvement of the SNR of 10 log10(N f ) dB, which results in a reduced
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RMSE. For all N f , the LSR factor of 20 can be supported for d = 5m and Gt = Gr = 30 dB.

The possibility of an increase of the number of frames is important when a targeted SNR

is mandatory while the antenna gains and the transmit power are fixed, as shown in (87).

Moreover, the BER decreases for a larger number of pulses per symbol as suggested in

Sec. 4.5.2. However, this is at the cost of the reduction of the data rate by a factor of N f .

4.6.1.4 Impact of Pulse Width

Furthermore, the effect of five pulses with different supporting bandwidths is investigated

in Fig. 22(d). With a very small pulse duration, Tp, the supporting bandwidth is large.

When using the LSR algorithm in the frequency domain, a wider frequency response yields

better performance. This can be explained by the fact that for the larger frequency support,

the number of frequency samples is higher under the same sampling rate. However, the

resulting number of samples is still high for the frequency-wide pulse, although the LSR

factor can be large. In particular, a 10 ps pulse has the frequency response occupying the

spectrum between 0.06 and 1 THz. This pulse waveform is able to support an RMSE of

0.01 frame with the LSR factor of 20. In contrast, the tolerable LSR factor decreases as the

pulse width in the frequency domain decreases. When a 20 GHz-bandwidth pulse is used,

the largest LSR factor to satisfy the RMSE constraint reduces to 16.

4.6.1.5 Discussions

In general, the performance of the LSR algorithm improves for a better SNR. The resulting

RMSE decreases for a higher antenna gain, a smaller communication distance, a higher

number of pulses to represent one symbol, and a larger pulse width in the frequency do-

main. Specifically, an LSR factor of 20 can be used to fulfill RMSE≤0.01 T f , when the

antenna gains are selected as Gt = Gr = 30 dB, the communication distance is dT = 5m,

the number of pulses is N f = 1, and the pulse occupies the frequencies 0.06 - 1 THz. The

resulting SNR= 30 dB. In comparison with the analytical study of the error performance in

Sec. 4.5.1, a good approximation is provided in (81) for high SNR, while the approximation

over-estimates the RMSE for low SNR regions.
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Figure 23. Sampled signals for different LSR factors.

4.6.2 Influence on Received Signal

We analyze the effect of the LSR algorithm on the received signal for different LSR factors

in Fig. 23, with N f = 1. With smaller sampling rates, the recovery of the received signal

becomes more challenging. The RMSE values between the received pulse with βLSR = 1

and the received pulses at sub-Nyquist sampling rates are evaluated in the time domain,

which increases from 1.26 × 10−3, 2.33 × 10−3 to 4.50 × 10−3, when βLSR = 6, 10 and 20.

Although the recovery of received signals becomes challenging, the transmitted symbols

can still be detected based on the signal power available for pulse-based communication in

the THz band. The received pulses experience severe distortion in the THz band channel.

In addition to the amplitude and phase distortion, temporal broadening effects appear,

due to the very high frequency-selectivity in the wideband THz spectrum [28]. The width

of the received pulse independent of βLSR is over 200 ps, which is 20 times larger than

the transmitted pulse. However, by using a low sampling rate, the rapid fluctuation in

the received pulses dwindles, and hence, the broadening effects attenuate. For example,

when the LSR factors are 10 and 20, the width of the received pulse reduces to 180 ps

and 150 ps, respectively. These are equivalent to suggest the maximal pulse rates of 5.56

and 6.67 Giga-pulses-per-second to avoid the inter-symbol-interference. The details on
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Figure 24. RMSE of the ML algorithm for different time steps, with Gt = Gr = 0 dB.

the temporal broadening effect and its influences on received pulses can be found in [28].

Hence, the LSR algorithm can effectively relax the restriction of the minimum spacing

between consecutive pulse transmissions.

4.6.3 ML Approach Performance

The LSR algorithm is not favored when the SNR at the receiver is low, for example in the

multi-path propagation [28], or with Gt = Gr = 0 dB. As an alternative, the ML approach

yields better performance than the LSR algorithm, at the cost of significant search space and

data storage. The RMSE performance of the ML-based approach is shown in Fig. 24. These

results match with the observations in Sec. 4.5.1. As a major computational constraint,

different time step values (multiples of the Nyquist sampling interval Ts) of the trial values

in (78) are studied. The RMSE increases when the distance increases and the search space

decreases. To achieve RMSE = 0.01 frame, a time step of 2 can be used to reduce the

search space by half. However, the distance needs to remain below 15m. Specifically at

dT = 5m, the RMSE increases from 0.002, 0.003, 0.021, 0.046 to 0.077 when the time

step increases from 1 to 5, respectively. For dT = 5m, the SNR is equal to −30 dB, and

CRLB=1.9×10−3 (see Fig. 21), which lower-bounds the RMSE of the ML method. Hence,

the ML-based algorithm can be used when the SNR is low, with a time step of 2 to reduce
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the search space by half.

4.6.4 BER Sensitivity

The BER sensitivity is given in (83), where µi is of the order of the frame length, T f , while

νi is of the order of the sampling interval, Ts, as defined in (55). The BER sensitivity is

presented in Fig. 25 for the different timing acquisition methods and settings. The curve

corresponding to the ideal timing acquisition in (85) provides a benchmark to quantify the

performance loss due to timing acquisition errors. A Gaussian pulse is considered in the

simulation, which is commonly studied for THz band communications [65], with the pulse

duration Tp = 10 ps. The results appear to be consistent with the aforementioned RMSE

performance of the algorithms. Indeed, like the RMSE, the BER performance degrades

as the ML step size increases and as the LSR factor increases. Moreover, the LSR algo-

rithm shows a larger performance loss compared to the ML method, particularly at low

SNR. Hence, the LSR algorithm is recommended for directional transmission while the

ML method is suitable at low SNR.
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4.7 Conclusions

In this chapter, we proposed and analyzed the LSR and the ML-based algorithms for timing

acquisition in the THz band to address the challenges such as the THz band channel pecu-

liarities and the ultra-high sampling rate demand. The error performance of the algorithms

has been analytically approximated, where the results have shown good agreements with

the simulation results when the SNR is high. Moreover, we analytically and numerically

evaluated the two timing acquisition algorithms, in comparison with the CRLB. Further-

more, we studied the BER sensitivity to the acquisition errors in the two algorithms. With

the metric of the RMSE, the simulation results showed that when the SNR is high (i.e.,

greater than 30 dB benefiting from high gain antennas), the LSR algorithm can be used

with the uniform sampling at 1/20 of the Nyquist rate, while the ML-based algorithm can

be used for low SNR with a time step of 2 to reduce the search space by half. The LSR

algorithm can also effectively mitigate the temporal broadening effect due to the frequency-

selectivity of the THz channel. This work contributes to achieving a reliable timing acqui-

sition with a reduced sampling rate for digital transmissions in the THz band.
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CHAPTER 5

DISTANCE-AWARE BANDWIDTH-ADAPTIVE RESOURCE
ALLOCATION

In this chapter, a distance-aware bandwidth-adaptive resource allocation scheme is devel-

oped in the THz band communication network, with the objectives to improve the commu-

nication distance. The proposed resource allocation scheme captures the unique channel

peculiarities including the relationship between the distance and the bandwidth, and strate-

gically utilizes the spectrum to enable multiple ultra-high-speed links. Based on the de-

veloped scheme, the sub-windows of the THz spectrum, the modulations and the transmit

power are adaptively allocated, for both single-user and multi-user communications.

In the formulated optimization frameworks for the single-user and multi-user cases,

the objective focuses on the distance maximization, and the constraints cover the transmit

power, the bandwidth, the error rate and the data rate, which are all closely related to the

physical parameters such as the path loss, the delay and the coherence bandwidth that result

from the unique THz band channel as analyzed. Then, an optimal solution based on the

KKT method is analytically derived for the single-user case, while a sub-optimal solution

based on our proposed strategic spectrum allocation principle is provided for the multi-user

case. The developed resource allocation scheme and the strategic spectrum allocation prin-

ciple are numerically evaluated to effectively improve the spectrum utilization and enable

multiple ultra-high-speed links in the THz band networks.

5.1 Motivation and Related Work

For the realization of ultra-high-speed wireless communication networks in the THz band,

it is imperative to develop a novel communication scheme that can address the unique

challenges and requirements. The development of a resource allocation scheme appears

to be attractive, which have been well investigated for the multi-user multi-carrier systems
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at lower frequencies [90, 91, 92, 93, 94]. However, none of these existing work fully ad-

dresses the THz challenges. Recently, ultra-high-speed communication schemes in the THz

band have been studied. For example, a single-band pulse-based scheme has been proposed

in [65]. However, this modulation is mainly valid for very short transmission distances, e.g.,

nanonetworks, in which the distance-varying spectral windows do not appear. Moreover, a

multi-wideband waveform design is proposed in [79], in which an optimization framework

is formulated to solve for the transmit power and the number of frames, with the aim to

maximize the distance. Nevertheless, these two schemes rely on pulse-based communi-

cations and do not support more spectrum-efficient modulations, which poses a limitation

on the maximum achievable data rates. Furthermore, experimental studies in [95, 96, 97]

have shown the feasibility of broadband communications by exploiting the low THz fre-

quencies (i.e., around 0.3 THz), to enable 100 Gbps wireless links below 20 m. However,

the resources including the ultra-broad bandwidth, the modulation scheme and the trans-

mit power are not jointly intelligently utilized, by being aware of the distance-bandwidth

dependency in the THz band.

Therefore, we develop a distance-aware bandwidth-adaptive resource allocation scheme

in THz band communication networks. In particular, this scheme determines the band-

width as a function of the distance, and has three functionalities: sub-window allocation,

modulation adaptation and transmit power controlling. These interrelated functionalities

of resource allocation are realized in the control unit. A system model that employs this

resource allocation scheme is illustrated in Fig. 26.

Design guidelines: Based on the channel characteristics according to Chapter 2, the

very strong relationship between the distance, the spectral windows and the total usable

bandwidth motivates the development of distance-aware bandwidth-adaptive transmission

schemes. Moreover, the ultra-broad bandwidth of the spectral window ranges from multi-

GHz to THz, which allows the multi-band transmission by dividing each spectral window
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Figure 26. The system model of the the distance-aware bandwidth-adaptive resource allocation scheme,
by using the control unit.

into many sub-windows. The utilization of the sub-windows needs to be intelligently se-

lected to avoid spectrum with the path loss peaks. For example, in the multi-path propaga-

tion with d = 5m, the spectrum above 0.1 THz has significantly large path loss and cannot

be used. In the directional propagation, the communication around 0.56 THz, 0.75 THz,

and 0.98 THz need to be prevented.

