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Abstract 

Terahertz (THz)-band (0.1-10 THz) communication is envisioned as a key wireless technology of the 

next decade, able to support wireless Terabit-per-second links in 6G systems. THz communication 

exhibits an extremely large bandwidth (tens to hundreds of GHz) at the cost of a very high path 

loss (> 100 dB for distances beyond a few meters) . Therefore, highly directional antennas (DAs) are 

needed simultaneously in transmission and reception all the time to establish reliable communication 

links. The application of highly DAs introduces new challenges when moving up in the protocol 

stack. In this thesis, new protocols for ultra-broadband networks in the THz band are presented, 

by following a bottom up approach (from data link layer to network layer). First , an open source 

network simulation platform for THz communication networks, TeraSim, is introduced. Second , 

a link-layer synchronization and medium access control (MAC) protocol for very-high-speed THz 

wireless communication networks is presented. Third, a time-efficient neighbor discovery protocol for 

THz-band communication networks is introduced. The fundamental idea in the protocol is to expedite 

the neighbor discovery process by leveraging the full antenna radiation pattern. Then , multi-hop 

relaying strategy for THz-band communication networks is introduced to study the relaying distance 

that maximizes the network throughput by considering cross-layer effects. Finally, an adaptive 

routing protocol for highly dynamic buffer-limited directional terahertz communication networks is 

presented. 

Xll 



CHAPTER 1 

Introduction 

Over the last decade, wireless data traffic has drastically increased due to a change in the way today's 

society creates, shares and consumes information. More specifically, the global wireless mobile data 

traffic has grown 18-fold over the past 5 years [l]. The fast growth of data traffic was mainly caused 

by the usage of wireless devices, especially, smart devices . It is estimated that, the wireless mobile 

data traffic will be seven times greater by 2021 than today. This change has been accompanied by 

an increasing demand for higher speed wireless communication anywhere, anytime. Following this 

trend, wireless multi-Gigabit-per-second (Gbps) and Terabit-per-second (Tbps) links are expected to 

become a reality within the next five years . 

In this context, ternhertz-band (0.1 to 10 THz)1 communication is envisioned as a potential 

wireless technology to satisfy the need for much higher wireless data rates [2-5]. This frequency band, 

which lies in between millimeter waves and the far infrared , is still one of the least explored regions 

in the electromagnetic (EM) spectrum. 

1.1 Applications of THz Communication 

A plethora of novel applications are allowed by THz-band communication [4], which can be classified 

into two different application scenarios. One of the application scenarios is named as macroscale 

1 There a re multiple terms to refer to the THz band, including Tremendously High F'requencies, sub-millimeter 
waves and Extreme Far Infrared, with start frequencies as low as 100 GHz and as high as 10 THz. We adopt this 
broader definition. 
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1.1 Applications of THz Communication 

scenario , in which the communication distance is usually longer than one meter. Comparatively, the 

scenario where the communication link is shorter than one meter is known as the nanoscale scenario . 

1.1.1 Macroscale Scenario 

The related applications in macroscale scenario include the terabit wireless personal area networks, 

see Fig. 1.la, terabit small cells/wi-fi , see Fig. 1.lb, and secure ultra-broadband ultra narrow-beam 

communication links in the military and defense fields , see Fig. 1.lc. 

1.1.2 Nanoscale Scenario 

For the nanoscale scenario, the corresponding applications include the inter-core communication in 

wireless on-chip networks, see Fig. 1.ld, the Internet of Nano-Things (IoNT), see Fig. 1.le, nuclear , 

biological and chemical defenses and health monitoring for nanoscale networks. 

For many decades, the lack of compact high-power signal sources and high-sensitivity detectors 

able to work at room temperature has hampered the use of the THz band for any application beyond 

sensing. However , many recent advancements with several device technologies are finally closing 

the so-called THz gap , shown in Fig. 1.2. In an electronic approach, the limits of standard silicon 

CMOS technology [6] , silicon-germanium Bi CMOS technology [7], III-V semiconductor HEMT [8], 

mHEMT [9], HBT [10], and Schottky diode [ll] technologies are being pushed to reach t he 1THz 

mark. In a photonics approach, uni-traveling carrier photodiodes [12], photoconductive antennas [13], 

optical downconversion systems [14] and quantum cascade lasers [15] are being investigated for 

high-power THz systems. More recently, t he use of nanomaterials such as graphene is enabling 

the development of novel plasmonic devices for THz communications [16, 17]. These devices are 

intrinsically small , efficiently operate at THz frequencies , and can support very large modulation 

bandwidths. 