As a result, the created sub-window has smaller bandwidth and supports slower data

rates, which effectively relaxes the design requirements of individual sub-windows, and

is helpful for THz band communication to process very high data rates. Over each band,

adaptive modulation can be used for transmission for the features of spectral-efficiency and

in conjunction with the design of transmit power and error rate. These resource allocation

techniques have been well explored for lower frequencies in [90, 91, 92, 93]. In the realm

of THz band communications, the distance improvement becomes the focus and moreover,

the available bandwidth varies over the different distances. Furthermore, the peculiarities

of the channel lead us to rethink the physical parameters in the resource allocation scheme,

as follows.

From the investigation on the temporal broadening effects, the width of the sub-width

can be set as Bg = 1 GHz, which is smaller than the coherence bandwidth. The separation

between the consecutive transmissions is larger than the minimum separation that is defined
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by the temporal broadening effects in the THz band channel. This eliminates the ISI ef-

fects and thereby, allows the narrowband communication over each sub-window. However,

in this multi-band system, the IBI occurs which causes from the power leakage from the

neighboring sub-windows. Hence, the sub-window width (Bg), the utilization and the allo-

cation of the spectrum, the IBI, the transmit power, and the modulation schemes, and the

distance enhancement, need to be throughout investigated in the THz band communication

network.

For each sub-band or sub-window, we consider that a single carrier is implemented in

an individual modulator/demodulator circuit at the transmitter/receiver. The overall multi-

band modulators/demodulators are included in the system design in Fig. 26. Then, the

signal over each sub-band is radiated by using an individual THz antenna with a direc-

tivity gain. Thanks to the very small wavelengths at THz frequencies, the multi-band ar-

chitecture can be implemented by using the graphene-based nano-antenna [27, 45] and

nano-transceiver [20, 98] technologies, among others. Although orthogonal frequency-

division multiplexing (OFDM) is suggested for 60 GHz systems to enhance the spectral

efficiency [66], the bandwidth is not scarce in the THz band. Furthermore, the very com-

plex transceivers, high peak-to-average power ratio (PAPR), and strict requirements for

frequency synchronization make OFDM very challenging in the THz band, where digital

processors that can handle such very high data rates (e.g., over 1 Tbps) do not exist to date.

On the contrary, the multi-band system allows non-overlapping utilization of the spectrum

to improve the spectrum efficiency compared to the pulse-based systems [65, 79], while

has less complex transceivers and more relaxed synchronization requirements than OFDM

systems.
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5.2 Distance-aware Bandwidth-adaptive Resource Allocation: Single-
user

In this section, we develop the distance-aware bandwidth-adaptive resource allocation scheme

in the single-user communication. The objective is to increase the communication range

and explore the relationship between the distance and the bandwidth. This can be realized

by maximizing the data rate, since it decreases monotonically as the distance rises. In this

case, the available spectrum is determined as a function of the link distance and the entire

bandwidth is allocated to one user. Then, once the data rate requirement is determined, the

largest attainable distance is obtained accordingly.

5.2.1 Signal-to-Interference-plus-Noise Ratio (SINR)

For a communication distance d, we consider that there are U(d) sub-windows or sub-bands

for transmission. We first determine the expression for the SINR, which is affected by the

transmit power, the channel gain, the interference and the noise. In particular, the interfer-

ence associated with the multi-band system includes the ISI and the IBI. ISI is negligible

as discussed in the design guidelines, which is enabled by the narrowband communication

over each sub-window. Hence, the IBI is analyzed first.

The IBI occurs in the multi-wideband systems which causes from the power leakage

from the neighboring sub-windows. In the THz band, the number of sub-windows is at

the order of multiple-tens. To model this interference, we invoke the central limit theorem

to approximate the IBI with a Gaussian process. The IBI accounts for the power leakage

from the surrounding sub-windows. The distribution of the interference power on the uth

sub-window that superimposes from the other sub-windows has the expression

Iu
B ∼ N

0,∫
fu

U(d)∑
v,v 6=u

Pv|Gv( fu)
Nu∑

m=1

α(v)(m)|2d fu

 , (86)

where Gv describes the waveform. The interference on the uth sub-window is contributed

as the power leakage from the vth sub-window, with v 6= u. Moreover, from the channel

model in (2), the path attenuation α(v) = [α(v)
LOS, α

(v,1)
Ref , . . . , α

(v,N(v)
Ref)

Ref ].
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The IBI captures the power leakage from the surrounding sub-windows, and increases

if the separation between the consecutive sub-windows (i.e., the bandwidth of the sub-

window that is denoted by Bg) decreases. As the distance increases, the frequency selec-

tivity becomes more severe. Consequently, the temporal broadening makes the transmitted

pulse in the time domain wider, which thereby leads to a reduction of the IBI in the fre-

quency domain. With the use of high-gain antennas, the delay spread reduces significantly

and the channel frequency response varies less frequency-selective. However, the path loss

of the channel is reduced and hence, the IBI becomes more significant in this case. These

effects are captured in (86).

Next, the instantaneous SINR in the uth sub-window, γu(d), is analyzed, which is af-

fected by the channel response, the transmit power, the interference and the noise, as

γu(d) =
GtGr|hu(d)|2PTx

GtGrIu
B + BgS w

, (87)

where hu is the channel response in the uth sub-window given in (2), PTx represents transmit

power, S w denotes the noise power spectral density, and Iu
B is the interference from (86).

As a function of the instantaneous SINR in (87), the received SNR in this sub-window

equals to γu (Pu(γ)/PTx), with Pu standing for the transmit power that is allocated on the uth

sub-window.

5.2.2 Resource Allocation Model

In the single-user communication, the very broad bandwidth in the THz band enables very

high data rate transmission. Hence, different from the traditional resource allocation prob-

lem which either minimizes the energy consumption or maximizes the data rate, distance

maximization becomes the objective, while the data rate needs to exceed some threshold.

In order to address this distance maximization problem efficiently, we transform it into

a set of data rate maximization problems for different distances. Then, the solution to the

original distance maximization problem is found at d∗, when the transformed optimal data

rate drops to the threshold, Rth
su, at the distance d∗. Since the resource allocation problem for
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data rate maximization is well investigated and the optimal solution requires low complex-

ity, the distance maximization in the realm of the THz band communication can be solved

efficiently.

To start with, the original distance maximization problem is written as

Objective: max d (88)

Subject to: Rsu(d) > Rth
su (89)

To transform this into the data rate maximization, we first express the single-user data rate

at one particular distance as the sum of the data rates on individual sub-windows, as

Transformed objective: max
Pu,ku

Rsu(d) =Bg

U(d)∑
u=1

ku(γu(d)), (90)

The solution to the distance maximization problem is found by iteratively solving (90) with

the increasing d to satisfy (89).

Note that the SINR is a function of the distance and the transmit power Pu depends

on the SINR. For conciseness, these dependencies are declared when the parameters are

defined, whereas the dependences are omitted in the later equations. Moreover, εu refers to

the bit error rate (BER) on the uth sub-window, which is a function of the SINR as well. In

particular, the BER expression of square MQAM as a function of SINR is approximated

as [94]

εu(γu(d)) ≈
2
ku

(
1 −

1
√

2ku

)
× erfc

(
1.5γu (Pu/PTx)

2ku − 1

)
≈ 0.2 exp

(
−1.5γu (Pu/PTx)

2ku − 1

)
. (91)

In (90), the rate on the sub-window, ku, is obtained as a log function of the maximum

constellation

ku(γu(d)) = log2

(
1 −

1.5γu (Pu/PTx)
ln (5εu)

)
. (92)
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There are two constraints associated with the single-user optimization problem. First,

the total transmit power for each user is bounded by:

Constraint 1:
U(d)∑
u=1

Pu(γu(d)) ≤ PTx, (93)

where PTx is the threshold of the transmit power budget. The second constraint is for the

error rate, which is equivalent to the constraint on the SINR per bit in the communication

system. Specifically, the average BER, ε, as

Constraint 2: ε =
Bg

∑U(d)
u=1 εu · ku

Bg
∑U(d)

u=1 ku

≤ εth, (94)

where εth refers to the average BER threshold value, and the BER is derived in (91), which

is related to the SINR, the distance, the modulation scheme and the transmit power.

5.2.3 Solution

This constrained optimization problem can be solved by using the KKT method, with

the convex objective of maximizing the data rate [72]. By defining the KKT multipliers,

µ1, µ2 ≥ 0, we obtain the Lagrangian as

L (Pu, ku, µ1, µ2) =

U(d)∑
u=1

ku + µ1

[
PTx −

U(d)∑
u=1

Pu

]
+ µ2

εthBg

U(d)∑
u=1

ku − Bg

U(d)∑
u=1

εu · ku

 . (95)

By differentiating the Lagrangian with respect to the power adaptation and transmutation

rate, we can obtain the KKT necessary conditions for the optimal solutions [99], as

∂L
∂Pu

= 0, and (96)

∂L
∂ku

= 0. (97)

The above condition in (96) can be rearranged since ku is not a function of Pu, as

−µ1 − µ2 · Bgku
∂εu

∂Pu
= 0 (98)

By recalling (91), the derivative of the error probability can be rearranged as

∂εu

∂Pu
=
∂
[
0.2 exp

(
−1.5γu(Pu/PTx)

2ku−1

)]
∂Pu

= −
1.5γu/PTx

2ku − 1
· εu (99)
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By combining (98) and (99), the BER adaptation is obtained as

εu =
PTxµ1

µ2Bgku
·

2ku − 1
1.5γu

(100)

This can be interpreted that the error probability decreases as the channel quality (i.e., the

SINR in (100)) increases, which is matching with the water-filling principle. From (97),

we obtain

1 + µ2εthBg − µ2
∂εu

∂ku
· Bgku − µ2εuBg = 0 (101)

By recalling (91), the derivative of the error probability can be rearranged as

∂εu

∂ku
= 0.2 exp

(
−1.5γu (Pu/PTx)

2ku − 1

)
·

1.5γu (Pu/PTx)(
2ku − 1

)2 · 2ku ln(2)

= εu ·
1.5γu (Pu/PTx)(

2ku − 1
)2 · 2ku ln(2). (102)

Then, to combine (100), (101) and (102), the power adaptation that maximizes the data rate

is

Pu

PTx
= max


[
1 + µ2εthBg

µ2εuBg
− 1

]
·

(
2ku − 1

)2

1.04 · γu2kuku
, 0


= max

{(2ku − 1
) (

1 + µ2εthBg

)
U(d)

PTxµ12ku ln(2)
−

(
2ku − 1

)2

1.04 · γu2kuku
, 0

}
. (103)

By including (87), the solution to the power adaptation is

Pu

PTx
= max

{(2ku − 1
) (

1 + µ2εthBg

)
PTxµ12ku ln(2)

−

(
2ku − 1

)2
(GtGrIu

B + BgS w)

1.04 ·GtGr|hu(d)|2PTx2kuku
, 0

}
. (104)

The constellation adaptation ku that is defined in (92) is either zero or the non-negative

solution of the following equation, by recalling (92), (100) and (104):

1 + µ2εthBg

PTxµ12ku ln(2)
−

(2ku − 1)(GtGrIu
B + BgS w)

1.04GtGr|hu(d)|2PTx2kuku
= −

1
1.5γu

ln
(

PTxµ1

µ2Bgku
·

(2ku − 1)(Iu
B + BgS w)

0.3GtGr|hu(d)|2PTx

)
.

(105)

The values of the modulation rate ku and the Lagrange multipliers µ1 and µ2 can be found

through a numerical search, which guarantees that the transmit power and the BER con-

straints are satisfied.
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In practice, the transmission rate is discrete and varied within a fixed set [94]. For exam-

ple, if we select no transmission, BPSK, 4-QAM, 16-QAM, 64-QAM, 256-QAM and 1024-

QAM as the MQAM candidates, the rate ku,v takes the value in the set {0, 1, 2, 4, 6, 8, 10}

bits/symbol. Correspondingly, there are six boundary SINR values, namely {γ̂m,m =

1, 2, 3, 4, 5, 6}, which are used to assign the transmission rate, {k̂m}. In particular, the rate

on each sub-window is determined by using the following piecewise function

ku =



0 if γu < γ̂1

1 if γ̂1 ≤ γu < γ̂2

2 if γ̂2 ≤ γu < γ̂3

4 if γ̂3 ≤ γu < γ̂4

6 if γ̂4 ≤ γu < γ̂5

8 if γ̂5 ≤ γu < γ̂6

10 if γ̂6 ≤ γu

(106)

As a result, the rate adaptation corresponds to finding the rate region boundaries. If we

further assume that the power adaption Pu is continuous at each boundary [94], we obtain

the solutions to the optimization framework. To start with, we define two constants µ1

and µ2, which will be updated at each iteration. At the first step, the SINR boundaries are

defined, which are used to determine the transmission rate on each sub-window, as obtained

at the second step. Then, the BER and transmit power allocation are computed at the third

and fourth steps. To end this iteration, we decrease µ1 and increase µ2. In the next iteration,

we check the current transmit power and the average BER. If both of these two constraints

are satisfied, we proceed to the first step and repeat the process. Otherwise, we acquire the

desired values for Pu, ku and the iteration is completed.

By using the aforementioned solution, the analytical solution to maximizing the rate

for a distance in (90) can be acquired efficiently. Then, the solution to the original distance

maximization problem in (88) is found at d∗, when the optimal data rate Rsu(d∗) drops to

Rth
su as in (89). Since the resource allocation problem for the data rate maximization has
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Figure 27. Multi-user communication network.

analytical solution with a low complexity, the original resource allocation problem for the

distance maximization in the THz band can be solved efficiently.

5.3 Distance-aware Bandwidth-adaptive Resource Allocation: Multi-
user

In the single-user case, the communication range and the data rate are maximized by in-

telligently adapting the transmit power and the modulation technique on each sub-window.

For example, the data rate over 100 Gbps (as studied in [61] and in Sec. 5.4.1) is attainable

for distance up to 21m, by applying the distance-aware bandwidth-adaptive resource allo-

cation scheme in the directional transmission. However, the actual utilized bandwidth to

enable this ultra-high-speed link is 0.06-0.12 THz or equivalently, 60 sub-windows. Being

motivated by this spectrum under-exploitation, our aim is to seek for the bound on how

many ultra-high-speed links can be simultaneously supported in the THz band. To achieve

this goal, in this section we propose a novel strategic spectrum allocation principle adjunct

with the distance-aware bandwidth-adaptive resource allocation scheme in the multi-user

case.
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5.3.1 Strategic Spectrum Allocation

In a multi-user network, there are I transmission links to be allocated. We sort the links in

a descending order according to the distance, such as d1 > . . . > di > . . . > dI . Without loss

of generality, we analyze one spectral window in the THz band, as shown in Fig. 27(a). As

the distance decreases, the path loss drops and as a result, the received power (PR) and the

usable bandwidth (BW) of this window increase, for example, from d1 to d2 and d3. Based

on this relationship, the strategic spectrum utilization principle is presented in Fig. 27(b),

and summarized as follows. First, the center sub-windows, i.e. the center spectrum in the

window, are allocated to the long-distance links. Then, the side sub-windows, i.e., the side

spectrum in the window, are allocated to the short-distance transmissions.

Based on this principle, on the one hand, the information on the side sub-windows

cannot reach the long-distance users due to the very high path loss. On the other hand,

the information on the central sub-windows can reach not only the intended long-distance

users, but also the unintended short-distance users, which causes interference. However,

this interference to the short-distance users can be effectively mitigated in the multi-carrier

communication scheme [70]. As a consequence, this strategic principle efficiently utilizes

the spectrum and benefits from the unique relationship between the bandwidth and the

distance in the THz band. Note that the distance difference between the consecutive links,

for example di − di+1, needs to be sufficiently large, so that there is enough bandwidth to be

further exploited to support Ri+1
mu (di+1) ≥ Rth

mu, where Rmu
th represents the data rate threshold

in the multi-user network.

5.3.2 Resource Allocation Model

By incorporating this spectrum allocation principle, we formulate the resource allocation

model. In a THz band communication network, there is an existing link over the distance

d1. The data rate of this link satisfies the requirement of the ultra-high-speed transmission,

Rth
mu, i.e., R1

mu(d1) ≥ Rth
mu. On the one hand, we focus on addressing the distance chal-

lenge in the THz band communication. On the other hand, the resource allocation model in
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the multi-user network needs to support multiple ultra-high-speed links at the same time.

Therefore, the objective of our strategic spectrum allocation principle is to maximize the

total distance,
∑I

i=1 di, where I represents the number of transmission links reaching the

ultra-high-speed threshold. Then, the data rate becomes a constraint that needs to exceed a

threshold (i.e., 10 Gbps or 100 Gbps), thanks to the very broad bandwidth in the THz band.

This is different from the multi-user resource allocation schemes for the lower microwave

frequencies, in which the data rate or the power consumption is the challenge. For the mi-

crowave frequencies, the objective in the resource allocation schemes is either maximizing

the total data rate or minimizing the total power consumption [100].

The variables associated in this scheme nclude the transmit power, the modulation

scheme and the sub-window allocation. We describe the resource allocation model as

max
Pi

u,ki
u,ρ

i
u

I∑
i=1

di (107)

subject to
U(d)∑
u=1

Pi
u · ρ

i
u ≤ PTx, for all i ∈ {1, . . . , I}, (108)

Bg
∑U(d)

u=1 ε
i
uki

uρ
i
u

Bg
∑U(d)

u=1 ki
uρ

i
u

≤ εth, for all i ∈ {1, . . . , I}, (109)

I∑
i=1

ρi
u = 1, for all u ∈ {1, . . . ,U}, (110)

Ri
mu(di) ≥ Rth

mu, for all i ∈ {1, . . . , I}. (111)

In (108), the transmit power on each individual sub-window, Pi
u, needs to satisfy that

the total transmit power for each user is bounded by PTx. The average BER for each user’s

transmission needs to satisfy the constraint in (109), in which ε i
u(γ) refers to the BER of

the ith user in the uth sub-window. Moreover, we define the sharing factor, ρ, which is

dependent on the transmission rate, as

ρi
u =


1 if ki

u > 0,

0 if ki
u = 0.

(112)
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The constraint in (110) implies that one sub-window is occupied by at most one user. Fi-

nally, the data rate on each link needs to exceed the threshold value for ultra-high-speed

communication, as expressed in (111). The calculation of this data rate is described as

Ri
mu(di) = Bg

U(d)∑
u=1

ki
u · ρ

i
u. (113)

where di denotes the distance of the ith link. These link distances in the multi-user case are

restricted as

dmin ≤ di ≤ dmax, (114)

where dmin is the lower-bound distance, and dmax refers to the upper-bound distance.

In the multi-user case, the SINR for the ith user on the uth sub-window, γi
u(di), is defined

as

γi
u(di) =

GtGr|hu(di)|2PTx

GtGrIu
B + BgS w

, (115)

where the inter-band interference is taken into account as given in (86) which includes the

effect of the multi-user interference. The SINR determines the allocation of the transmit

power, the rate and the sub-window utilization. In particular, if the SINR is below than the

threshold γ̂1 in (106), no transmit power is allocated since no transmission occurs, which

equivalently to suggest that S i
u, k

i
u, ρ

i
u are all zeros in this sub-window.

5.3.3 Solution

In the multi-user resource allocation problem, there are totally 3I+U constraints and 3UI

variables. To avoid the high complexity of solving this problem, we propose a sub-optimal

solution, which efficiently allocates the transmit power, the modulation scheme and the

sub-window. Numerical results in Sec. 5.4 will show that the proposed solution with the

strategic spectrum allocation (in Sec. 5.3.1) can achieve better results than the existing

solutions.

The flow chart to search for the solutions to (107) is demonstrated in Fig. 28, and is

explained as follows. First, we sort the links in the network by distances. We initialize the
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Figure 28. A flow chart for the distance-aware bandwidth-adaptive resource allocation in multi-user
networks.

flow by defining a spectrum/sub-window pool
−−→
S P, which contains the set of sub-windows

that have already been occupied. Second, starting with long-range communication, we

identify the set of available sub-windows,
−→
W(di), which are determined based on the trans-

mission distance and are not contained in the spectrum pool, i.e., w /∈
−−→
S P for all w ∈

−→
W(di).

Third, we estimate the number of additional sub-windows that is needed for the current

user to satisfy Ri ≥ Rth, which is calculated as

Number of sub-windows ≥
⌈

Rth
mu − Ri

mu

Bg log2 (M)

⌉
, (116)

where d·e stands for the ceiling function. This can be explained that the number of sub-

windows is at least equal to the ratio of the total demanding data rate and the largest rate

per sub-window. Here M represents the M-QAM modulation and we obtain the number

of sub-windows by choosing log2 (M) = 10 for 1024-QAM, which is the lower-bound

of the sub-windows that are needed, as considered in Sec. 5.2. Fourth, after completing

the sub-window allocation, we perform Algorithm 1 to compute the data rate, and update
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the spectrum pool based on the sharing factor information as defined in (110). Finally,

we check whether the current data rate satisfies the threshold as defined in (111). If the

rate constraint is satisfied, we proceed to repeat the procedures for the next-farthest link.