The THz band provides wireless communication devices with an unprecedentedly large bandwidth, 

ranging from several tens of GHz up to a few THz [18 , 19]. The main phenomenon affecting the 

propagation of THz-band signals is the absorption by water vapor molecules . For communication 

distances below one meter ( nanoscale scenario) , the THz band behaves as a single transmission 

window several THz wide. In contrast, for dist ances beyond a few met ers (macroscale scenario) , 

molecular absorption defines multiple transmission windows, each of them tens or hundreds of GHz 

2 



1.1 Applications of THz Communication 

Multi-hop 
THz Link 

(a) Terabit Wireless Personal Area Networks (b) Terabit Small Cells/WiFi 

(c) Secure Ultra-broadband Ultra-narrow-beam 
Links 

o Nano-node 
6 Nano-conl.oi1er 
I] Nano-to-niao lnlerface 

Wearable/
Personal 
Electronic ~ - -'1,..-::;::"l"" ~;~~~~~i~b:sdy
Devices 

Other 
Nano-Things 

(d) Massive Wireless Network On Chip ( e) Internet of Nano-Things (IoNT) 

Figure 1.1: Applications in THz communication networks 
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1.1 Applications of THz Communication 

(a) NASA JPL Front-ends at 240 GHz 

(b) VDI Front-ends at 1 THz 

(c) UB Designed P lasmonic Nano-front-end at 1 THz 

Figure 1.2: THz transceivers and antennas 

wide, see Fig. 1.3. In both cases, physical-layer data-rates on the order of hundreds of Gbps and few 

Tbps have already been demonstrated , even with low-complexity modulations [20]. 
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1.2 Research Objectives and Solutions 
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W1 0.41 65.61 0.24 105.02 W7 1.3 38.15 4.46 121.39 
W2 0.49 86.21 0.46 106.86 Ws 1.35 51.12 4.21 119.41 
W3 0.66 152 .59 0.85 109.76 Wg 1.49 91.55 4.34 120.47 
W4 0.84 141.91 1.10 112.07 W 10 1.56 28.99 5.84 122.37 
W5 0.94 47.3 1.61 113.62 W u 1.83 25.18 12.31 130.03 
W6 1.03 57.98 3.05 115.85 W 12 1.98 56.46 8.30 126.69 

Figure 1.3: Frequency-selective Terahertz channel 

1.2 Research Objectives and Solutions 

In this thesis, the protocol stack design from data link layer up to network layer is provided for THz 

communication networks. 

1.2.1 Network Simulator for THz Communication Networks 

We present TeraSim [21], the first simulation platform for THz communication networks which 

captures the capabilities of THz devices and the peculiarities of the THz channel, and which 

implements recently proposed Medium Access Control (MAC) and Physical (PHY) layer solutions 

tailored to both nanoscale and macroscale THz scenarios. More specifically, in terms of channel, we 

have developed a common channel module that implements the frequency selective channel model 

introduced in [18]. At the PHY and MAC layers, two parallel set of modules for nanoscale and 

macroscale scenarios have been developed [20, 22]. In relation to the capabilities of THz devices, 

we have implemented an energy harvesting model and a THz directional antenna model. We have 

thoroughly validated the functionalities of the models by comparing the simulation outputs to the 

analytical and numerical results available in the literature. TeraSim is built as an extension for ns-3, 

which is one of the most widely used teaching and education network simulation software. TeraSim is 

designed in a way that it can be incorporated in ns-3 base without any modification to the existing 

packages. Ultimately, our goal is to provide a starting point for the networking research community 
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1.2 Research Objectives and Solutions 

to both develop new solutions for THz networks and contribute to the development of the simulation 

platform. 