Otherwise, we allocate more sub-windows to the current link by using the updated data rate

and spectrum pool information.

After iterating these steps until all the links are completed, the solutions to the allo-

cated transmit power, the modulation over each sub-window and the distribution of the

sub-windows are obtained. However on the other hand, if spectrum resources are fully as-

signed, i.e., there is no w such that w /∈
−−→
S P and w ∈

−→
W(di), I links cannot be accommodated

simultaneously for ultra-high-speed transmissions in the THz band.

Hence, the network data rate, RTot
mu, is equal to the sum of data rates for individual links,

Ri
mu, as

RTot
mu =

I∑
i=1

Ri
mu(di)

=

I∑
i=1

Bg

U(d)∑
u=1

ki
u · ρ

i
u. (117)

5.3.4 Theoretical Bounds

We analyze two theoretical bounds on the data rates based on the developed resource allo-

cation mechanisms for the single-user and multi-user cases. The multi-user data rate Ri
mu is

generally different from the single-user data rate Rsu as given in (90). For the same distance,

the relation is

Ri
mu(di) ≤ Rsu(di), for i = 1, 2, . . . , I, (118)

Proof : For the same distance, the multi-user rate is no greater than the single-user one,

since the center of the spectral windows has been partially occupied by long-distance links

as illustrated in Fig. 27(b). The equality holds for the first link, i.e., R1
mu(d1) = Rsu(d1).

Furthermore, we have another observation on the overall data rate of the multi-user net-

work, which suggests that Rmu is bounded by Rsu(d1) and Rsu(dI , I · PTx). These inequalities
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are expressed as

Rsu(d1) ≤ RTot
mu ≤ Rsu(dI , I · PTx). (119)

Proof: Comparing to the single-user link with the distance d1, the data rate is improved

since additional bandwidth is used in the multi-user network support other links, without

compromising the link 1. Simultaneous transmissions by following the proposed strategic

spectrum allocation approach enhances the spectrum utilization and the network data rate

effectively.

On the other hand, the total usable bandwidth is dependent on the shortest link in the

network. In the single-user (d = dI) and the multi-user cases, the total usable bandwidth

are equal. However in the multi-user network, the centers of the spectral windows are

occupied by long-distance links, which have higher path loss and consequently, worse rate

performance. This results in the total multi-user data rate is less than the single-user rate,

while the transmit power is calibrated as I · PTx for the fair comparison.

5.4 Performance Evaluation

In this section, we evaluate the performance of the distance-aware bandwidth-adaptive

resource allocation scheme in both single-user and multiple-user regimes. The discrete

MQAM signal constellation chooses from no transmission, BPSK, 4-QAM, 16-QAM,

64-QAM, 256-QAM, and 1024-QAM, which corresponds to the modulation rate ki
u ∈

{0, 1, 2, 4, 6, 8, 10} bits/Hz as in Sec. 5.2.3. We consider the BER requirement in (94) as

εth = 10−3.

5.4.1 Single-user THz Band Communication

Solution to the Resource Allocation: We obtain the numerical solutions to the developed

optimization in (90), by using Algorithm 1. The initial value for the constant µ1 is chosen

as the maximum of the SINR values over the sub-windows which guarantees the feasibility

of the solution. At each iteration, it is decreased by 5 percent (i.e., multiply with 0.95). A
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Figure 29. Solution to the single-user resource allocation.
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good value for the constant µ2 is found via numerical search, and a general rule is that a

smaller value is desired for a larger distance. In the resource allocation problem in (90), the

transmit power and the modulation constellation are solved for the different transmission

schemes over the different distances, in Fig 29(a) and 29(b) respectively.

Transmit Power: In the multi-path (MP) transmission, the normalized transmit power is

shown for d = 1m. The actual utilized bandwidth is 0.06-0.11 THz. while no transmission

is allowed for the higher frequencies. In the LOS with directional antenna (DA) case,

the transmit power allocation has the shape of a sawtooth, which is also observed in [94].

The utilized frequency bands are less than 0.61 THz. Being consistent with the spectral

window analysis, the path loss peak around 0.56 THz is avoided for transmission as shown

in Fig 29(a). When the distance increases to 20m, the utilized frequency band shrinks to

0.12 THz. This can be explained that the SINR decreases as the distance or equivalently

the path loss in the channel increases. In this case, the resource needs to be focused on the

high SINR region, which lies in the lower THz band.

Modulation Rate: At d=1m in the MP case, 2 bits/symbol or 4-QAM is allocated for

the 0.06-0.091 THz, while 1 bit/symbol or BPSK is allocated for 0.091-0.11 THz, in our re-

source allocation model. On the contrary, for the same distance in the LOS with directional

antenna (DA) case, 10 bits/symbol is supported from 0.06 to 0.061 THz, which implies

the very high-order 1024-QAM. Then, smaller signal constellations are selected for higher

carrier frequencies, due to their larger path loss values. When the distance is 20m, the

single-user data rate is approximated as 4 bits/Hz ·3 GHz +2 bits/Hz ·35 GHz +1 bits/Hz ·

20 GHz = 102 Gbps.

SINR: The resulting SINR in (87) is evaluated in Fig. 30, with the obtained transmit

power. We consider the IBI leakage of 17.47% to the neighboring sub-windows, for the

rectangular waveform G in (87). The non-zero SINR values appear when the sub-windows

are utilized. When Gt = Gr = 20 dBi and d = 1m,10 bits/symbol is supported and the

SINR reaches 28 dB. Although at some utilized sub-windows such as 0.5-0.55 THz and
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Figure 30. SINR.

0.57-0.61 THz, the SINR drops below 10 dB for γth, the average BER requirement in (94)

is satisfied. Interestingly, the fluctuations in the SINR occur when the constellation rate

changes or equivalently, the transmit power changes sharply in the sawtooth shape, for

example, at 0.061 THz, 0.1 THz, and 0.19 THz, among others. This is due to the sharp

change of the transmit power at these frequencies, which make noticeable effects on the

IBI in (86), and consequently, the fluctuations of SINR.

Distance Improvement: The resource allocation model is used to maximize the data

rate in (90). while as the main objective, the distance maximization is then analyzed as

shown in (88), for a given rate threshold, Rsu. The data rate performance for the multi-path

with Gt = Gr = 0 dBi and the LOS with Gt = Gr = 20 dBi are illustrated in Fig. 31(a)

and 31(b). For comparison, the water-filling capacity is an upper-bound of the achievable

data rates, while the equal-power capacity suggests the achievable data rates of the non-

adaptive transmission. Moreover, we apply our resource allocation scheme on the state-

of-the-art millimeter wave systems, at 0.3 THz [52] and 0.06 THz [10]. In particular, the

transmission at 0.3 THz occupies the fixed 50 GHz bandwidth, while the transmission at

60 GHz uses the fixed 10 GHz bandwidth.
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Figure 31. Data rates in the single-user THz band communication.
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Multi-path with Gt = Gr = 0 dBi: In Fig. 31(a)), the results based on the resource allo-

cations scheme is significantly higher than the non-adaptive equal-power scheme. This ad-

vantage is more notable in the multi-path case since the intelligent allocation of the transmit

power and the symbol constellation is more important when the channel quality is compro-

mised. The path loss threshold sets the distance limit as 8m. At 1m, the data rate reaches

81.5 Gbps. If Rsu = 10 Gbps, the solution to the maximal distance in (88) is equal to 4m.

This is greater than the results from the other schemes, such as 2.3m of the equal-power

scheme and 1.7m of the 300 GHz system. Interestingly, the performance of the 60 GHz

system is very close to our resource allocation scheme (operating over 0.06-1 THz), par-

ticularly when d > 3m and the channel path loss is high. This can be explained since the

resource is allocated to the lower frequency bands with better SINR.

LOS with Gt = Gr = 20 dBi: Fig. 31(b) shows that 1 Tbps is achievable with our

resource allocation scheme over the 0.06-1 THz band, up to d = 3m, since the total usable

bandwidth is significantly enhanced with the use of the antenna gains. When the distance

is below 10m, the SINR is very high over the sub-windows. Consequently, the resource

allocation plays less important role and its data rate is similar to the equal-power scheme.

However, the advantage appears as the distance increases. If Rsu = 100 Gbps, the solution

to the maximal distance in (88) is 21m. The significant distance improvement is obtained

over the equal-power scheme, and the fixed bandwidth system over 300 GHz, where the

results of these two schemes are 17m and 10m. With the high-gain antennas, the data

rate of the 60 GHz system is flat over the distance. Comparing to the 60 GHz system,

when the distance is small, the advantage of our resource allocation over the 0.06-1 THz

band is large, since much bandwidth has high SINR and can be utilized. However, as the

distance grows, the path loss drastically increases particularly for the high frequencies.

Therefore, the transmission resource is concentrated to the lower frequencies. In particular,

when d ≥ 60m, the performances of the 60 GHz and the entire THz band have negligible

difference.
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Figure 32. Theoretical bounds in the multi-user THz band networks, for LOS with Gt = Gr = 20 dBi.
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Discussions: In our resource allocation scheme, the resource that includes the transmit

power and the signal constellation are preferably distributed to the sub-windows with lower

frequencies or equivalently higher SINR. The advantage of our resource allocation becomes

more important when the distance is larger, in comparison with the fixed allocation scheme.

By using the same resource allocation scheme, to exploit the 0.06-1 THz band has the better

performance over the millimeter-wave technologies at 60 GHz and 300 GHz, particular

when the distance is small. Furthermore, the distance improvement is significant with our

resource allocation model. In particular, 10 Gbps can be supported at 4m in the multi-path

channel. On the other hand, 100 Gbps is achieved up to 21m in the LOS transmission with

the use of 20-dBi-gain antennas. In light of the spectrum utilization, the actual utilized

bandwidth is less than the total usable bandwidth. Hence, the spectrum in the THz band is

still under-exploited in the single-user case. This further motivates the design of a strategic

spectrum allocation for the multi-user network, as studied in Sec. 5.3.1.

5.4.2 Multi-user THz Band Communication Networks

We next evaluate the distance-aware bandwidth-adaptive resource allocation scheme in a

multi-user network in the THz band. Our optimization goal is to maximize the total distance

of the ultra-high-speed links, since we intend to support multiple links at the same time and

address the distance challenge. Each link needs to reach the data rate greater than Rth
mu in

(111). First, we study the theoretical bounds and analyze the performance of the resource

allocation scheme in the multi-user network, in terms of the data rate and the distance.

Theoretical Bounds Analysis: We start with link 1 with d1 = 21m, which is the largest

distance that can support 100 Gbps for LOS with Gt = Gr = 20 dBi. We show that

additional links can be concurrently supported by using the unused THz spectrum, without

compromising the transmission of link 1. To allocate the second link using the unoccupied

spectrum, we check the spectrum pool
−−→
S P and and apply the flow chart in Fig. 28. To

analyze the theoretical bounds, we consider the two-user case and study the attainable data

rate, R2. This can be extended to higher number of multi-user networks, by applying the
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same principle.

As illustrated in Fig. 32(a) and Fig.. 32(b), the results are consistent with the inequalities

that we developed in Sec. 5.3.4. First, the link data rate in the multi-user network is no

greater than that of the single-user link with the same distance, i.e., R2
mu(d2) ≤ Rsu(d2),

as stated in (118). The central part of the spectrum is occupied by link 1 and cannot be

used by link 2, which causes this data rate gap. Second, in Fig. 32(b), we observe that

RTot
mu ≥ Rsu(d1 = 21m) = 102.4 Gbps, since the strategic allocation scheme provided in

Sec. 5.3.1 utilizes the spectrum resource more efficiently than the single-user case. Third,

the results in Fig. 32(b) show that the multi-user data rate is bounded by Rsu(d2, 2PTx). The

second and third observations are supported in (119).

Furthermore, the advantage of Rsu(d2, 2PTx) decreases as the distance increases, main-

taining greater than Rmu. This can be explained that the distance-aware bandwidth-adaptive

resource allocation scheme in the single-user communication optimizes the modulation and

transmit power solutions. As for the data rate, we observe that R2 ≥ 100 Gbps is reachable

as long as d2 ≤ 12m.

Multi-user Ultra-high-speed Network: We find the solution in (107) to maximize the

total distance of ultra-high-speed links in the multi-user network. By following the pro-

posed strategic spectrum utilization principle in the flow chart (see Fig. 28), we iteratively

allocate the spectrum to multiple users to satisfy the data rate requirement.

Multi-path with Gt = Gr = 0 dBi: To start with, we accommodate link 1 at d1 = 4m,

which is the largest distance that supports Rth
mu = 10 Gbps in this case. Then, by exploiting

the rest of the THz spectrum, link 2 is found at d2 = 3m as the largest distance to satisfy the

rate requirement. By iterating this process, we obtain 14 links as provided in Table 3. In

each iteration, the maximal reachable distance that satisfies Rth
mu is obtained, i.e., max di+1

while di+1 ≤ di. This process iterates until we reach d14 = 1m, when the remaining spectrum

cannot support a link to exceed Rth
mu = 10 Gbps. The number of utilized sub-windows as

well as the percentage of the total utilizable bandwidth are also listed for each link.
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The overall network data rate in this analysis is 140 Gbps, which is 13 times higher than

the single-user rate with d = 4m. The sum of the link distances in (107) is equal to 24m.

Therefore, in the multi-path channel, fourteen links can be simultaneously supported with

Rth
mu = 10 Gbps. However, in this case, the utilized spectrum is between 0.06 and 0.2 THz,

while much THz frequency bands up to 1 THz are still unused.

LOS with Gt = Gr = 20 dBi: Similar process is applied in the LOS case with the high-

gain antennas. To start with, we accommodate link 1 at d1 = 21m. Then, by inspecting

the spectrum pool, we choose link 2 at d2 = 12m, which is the largest distance to support

Rth
mu = 100 Gbps transmission with the current spectrum resource. The link information is

summarized in Table 3. Importantly, by applying the developed resource allocation scheme

in the THz band, thirteen 100 Gbps links can be simultaneously supported in the network.

The overall network data rate in this analysis is 1.31 Tbps, which is 12 times higher than

the single-user rate with d = 21m. The sum of the link distances in (107) is equal to

71m. As the resolution of the link distance becomes finer, more links can be supported

simultaneously in the network and consequently, the efficiency of the spectrum utilization

can be further enhanced.

Moreover, the ultimate spectrum utilization is demonstrated in Fig. 33, where the con-

stellation rate is shown as the function of the frequency for different links. The entire

0.06-1 THz spectrum is utilized, by using the developed strategic principle, which shows

a significant improvement over the single-user case. Specifically, the spectrum between

0.06 THz and 1 THz is fully exploited, while only 60 sub-windows as given in Table 3 (be-

tween 0.06 THz and 0.12 THz) are utilized for d1 = 21m. Moreover, the strategic spectrum

allocation scheme developed in Sec. 5.3.1 is applied and illustrated in Fig. 33, for example

for the links d7, d8 and d9, over the spectrum around 0.6 THz. In particular, the central

spectrum is allocated to d7, while the outer sub-windows are allocated to d8 and then d9,

which have the lower path losses.

The percentage of the total utilizable bandwidth, which is the ratio between the utilized
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Figure 33. Resource allocation solution in the multi-user network, for LOS with Gt = Gr = 20 dBi.

bandwidth and the total utilizable bandwidth at the particular distance, is shown in Table 3.

With the smaller distance, the total utilizable bandwidth grows, which results a reduction

of the percentage. However, for the same distance and for link i and i + 1, the percentage

of the link i + 1 is greater or equal to that of the link i, since the better sub-windows have

already been selected for the link i. To achieve the same data rate Rth
mu, more sub-windows

are needed for the link i + 1. For example, this observation is supported in the results of

link 7 and 8, in the LOS communication over 3m.

Comparison: We compare our resource allocation scheme with the non-adaptive scheme,

in which the fixed frequency-division, the equal transmit power and the fixed modulation

are adopted. In particular, 50 sub-windows are assigned for each user, as suggested in [52].

The equal transmit power (i.e., Pu = PTx/50), and the fixed 16-QAM modulation (i.e.,

kfixed = 4) that was designed for the THz system [101] are used on each sub-window.

From (92), the resulting threshold SINR to support this transmission over each sub-window

is given by

γth = −
(2kfixed − 1) ln (5εth)

1.5
. (120)
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However, this non-adaptive scheme fails to support the 100 Gbps link. The largest data rate

is equal to 92 Gbps at d = 1m, with only 23 sub-windows satisfying the SINR requirement

in (120).

Discussions: By using the developed strategic spectrum utilization principle and the

resource allocation scheme in the multi-user case, the theoretical bounds of the multi-user

data rate are evaluated. Moreover, the spectrum utilization s greatly improved with our

scheme. In the multi-path channel, 14 links can be supported simultaneously with Rth
mu =

10 Gbps, and the total distance over these links is 24m. When the high-gain antennas are

used for the LOS propagation, thirteen 100 Gbps links can be supported simultaneously.

The sum of the distances of these links reaches 71m. The performance of the developed

resource allocation scheme is significantly better than the non-adaptive system, due to the

successful exploitation of the THz spectrum and the adaption of the transmit power and the

modulation.
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5.5 Conclusions

In this chapter, we developed a novel distance-aware bandwidth-adaptive resource alloca-

tion scheme is developed in the THz band communication network, with the objectives to:

1) improve the communication distance, 2) capture the unique channel peculiarities, and

3) strategically utilize the spectrum to enable multiple ultra-high-speed links. Based on

the developed scheme, we solve the solutions to the sub-windows allocation, the modula-

tion adaptation and the transmit power control in the resource allocation model, for both

single-user and multi-user communications.

The numerical results show that the developed resource allocation scheme improves

the distances and the exploitation of the THz spectrum significantly. Specifically, for the

single-user communication, 10 Gbps can be supported at 4m in the multi-path channel,

while 100 Gbps is achieved up to 21m in the LOS transmission with the use of 20 dB gain

antennas. In the multi-user network, fourteen 10 Gbps links can be supported simultane-

ously in the multi-path channel. With the use of 20 dB gain antennas, thirteen 100 Gbps

links can be supported at the same time. Moreover, the developed resource allocation

scheme outperforms the existing millimeter-wave systems at 60 GHz and 300 GHz, as well

as the non-adaptive scheme. This work achieves the design objectives and contributes to

enabling multiple ultra-high-speed links in the THz band communication network.
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CHAPTER 6

THREE-DIMENSIONAL END-TO-END MODELING AND
ANALYSIS

In this chapter, we develop an analytical 3-D end-to-end model in the THz band, which

includes the responses of the graphene-based reflectarray antenna and the 3-D multi-path

propagation channel. In particular, the architecture of a graphene-based reflectarray an-

tenna is investigated and the 3-D radiation pattern is modeled. Moreover, a 3-D THz chan-

nel model is developed based on ray tracing techniques, as a superposition of the LoS, re-

flected and scattered paths. Using the developed model, we present an in-depth analysis on

the 3-D channel characteristics and the influence of directivity from graphene-based reflec-

tarray antennas in the THz band. In particular, we thoroughly characterize the antenna gain

and the beamwidth, the delay spread and the coherence bandwidth, the 3-D angular spread,

the wideband channel capacity, and the beam misalignment influence. The provided anal-

ysis and the channel physical parameters lay out the foundation and are particular useful

for the physical and upper layers design for reliable and efficient ultra-high-speed wireless

communications in the THz band.

6.1 Motivation and Related Work

For the realization of efficient wireless communication networks in the THz band, it is

imperative to develop an accurate 3-D channel model which accurately characterizes the

Terahertz spectrum peculiarities in both the elevation and azimuth planes. In realistic ap-

plication scenarios, the multi-path rays arrive at the receiver from both the azimuth and

elevation planes, which is the result of the 3-D radiation diagram of the antennas and the

3-D propagation of the electromagnetic waves in the channel. These facts introduce an

angular spread in the elevation plane, and influence the channel physical peculiarities. The

first model that recognizes the elevation coordinate in a 3-D model was proposed in [102],
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in which the author assumed the arriving signals were uniformly distributed in the azimuth

plane and non-uniformly distributed in the elevation plane. Further development provides

analytical solutions of the power spectral density of the received signal in the three dimen-

sions and produces the desired spatio-temporal characteristics of 3-D wireless channels as

studied in [103, 104]. However, these models for lower frequency bands do not capture

the behavior of the THz band, such as the very high molecular absorption loss or the very

high reflection loss. Existing THz band channel models in [56, 28, 52, 105] are developed

for 2-D cases, which fail to describe signal variations in the elevation plane. Furthermore,

THz antenna responses are not included in these models. Consequently, there is a need for

a end-to-end model, which captures the antenna response and the 3-D multi-path propaga-

tion, and investigate the resulting channel characteristics.