1.2.2 Medium Access Control Protocol for THz Communication 

Due to the low transmission power of THz transceivers (from tens of µW [23] to tens of mW [24]) 

and the high path-loss at THz-band frequencies, highly directional antennas (DAs) are needed 

simultaneously in both transmission and reception all the time to establish wireless links beyond 

one meter. However , directional communication requires tight synchronization between transmitter 

and receiver to overcome the deafness problem [25-27]. To overcome this limitation, we develop a 

synchronization and MAC protocol for very-high-speed wireless communication networks in the THz 

band . The protocol relies on a receiver-initiated handshake as a way to guarantee synchronization 

between transmitter and receiver. We analytically investigate the performance of the proposed MAC 

protocol in terms of delay, throughput and successful packet transmission probability, and compare it 

to that of an adapted Carrier Sense Multiple Access with Collision Avoidance (CSMA/CA) protocol 

with and without handshake. Finally, we implement the proposed protocol and the necessary THz 

models (channel, carrier-based and pulse-based physical layers , turning antenna and energy harvesting 

system) in ns-3 with using TeraSim, which is published in [28]. Then, we provide extensive simulation 

results to validate the performance of our solut ion. 

1.2.3 Neighbor Discovery Protocol for THz Communication 

A time-efficient neighbor discovery protocol for the highly directional THz-band communication 

networks is provided. We consider that, during neighbor discovery process, all nodes turn their 

DAs in discrete steps, among which transmitters periodically announce their presences and receivers 

constantly sense the coming signals. We suggest to leverage the full antenna radiation pattern with 

side-lobes to expedite the neighbor discovery process. More specifically, we map the effectively 

received signals to the universal detection standard , based on which, we prompt ly locate a specific 

neighbor. In [29], we analytically and numerically show that , in free space, the neighbor discovering 

latency can be significantly reduced by utilizing our proposed protocol. We further test and validate 

the proposed neighbor discovery protocol by utilizing X60 testbed, which is a software-defined-based 

testbed for broadband wireless communication networks at 60 GHz. We also analyze the feasibility of 

6 



1.2 Research Objectives and Solutions 

the proposed protocol in a bounded space, e.g., a square room, where reflection is taken into account . 

1.2.4 Relaying Strategy for Multi- hop THz Communication Links 

In addition to relying on DAs in transmission and reception, multi-hop relaying will be required to 

cover meaningful end-to-end (E2E) distances. We study the impact of relaying on the performance 

of THz-band communication networks. More specifically, we are interested in finding the optimal 

relaying distance that maximizes the E2E throughput . To perform this study, we develop a quasi

birth-death (QBD) Markov process model that captures the capabilities and the behavior of a node 

in THz communication networks. The cross-layer peculiarities of the THz-band communication 

networks are taken into account in this QBD model, which includes the channel, the antenna, the 

buffer capacity and the physical, link and network layers . 

1.2.5 Routing Protocol for Highly Directional and Buffer Limited 

THz Communication Networks 

The best routing path in THz-band communication networks dynamically changes since the directional 

communication links between neighbors are periodically on and off, as determined by the DAs' current 

directions. As a result , no consistent paths between neighbor pairs exist. Other than this , the limited 

memory or buffer size is an other severe problem since the "best " relay may not be available shortly. 

To solve this problem , we propose an adaptive routing protocol based on Q-learning algorithm to 

capture the realtime peculiarities of THz communication networks. More specifically, the unique 

characteristics are introduced by the expected very high traffic load in ultra-broad band THz networks 

and the equally high latency as a consequence of directional network. Thus, we design the rewards 

from the perspective of the DAs facing time priority and the traffic status on each link. For the 

time reward design , we consider the waiting time of next facing for the node pair on the link. For 

link reward design, we consider both buffer occupancy rate of the neighboring node and traffic load 

condition on the link, including collision, arrival, forwarding, deflection and reflection (packet is 

reflected when next relay is unavailable). Besides, a dual reinforcement mechanism is utilized to 

achieve faster adaptivity in the highly dynamic network. Moreover, nodes should keep the relayed 

packets moving fast to avoid blockage. Thus, other than the "optimal" relay that has the highest 

priority, several backup relays that have lower priorities can also be the next choice. Then , we 
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1.2 Research Objectives and Solutions 

describe the simulation framework based on the proposed routing protocol. In the end , we verify 

the performance improvement of the proposed rout ing protocol with extensive MATLAB simulation 

results , which we also benchmark against t he shortest path rout ing protocol. 
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CHAPTER 2 

TeraSim: An ns-3 Extension to Simulate 

Terahertz-band Communication Networks 

2.1 Motivation 

In parallel to the development of experimental testbeds [30-33], simulation tools are needed to 

expedite the development , validation and refinement of the communication and networking solutions. 