Graphene-based antennas to operate in the THz band are suggested in [42, 43, 44, 45,

27], due to the fact that graphene supports the propagation of surface plasmon polariton

(SPP) waves. The main merit of using graphene-based antennas is that the equivalent elec-

trical size is much larger than its physical dimensions, owing to the much lower speed of

SPP waves in a graphene-based antenna compared to that of free-space electromagnetic

waves in a metallic antenna [27]. To overcome the very high path loss at THz frequen-

cies, reflectarray antenna technologies [46] are very attractive among others, by taking

advantages of parabolic reflectors and phased arrays. This approach is especially fruitful to

provide high directivity gain with low losses at high frequencies such as the THz band. In

the literature, reflectarray antennas have been studied in microwave and millimeter-wave

bands [47], and more recently experimentally demonstrated [48] and theoretically analyzed

at THz frequencies [49, 50], from the antenna design perspective. However, the integration

of the graphene-based reflectarray antenna response into the THz band channel model, and

the influences on the channel peculiarities have not been characterized from the communi-

cation perspective.
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6.2 A 3-D End-To-End Model in the Terahertz Band

In this section, we develop an end-to-end model, which includes frequency response in a

3-D environment from the transmitting to the receiving antenna in the (0.1-10) THz band.

Since the wave propagation in the THz band is frequency-dependent, the model is devel-

oped as a combination of a number of sub-bands, which are narrow enough to be considered

as flat fading channels. The operating frequency, f , takes values from { f1, f2 . . . , fn, . . .},

where fn is the center frequency of the nth sub-band. The bandwidth of each sub-band is

identical and equal to ∆ f = fn+1 − fn.

In the end-to-end channel model, the transfer function He2e( f ) of the end-to-end re-

sponse can be expressed as a sum of the transfer function of all arrival rays,

He2e( f ) =

I∑
i=1

A(i)
T ( f )H(i)( f )A(i)

R ( f ), (121)

where A(i)
T and A(i)

R denote the frequency responses of the transmitting and the receiving an-

tennas for the ith ray. Moreover, H(i) describes the frequency response of ith ray propagating

in the THz channel. I is the total number of multi-path components in a 3-D environment.

Even with antenna directivity, the antenna radiation pattern has 3-D beamwidth, which

results in the fact that the multi-path effect still exists but is confined in the radiation sec-

tor [106, 107]. Indeed, the number of multi-path components decreases with the reducing

antenna beamwidth. In the following, we describe the mathematical models to capture the

graphene-based reflectarray antenna response and characterize the 3-D multi-path channel

in the THz band.

6.3 Graphene-based Reflectarray Antenna Response

The main constraint of THz band communications is imposed by the very high and frequency-

selective path loss, which can easily above 100 dB for distances over 1m [56]. One promis-

ing approach to enhance the received power is to provide directivity gain by using reflectar-

ray antenna technologies, which has been experimentally demonstrated [48] and theoreti-

cally analyzed at THz frequencies [49, 50]. By reflecting the incident waves from a THz
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source, the far-field radiation pattern can be collimated and created as a pencil-sharp beam

in a desired direction, as illustrated in Fig. 34.

In this architecture, the reflectarray consists of an array of graphene reflective cells,

which introduce appropriate phase-shift from reflection of the incident THz waves. The

resulting radiation from the far-field becomes a pencil-sharp beam. This design combines

the features of parabolic reflectors and conventional phased arrays with low losses, compact

profile and high efficiency. In the following of this section, the complex conductivity of

graphene, the complex wave vector and ultimately, the radiation pattern of reflectarray

antenna are investigated.

6.3.1 Complex Conductivity of Graphene

Graphene can be modeled as an infinitely thin surface with complex conductivity due to its

mono-atomic thickness. Then, the conductivity σg is given as a sum of the intraband σintra

and interband σinter contributions according to Kubo’s formula [108, 109],

σg( f ) = σintra( f ) + σinter( f ), (122)

where

σintra( f ) =
jq2

e

πh̄2(2π f + j/τ)
·

∫ ∞

0
nF(ε − EF) − nF(ε + EF)dε, (123)

σinter( f ) = j2q2
e f

∫ ∞

0

nF(ε − EF) − nF(−ε − EF)
(2ε)2 − (2π fh̄ + j/2τ)

dε. (124)

In the above equations, qe is the electron charge,h̄ refers to the reduced Planck constant, EF

is the Fermi level, nF denotes the Fermi-Dirac distribution function, and τ is the momentum

relaxation time due to the carrier intraband scattering. By considering only the intraband

contribution and completing the intergral in (123), an approximation to (122) is given by

σg( f ) ≈ −
jq2

ekBT

πh̄2(2π f − j/τ)

(
µc

kBT
+ 2 ln

(
e−µc/kBT + 1

))
, (125)

where kB represents the Boltzmann constant, T is the temperature, and µc denotes the chem-

ical potential.
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6.3.2 Complex Wave Vector of Graphene

The complex wave vector of SPP waves in graphene determines the propagation properties

of SPP waves, and is dependent on the conductivity in (125). The dispersion equation that

relates the complex wave vector kspp, the complex conductivity σg, and the permittivity εr

of the surrounding materials of graphene patches, is described as

εr1√
kspp − εr1k2

0

+
εr2√

kspp − εr2k2
0

= −
jσg

2π f ε0
, (126)

where εr1 and εr2 denote the permittivity values of the materials above and below graphene

patches, respectively. Moreover, ε0 refers to the vacuum permittivity, and k0 = 2π f /c is the

free space wavenumber where c is the speed of light in vacuum.

As shown in Fig. 34, the graphene patch is a rectangular nano-strip and has a finite

length l and width w. Since the SPP mode can propagate on finite width nano-strips, a

condition on the nano-strip length that results from the complex wave vector in (126) to

support standing wave resonances is

l = α
λspp

2

= α
π

Re{kspp}
, (127)

where λspp = 2π/Re{kspp} stands for the SPP wavelength, and α is an integer SPP mode

number.

6.3.3 Radiation Pattern of Reflectarray Antenna

In Fig. 34, the THz source is assumed to have a phase center located at the origin of the

3-D axes. The (m, n)th cell of the reflectarray scatters the incoming ray from the source to a

desired direction, by applying a phase correction. By denoting ~pmn as the position vector of

the incoming ray from the source, and p̂o as the desired direction of the pencil-sharp beam,

the phase of the reflectarray needs to satisfy

k0(~pmn − ~Pmn · p̂o) − ψmn = 2πβ, (128)
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Figure 34. An architecture of graphene-based reflectarray antenna.

where ~Pmn is a position vector of the (m, n)th cell, and β ≥ 0 is an integer. A phase shift

ψmn is introduced between the incident and scattered field from the (m, n)th reflectarray cell,

to allow that the phase of the scattered field from the entire reflectarray is uniform in a

plane normal to the direction of the desired beam p̂o. This results in that the reflectarray

collimates the waves from the THz source into a pencil-sharp beam in the far-field.

Based on the proposed architecture in Fig. 34, the far-field radiation gain of the reflec-

tarray in the direction (θ, φ) at the frequency f can be obtained as

AT ( f ) = ηsGg( f , θ, φ) cos (θ) ·
N−1∑
n=0

M−1∑
m=0

Rmn ( f , θmn, φmn, ψmn)

· exp
(
jk0

[
x′mn sin (θ) cos (φ) + y′mn sin (θ) sin (φ)

]
+ jψmn

)
, (129)

where M,N are the number of cells in the x-axis and y-axis of the reflectarray, ηs is the

radiation efficiency of the THz source, and Gg describes the gain of the individual nano-

strip graphene-based patch.

Importantly, Rmn denotes the magnitude of the reflection coefficient of the (m, n)th cell of

the graphene reflectarray, which depends on the graphene conductivity as obtained in (125),
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the wave vector of SPP waves in graphene as computed in (126), the nano-strip length as

provided in (127), and the phase correction as analyzed in (128).

On the other hand, the frequency response of the graphene antenna at the receiver is

computed as:

AR( f ) =

√
eR( f )DR( f , θ, φ)

λ2

4π
, (130)

where eR is the receiver antenna radiation efficiency. DR is the directivity of the receiving

antenna, which is a function of frequency, the elevation and the azimuth angles of arrival.

Here we assume an omni-directional receiving antenna, in which the radiation efficiency

is unitary and the directivity is uniform in the elevation and azimuth planes. Hence, the

impact of the graphene-based reflectarray antenna at the transmitter on the 3-D channel

response is investigated as a focus.

6.4 3-D Channel Model in the Terahertz Band

In this section, we develop a 3-D THz channel model based on ray tracing techniques, as

a superposition of the LoS, reflected and scattered paths. The ray tracing techniques have

been proved to enable very good prediction capabilities at Terahertz frequencies [8, 28].
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The diffraction path can be ignored in general since it contributes negligibly to the received

signal power. The only exception is when the receiver is in the very closed region near

the incident shadow boundary [59], which is not considered in this work. The geometry

configuration is demonstrated in Fig. 35, where the traveling distance of the ith ray is given

by

Li =


d LoS

r1 + r2 Reflected Rays

s1 + s2 Scattered Rays

(131)

where d is the direct distance between the transmitter and the receiver. For reflection, r1

is the distance from the transmitter to the reflecting point, and r2 is the distance from the

reflecting point to the receiver. For scattering, s1 is the distance from the transmitter to the

scattering point, and s2 is the distance between the scattering point to the receiver.

The channel transfer function for the ith ray H(i) in (121) is given as

H(i)( f ) =



∣∣∣∣ c
4π· f ·d e−

1
2 kma( f )d

∣∣∣∣ · exp (− j2π f τi) LoS∣∣∣∣( c
4π· f ·(r1+r2)

)
e−

1
2 kma( f )(r1+r2) · γTM ( f ) · ρ ( f )

∣∣∣∣ · e− j2π f τi Reflected Rays∣∣∣∣( c
4π· f ·(s1+s2)

)
e−

1
2 kma( f )(s1+s2) · S ( f )

∣∣∣∣ · e− j2π f τi Scattered Rays

(132)

where τi = Li/c is the time-of-arrival of the ray and c denotes the speed of light.

In the LoS model, kma is the frequency-dependent medium absorption coefficient, which

depends on the composition of the transmission medium and is detailed in [56]. In the

reflected ray model, the Fresnel reflection coefficient for the transverse magnetic (TM)

polarized waves γTM on a smooth surface, which is consistent with the SPP mode on the
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graphene-based reflectarray according to (126), is computed as

γTM ( f ) =

√
1 −

(
1
nt

sin(θr)
)2
− ntcos(θr)√

1 −
(

1
nt

sin(θr)
)2

+ ntcos(θr)

= 1 −
2ntcos(θr)√

1 −
(

1
nt

sin(θr)
)2

+ ntcos(θr)

≈ 1 +
−2ntcos(θr)√

1 − 1
n2

t

≈ exp

−2ntcos(θr)√
1 − 1

n2
t

 , (133)

where θr is the angle of incident wave and can be computed using the law of cosine, i.e., θr =

1
2 cos−1

(
r2

1+r2
2−d2

2r1r2

)
. In addition, nt refers to the refractive index, varying with the frequencies

and reflecting material. As we consider the reflected rays with large incident angles, the

Taylor’s approximation for the smooth surface reflection coefficient in (133) shows good

accuracy at Terahertz frequencies. In the scattered ray model, the scattering coefficient is

obtained in Chapter 2.3.

The theoretical 3-D end-to-end model in (121) consists of the graphene reflectarray

antenna response and the 3-D multi-path propagation phenomena. In particular, the multi-

path propagation model in the THz band in (132) was partially validated in Chapter 2.4

and [28]. Therefore, we next focus on the characterization analysis on the 3-D channel and

the influence of directivity from the graphene-based reflectarray antenna in the THz band.

6.5 3-D Channel Characterization

Using the developed propagation model, we present a detailed analysis of the 3-D end-

to-end channel characteristics in the THz Band. In particular, we thoroughly characterize

the reflectarray antenna gain and the beamwidth, the delay spread and the coherence band-

width, the 3-D angular spread, the channel capacity, and the beam misalignment effect.

Simulation Setup: The simulation is conducted by considering a indoor environment

of dimensions 5m× 4m× 3m, such as a passenger car as shown in Fig. 35. The transmitter
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(a) Gain in 3-D spherical view. (b) Gain in the elevation plane.

(c) Gain in the azimuth plane. (d) Radiation Pattern in 3-D cartesian view.

(e) Radiation Pattern in the x-z plane. (f) Radiation Pattern in the y-z plane.

Figure 36. Gain of a graphene-based reflectarray antenna in 3-D.
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(Tx) is located at (4.8m, 2m, 2.9m), and the receiver (Rx) is located at (0.1m, 2m, 1m). At

the transmitter, a graphene-based reflectarray antenna is deployed to provide the directivity

gain. On the contrary, an omni-directional antenna is considered at the receiver. Multi-

path components in the 3-D environment are captured at the receiver, in which the LoS,

the once-reflected, the twice-reflected and the scattered rays are included. The walls are

covered by plaster, where its refractive index can be found in [57], while the interactions

with the ceiling and the ground are neglected. In the simulations, the main beam of the

reflectarray antenna points at the LoS direction.

6.5.1 Reflectarray Antenna Gain and Beamwidth

Based on the expression in (129), the far-field gain of the graphene-based reflectarray an-

tenna is numerically evaluated in the spherical coordinates, as illustrated in Fig. 36(a). The

maximum gain is 18 dBi in the main lobe, at the frequency of 1 THz. By contrast, the side

lobes stay more than 25 dB below the main beam and hence, are neglected in the figures.

The 3-dB beamwidths in the elevation and azimuth planes are 7◦ and 10◦ respectively, as

shown in Fig. 36(b) and Fig. 36(c). Converting to the cartesian coordinates, the far-field

radiation pattern is plotted in Fig. 36(d). In particular, a downtilt angle of 30◦ can be ob-

served from the radiation pattern in the x-z plane (see Fig. 36(e)), which is consistent with

the results in Fig. 36(b). On the other hand, a uniform radiation pattern can be found in the

y-z plane in Fig. 36(f).

Note that the direction of the main beam can be directed adaptively, by varying the

incident angle from the THz source as seen in Fig. 34, or tuning the phase shifts of the

reflectarray according to (128). On the one hand, the incident angle has very small im-

pact on the reflection coefficient in graphene-based cells, i.e., less than 1 dB difference

according to [49]. Hence, the variation of the incident angle influences the radiation di-

rection while has no considerable changes in the shape of the main beam. On the other

hand, the graphene-based reflectarray offers the possibility to control the phase of the re-

flected field at the individual cell level and hence, dynamically reconfigure the far-field
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Figure 37. Complexity conductivity of graphene, for a varying chemical potential.

radiation pattern [110]. This is achieved by tuning the complex conductivity of graphene

through chemical potential variations. For example, as the chemical potential increases

from 0.1 eV, 0.2 eV, to 0.5 eV, the absolute values of the real and imaginary parts of the

graphene conductivity rise, as shown in Fig. 37. In addition, the conductivity decreases

with an increasing frequency.

6.5.2 Delay Spread and Coherence Bandwidth

Based on the geometry in Fig. 35, the power delay profile with the graphene-based re-

flectarray antenna is summarized in Table 4. To compare, we also include the results by

considering an omni-directional antenna at the transmitter. At the receiver, the LoS, the

once-reflected, the twice-reflected and the scattered rays are captured with different delays

and gains. Furthermore, the main channel physical parameters such as the total power gain,

the average delay, the rms delay spread and the coherence bandwidth are calculated for the

two different cases.

The observations from Table 4 are summarized as follows. The total power gain in-

creases from -109.23 dB to -91.62 dB when the reflectarray antenna is used, and the gain

enhancement matches with the gain of the reflectarray antenna as analyzed in Sec. 6.5.1.
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Table 4. Power Delay Profile in the 3-D channel at f = 1 THz
Reflectarray antenna Isotropic antenna

Delay [ns] Path Gain [dB] Path Gain [dB]
LoS 16.91 -91.66 -109.66
Reflected Ray 1 17.53 -111.57 -129.57
Reflected Ray 2 18.15 -137.13 -130.13
Reflected Ray 3 21.54 -130.47 -123.47
Reflected Ray 4 21.54 -130.47 -123.47
Twice Reflected Ray 1 18.78 -157.43 -150.43
Scattered Ray 1 17.87 -125.13 -140.13
Scattered Ray 2 18.49 -163.79 -156.79
Scattered Ray 3 21.87 -147.88 -140.88
Scattered Ray 4 21.88 -166.01 -159.01
Total Path Gain [dB] -91.62 -109.23
Average Delay [ns] 19.46 19.46
RMS Delay Spread [ns] 0.099 1.23
Coherent Bandwidth [GHz] 2.0 0.16

In addition, the rms delay spread can be obtained as

σdelay =

√
τ2 − (τ)2, (134)

τx =

∑I
i=1|αi|

2|τi|
x∑I

i=1|αi|
2
, (135)

where τx describes the first (x=1) or second (x=2) moment of the instantaneous power-

delay profile. αi is the path gain amplitude of the ith path, as αi = |A(i)
T ( f )H(i)( f )A(i)

R ( f )|

according to (121).

The reflectarray antenna confines the radiation pattern, which results that the number of

significant multi-path components decreases. Consequently, the rms delay spread reduces

from 1.23 ns to 99 ps. The coherence bandwidth, which is computed as 0.2/σdelay, reaches

2 GHz when the reflectarray antenna is used, which is 12.5 times as large as that in the

omnidirectional antenna case. This indicates a large range of frequencies over which the

channel can be considered as flat. We realize that these values of the coherence bandwidth

are smaller than the results in the our prior multi-path channel model in [28]. This is due to

the variation of the simulation environment and the inclusion of the 3-D components that

introduces a additional delay spread from the elevation plane.
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Figure 38. Power angle profiles (PAP) for AoD and AoA.

6.5.3 3-D Angular Spread

The angular spread is an important factor to evaluate the spatial characteristics of the 3-

D channel. To evaluate this, the power angle profiles (PAP) for the elevation angle-of-

departure (AoD) and angle-of-arrival (AoA) are demonstrated in Fig. 38(a). In particular,

the zero degree lies in the x-y plane, and the degree increases as pointing upwards in the

positive z-axis. This suggests the range of the elevation angles is between −90◦ and 90◦.

Since the Tx is located near the ceiling pointing downwards (see Fig. 35), the elevation

AoDs are below zero degrees. Correspondingly, the elevation AoAs are reciprocal with

EAoD and greater than zero degrees.

To evaluate the spread of the elevation angle profile, the rms angular spread can be

obtained in a similar fashion as the rms delay spread, by replacing the delay τ in (134) and

(135) with the angle θ [111]. The resulting rms angular spread in the elevation plane is

0.12◦, which is 1/10 of the rms angular spread in the omni-directional antenna case. The

elevation angular spread varies and has some dependency on the heights of the transmitter

and the receiver, the communication distance and the propagation environment. In general,
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the elevation angular spread increases when the height difference between the transmitter

and the receiver reduces, and when the communication distance decreases.

On the other hand, the azimuth AoD and AoA are demonstrated in Fig. 38(b), in which

a reciprocity between the AoD and AoA can be observed. Different from the elevation

PAP, the range of the azimuth angles extends to −180◦ and 180◦. The zero degree points to

the positive x-axis, and the degree increases clockwisely, towards the positive y-axis. The

propagation rays travel through the different directions in the azimuth plane, such as the

reflections on the left, right, front and back surfaces in Fig. 35. The resulting azimuth rms

angular spread is 1.3◦. Although the rays propagate in a large range of azimuth angles, the

rms angular spread in the azimuth plane is small, due to the beamforming effect by using

the reflectarray antenna.

6.5.4 Wideband Channel Capacity

The wideband capacity in the 3-D end-to-end model in the THz band can be calculated as

C =

N∑
n=1

∆ f log(1 +
|He2e( fn)|2Pn

∆ f WN
), (136)

where N refers to the total number of sub-bands for the transmission, ∆ f = 1 GHz is the

width of each sub-band that is smaller than the coherence bandwidth found in Sec. 6.5.2,

to ensure narrowband communications. Pn denotes the transmit power in the nth sub-band

and the total transmit power
∑N

n=1 Pn is fixed. He2e is the transfer function as given in (121),

and WN = −85 dBm/GHz stands for power spectral density of the additive white Gaus-

sian noise. Since the graphene-based antenna can support wideband transmissions, whose

bandwidth can reach up to 15% of the carrier frequency [49], a bandwidth of 100 GHz is

considered to compute the capacity.

The wideband channel capacities under the water-filling (WF) and equal-power (EP)

allocation schemes are numerically evaluated, for the different transmit power levels at the

distance d = 5m. The WF allocation scheme has one higher order of magnitude of capacity

than the EP scheme in general. In Fig. 39(a), the 18-dB-gain graphene-based reflectarray
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Figure 39. Wideband capacity for 3-D channels at d = 5m, for the varying transmit power and the
water-filling (WF) and equal-power (EP) allocation schemes.
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antenna is used at the transmitter. The capacities for the three different bands, namely, (0.3-

0.4) THz, (0.6-0.7) THz, and (0.9-1) THz are compared. Due to the degradation of the path

gain, the channel capacity decreases as the frequency increases. In particular, the capacity

over (0.3-0.4) THz is nearly ten times higher than that over (0.9-1) THz.