In this direction, a few simulation platforms have been developed to date for THz-band communication 

networks. For example in [34], the authors developed Nano-Sim, an ns-3 extension to simulate 

electromagnetic nanoscale communication networks in the THz band. However , Nano-Sim implements 

only the nanoscale scenario of the THz band communication and uses a simplified channel model that 

uses the nano-node transmission range as its single parameter. In addition , it does not capture the 

energy harvesting requirements of nano-devices. In [35], the authors developed a THz propagation 

model for ns-3 at frequencies up to 2 THz. Although this propagation model provides accurate THz 

path loss for a single frequency, it does not take into account the fact that a real signal consists of a 

band of frequencies. In addition, this is not a complete network simulator in the sense that it does 

not implement any PHY layer or MAC layer. To the best of our knowledge, there is no complete 

simulation platform for THz communication networks. 

We present TeraSim [21], the first simulation platform for THz communication networks which 

captures the capabilities of THz devices and the peculiarities of the THz channel, and which 
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2.2 TeraSim : Structure Overview 

implements recently proposed MAC and PHY layer solutions tailored to both nanoscale and macroscale 

THz scenarios. More specifically, in terms of channel, we have developed a common channel module 

that implements the frequency selective channel model introduced in [18]. At the PHY and MAC 

layers, two parallel set of modules for nanoscale and macroscale scenarios have been developed [20 ,22]. 

In relation to the capabilities of THz devices, we have implemented an energy harvesting model and 

a THz directional antenna model. We have thoroughly validated the functionalities of the models by 

comparing the simulation outputs to the analytical and numerical results available in the literature. 

TeraSim is built as an extension for ns-3, which is one of the most widely used teaching and education 

network simulation software. Also, ns-3 has a rich collection of existing source code that can be 

reused for minimizing the efforts in building a new simulator . TeraSim is designed in a way that 

it can be incorporated in ns-3 base without any modification to the existing packages. Ultimately, 

our goal is to provide a starting point for the networking research community to both develop new 

solutions for THz networks and contribute to the development of the simulation platform . 

2.2 TeraSim: Structure Overview 

The way in which TeraSim has been structured is motivated by the physics of the THz band and 

the envisioned application scenarios. In particular , the THz band provides wireless communication 

devices with an unprecedentedly large bandwidth, ranging from several tens of GHz up to a few THz. 

The main phenomena affecting the propagation of THz-band signals are the spreading loss and the 

absorption loss due to water vapor molecules [18]. The molecular absorption peaks widen up with 

the increasing transmission distance and consequently shrink the available bandwidth. Considering 

this phenomenon, THz-band communication can be categorized into two scenarios: 

• Nanoscale scenario: Over short distances, usually below 1 m, the THz band can be considered 

a single transmission window, almost 10 THz wide. In this scenario , impulse-radio type 

communications based on the transmission of femtosecond-long pulses has been proposed [20] . 

As the path loss is very small at this short distance, nodes can rely on omnidirectional antennas 

to communicate. However , due to the very small size of the nano-devices, they might need to 

harvest energy from the environment to operate over extended periods of time [36]. 

• Macroscale scenario: For longer distances, molecular absoprtion divides the THz band in to 

multiple transmission windows, tens of GHz wide each. In this scenario , the transmission of 

10 



2.2 TeraSim: Structure Overview 

Net Devi ce 

THzDi recti ona l Antenna I, . THzNetDevi ce THzEnergyMode l 

~-~~ ---------,....-~ 

THzMac 
(Nano/Macro) 

THzSpectrumVa l ueFactory THzPhy Node
(Nano/Macro) 

THzSpectrumPropagat i onLoss THzChannel 

Figure 2.1: TeraSim block diagram. 

ultra-broadband pulses is no longer the preferred opt ion, but, instead, power should be fo cused 

in the different windows by utilizing (multi) carrier modulations [37]. A highly directional 

antenna or beamforming antenna array is needed to overcome the severe path loss in this 

scenario. Energy harvesting might not be required. 

Motivated by this observation, the structure of TeraSim is divided in the following way: 

• TeraSim implements one common channel module for the upper layer protocols both for 

nanoscale and macroscale application scenarios. 