In Fig. 39(b), the use of the entire (0.06-1) THz band and the utilization of 100 GHz

bandwidth are compared. Even with the use of the reflectarray antenna, 100 Gbps rate

is not achievable over (0.3-0.4) THz. On the contrary, 100 Gbps can be obtained when

the (0.06-1) THz band is simultaneously explored, for the transmit power above 4 dBm

under the WF scheme. Furthermore, the capacity over the (0.3-0.4) THz band with the

WF scheme is even worse than that over the (0.06-1) THz band with the EP scheme. This

shows the substantial advantage of the large bandwidth even when the transmit power is

unchanged.

Fig. 39(c) demonstrates the merit of the reflectarray antenna over the omni-directional

antenna at the transmitter. With the same transmit power and the same allocation scheme,

the capacity is improved by almost one hundred times thanks to the 18 dB reflectarray

antenna gain. In the (0.9-1) THz band, 0.1 Gbits/s is achievable when the transmit power

is 10 dBm under the WF scheme when there is no transmit antenna gain. By contrast,

6.47 Gbps can be obtained when the reflectarray gain is applied, given the same transmit

power and the same allocation scheme. This comparison suggests the significance of the

antenna gain for enabling ultra-high-speed communications in the THz band.

6.5.5 Beam Misalignment

In reality, perfect antenna alignment cannot be achieved, and the beam misalignment would

degrade the channel performance. To study the effect of the beam misalignment, we assess

the channel capacity using (136) for the (0.9-1) THz band with the different antenna gains

and the varying levels of misalignment, as illustrated in Fig. 40. The misalignment level

is defined as the angle between the actual main beam direction and the perfect alignment

direction in the azimuth plane, while the misalignment in the elevation is negligible owing
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Figure 40. Channel capacity with the beam misalignment. The transmit power is 10 dBm, the frequency
band is (0.9-1) THz, and the distance is 5m.

to the very small elevation angular spread, as found in Sec. 6.5.3. The transmit power is 10

dBm under the WF and EP allocation schemes, and the distance is 5m.

When the misalignment angle is 0◦, the channel capacity is equivalent to the results

discussed in Sec. 6.5.4. As the misalignment angle increases from zero to 15◦, the channel

capacity decreases considerably, from 6.47 Gbps to 23.5 Mbps, under the WF scheme.

This is due to the substantial reduction of the beamforming gain in the reflectarray antenna.

The result agrees with the gain and beamwidth analysis in Sec. 6.5.1. In comparison, the

channel capacity in the isotropic antenna case keeps at 0.12 Gbps regardless of the increase

of the misalignment degree, since the antenna gain is uniform in the 3-D environment.

Interestingly, the capacity performance with the reflectarray antenna becomes worse than

the omni-directional antenna case when the beam misalignment angle is larger than 11◦.

Therefore, the reflectarray brings the beamforming gain, which is significant for en-

abling ultra-high-speed communications in the THz band. However, the gain is at the cost

of a strict beam alignment requirement. Indeed, the requirement for alignment becomes

stricter if the beamforming is adopted at both the transmitter and the receiver. The com-

promise between the directivity gain and the misalignment tolerance is an important factor

that needs to be accounted for in the system design.
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6.5.6 Discussions

By analyzing the EM wave propagation from the transmit antenna to the receive antenna in

the 3-D environment, the channel characteristics are different from the observations in our

prior 2-D multi-path channel model [28], and are summarized as follows.

First, additional multi-path rays arrive at the receiver as the elevation plane is incorpo-

rated in addition to the azimuth plane. This results in a higher delay spread and a small

coherence bandwidth. Second, the angular spread particularly in the elevation plane opens

up new opportunities for exploring the diversity gain and also enabling massive MIMO

communications with sufficient spatial degrees of freedom. Third, with the use of the

graphene-based reflectarray antenna, a 18 dB gain can be achieved in the main beam.

This gain improves the channel capacity substantially and equivalently, the communica-

tion distance could be enhanced. Fourth, the beamforming gain imposes challenges on the

end-to-end link design in terms of the strict 3-D beam alignment requirement.

6.6 Conclusions

In this chapter, we developed a 3-D end-to-end model in the THz band, which includes

the responses of the graphene-based reflectarray antenna and the 3-D multi-path channel.

In particular, we investigated the architecture of a graphene-based reflectarray antenna and

modeled the 3-D radiation pattern. Moreover, we developed the 3-D multi-path channel

model based on ray tracing techniques.

By using the developed model, we presented an in-depth analysis on the 3-D channel

characteristics. Specifically, first, the gain at the main beam of the graphene-based reflec-

tarray antenna is 18 dB, and the 3-dB beamwidths in the elevation and azimuth planes are

7◦ and 10◦ respectively. Second, the use of the reflectarray leads to the decrease of the de-

lay spread from 1.23 ns to 0.099 ns, and the resulting coherence bandwidth reaches 2 GHz.

Third, the rms angular spread in the elevation plane is less than 0.12◦, which is 1/10 of

that without beamforming. Fourth, we analyzed the wideband capacity of the 3-D channel,
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which can be enhanced with a larger transmit power, a smaller operating frequency band,

a larger bandwidth and a higher beamforming gain. Finally, the beamforming gain enabled

by the reflectarray antenna is compromised at the cost of the strict beam alignment, and

the deviation needs to be smaller than 11◦. The provided analysis and the channel physical

parameters lay out the foundation and are particular useful for the physical and upper lay-

ers design for reliable and efficient ultra-high-speed wireless communications in the THz

band.
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CHAPTER 7

CONCLUSIONS

Terahertz band communication offers a very broad bandwidth and is promising to satisfy

the need for ultra-high-speed wireless communication in the near future. The use of this

spectrum is envisioned to address the spectrum scarcity and capacity limitations of current

wireless systems, and enable a plethora of applications in diverse fields.

In this thesis, we aimed to establish the physical layer foundations of the ultra-broadband

communication in the THz band. First, we developed a unified multi-path propagation

channel is modeled the THz band based on ray-tracing techniques, and analyzed the wide-

band characterization including the distance-varying spectral windows, the delay spread

and the temporal broadening effects. Second, we proposed a multi-wideband waveform

design to improve the distance and support ultra-high-speed transmission. Third, we inves-

tigated two algorithms for timing acquisition in the pulse-based wireless systems, namely

the LSR algorithm, and the ML-based approach. Fourth, we analyzed the distance-aware

bandwidth resource allocation scheme for the single-user and multi-user THz band net-

works. Fifth, we developed a 3-D end-to-end model is developed and characterized, which

includes the responses of the graphene-based reflectarray antenna and the 3-D EM wave

propagation channel.

The contributions in each chapter are summarized as follows:

• In Chapter 2, we developed a unified multi-ray channel model in the THz band by

using ray tracing techniques. This multi-ray channel incorporates the propagation

models for the LoS, reflected, scattered and diffracted paths, is validated by the ex-

perimental measurements (0.06 - 1 THz). Using the developed propagation models,

we presented an in-depth analysis on the channel characteristics in the THz band.

Specifically, we analyzed the distance-varying and frequency-selective nature of the

Terahertz channel. Moreover, we studied the coherence bandwidth, and point out the
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significance of the delay spread. Furthermore, we characterized the wideband chan-

nel capacity using flat and water-filling power allocation strategies. Additionally, we

analyzed the temporal broadening effects of the Terahertz channel. Finally, we ad-

vocated for distance-adaptive and multi-carrier transmissions to best benefit from the

unique relationship between distance and bandwidth.

• In Chapter 3, we proposed a multi-wideband waveform design for the THz band,

which includes the features of the pseudo-random time-hopping sequence and the po-

larity randomization, and allows the dynamical variation of the rate and the transmit

power on each sub-window. Moreover, we derived the ISI and the IBI and provided

the closed-form expressions of the SINR and BER for the developed multi-wideband

waveform. Based in the system model and the waveform design, we formulated an

optimization framework to solve for the multi-wideband waveform design parame-

ters of the transmit power and the number of frames, with the aim to maximize the

communication distance while satisfying the rate and the transmit power constraints.

Four sub-optimal solutions are proposed and compared via extensive numeral analy-

sis.

• In Chapter 4, we proposed and analyzed the LSR and the ML-based algorithms for

timing acquisition in the THz band to address the challenges such as the THz band

channel peculiarities and the ultra-high sampling rate demand. The error perfor-

mance of the algorithms has been analytically approximated, where the results have

shown good agreements with the simulation results when the SNR is high. Moreover,

we analytically and numerically evaluated the two timing acquisition algorithms, in

comparison with the CRLB. Furthermore, we studied the BER sensitivity to the ac-

quisition errors in the two algorithms. With the metric of the RMSE, the simulation

results showed that when the SNR is high (i.e., greater than 30 dB benefiting from

high gain antennas), the LSR algorithm can be used with the uniform sampling at
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1/20 of the Nyquist rate, while the ML-based algorithm can be used for low SNR

with a time step of 2 to reduce the search space by half. The LSR algorithm can also

effectively mitigate the temporal broadening effect due to the frequency-selectivity

of the THz channel.

• In Chapter 5, we developed a novel distance-aware bandwidth-adaptive resource al-

location scheme is developed in the THz band communication network, with the

objective to improve the communication distance. The developed resource allo-

cation scheme captures the unique channel peculiarities, and strategically utilizes

the spectrum to enable multiple ultra-high-speed links. In particular, we developed

a distance-aware bandwidth-adaptive resource allocation scheme in the THz band

communication network, which captures the peculiarities of distance-varying spec-

tral windows and efficiently exploits the Terahertz spectrum. The solutions to the

bandwidth utilization, the spectrum allocation, the modulation techniques, and the

transmit power are jointly derived. Moreover, we proposed a strategic spectrum

allocation principle for the multi-user network, to intelligently allocate the center

spectrum of the spectral windows to the long- distance users first, and then the side

spectrum to the short-distance users. This principle is evaluated to effectively im-

prove the spectrum utilization and enables multiple ultra-high-speed links in the THz

band networks.

• In Chapter 6, we developed a 3-D end-to-end model in the THz band, which in-

cludes the responses of the graphene-based reflectarray antenna and the 3-D multi-

path channel. In particular, we investigated the architecture of a graphene-based

reflectarray antenna and modeled the 3-D radiation pattern. Moreover, we devel-

oped the 3-D multi-path channel model based on ray tracing techniques. Using the

developed model, we present an in-depth analysis on the 3-D channel characteristics

and the influence of directivity from graphene-based reflectarray antennas in the THz
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band. In particular, we thoroughly characterize the antenna gain and the beamwidth,

the delay spread and the coherence bandwidth, the 3-D angular spread, the wideband

channel capacity, and the beam misalignment influence.

The provided physical layer analysis in this thesis lays out the foundation for reliable and

efficient ultra-high-speed wireless communications in the THz band.
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