• TeraSim implements different physical layers t ailored to nano and macro scenarios, namely, 

pulse-based communications for the nanoscale scenario and cont inuous-wave for the macroscale 

scenario. 

• At the link layer , TeraSim implements two well-known MAC protocols, namely, ALOHA and 

CSMA, both tailored to leverage the peculiarities of the different physical layers. 

• Finally, TeraSim implements some assisting modules t hat capture the device peculiarities, 
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2.3 TeraSim : Common Modules 

including the directional antenna module and energy harvest ing module to be used mainly for 

macroscale and nanoscale scenario respectively. However , these modules can be used for either 

scenario with minor adaptation at the MAC layer. 

In Figure 2.1 , we illustrate the structure of TeraSim and its relat ion with the existing ns-3 code 

base. A THz-band communicat ion network consist s of ns-3 Node objects . Each Node can have 

one or more THzNetDevi ce objects that are derived from ns-3 NetDevi ce class . Similar to an NIC 

(Network Interface Card) implementing PHY and MAC protocol, THzNetDevi ce has pointers to 

THzMAC and THzPhy objects . THzMAC and THzPhy can be subclassed to create new MAC and PHY 

layer solutions. THzPhy uses THzSpectrumValueFactory to generate pulse for nanoscale scenario and 

and carrier waveform for macroscale scenario . In addit ion, a Node uses THzNetDevi ce to communicate 

to another Node through THzChannel. THzChannel uses THzSpectrumPropagationLoss to calculate 

both spreading loss and absorption loss of different frequency bands. In order to accurately reproduce 

the real life behavior of energy harvesting system for nanonetwork, a THzEnergyModel is aggregated 

to each Node . THzNetDevice controls the THzDirectionalAntenna, which can be also configured to 

work as an omnidirectional antenna (e.g., for nanoscale scenarios) . In the following discussion, we 

first present the modules that are common to both macroscale and nanoscale scenarios. Then we 

present t he modules that are designed specifically for each of the scenarios. 

2.3 TeraSim: Common Modules 

2.3.1 Terahertz Net Device Module 

THzNetDevi ce is derived from the base class NetDevi ce provided by ns-3 to create new MAC 

protocols . It performs as the joint point which connect s the THzChannel module, THzPhy module, 

THzMac module and the assistant modules such as the THzDirectionalAntenna and THzEnergyModel 

together. 

2.3.2 Terahertz Channel Module 

The funct ion of THzChannel module is to provide a general THz band channel that can be used by 

any future upper layer protocol design . It considers both the omnidirectional antenna and directional 

antenna cases to provide necessary funct ionality of the nanoscale and macroscale scenario respectively. 
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One of the novelt ies of our channel module is that it takes into account waveforms with realistic 

bandwidth and applies the frequency selective propagation behavior of the THz channel. When the 

waveform generated by THzSpectrumValueFactory is passed down to the channel, THzChannel first 

obtains the antenna gains of the transmitter and receiver from the THzDirectionalAntenna module 

accounting for the directions of the beams at that moment. Then it passes the waveform, total antenna 

gain and the mobility model to THzSpectrumPropagationLoss which applies the frequency and 

distance dependent spreading and absorption loss to the waveform. THzSpectrumPropagationLoss 

then calculates the received power by integrating over the received signal power spectral density 

(p.s.d.) . THzChannel then passes the packet along with the received power to the physical layers of 

all the receivers to simulate the wireless broadcast channel. THzChannel module allows the users to 

set some attributes of the channel such as noise floor (i .e., detection threshold). 

In the macroscale scenario, the sender antenna and receiver antenna perform differently during 

communication, specifically transmitter antenna always points the beam towards the receiver while the 

receiver antenna periodically sweeps the entire area to avoid the deafness problem. The THzChannel 

module is designed to be able to distinguish the identity of the transceiver (i.e., directional for 

macroscale and omnidirectional for nanoscale) so that it can feedback the correct antenna gain to 

the calculation of the received signal power. 

2.3.3 Terahertz Spectrum Waveform Module 

For the reason that the molecular absorption loss is frequency dependent in the THz band , 

THzSpectrumValueFactory creates a THz spectrum waveform using SpectrumModel class provided 

by the ns-3 source. The use of SpectrumModel enables the absorption loss calculation from one 

sub-band to another within the THz band. 

THzSpectrumValueFactory module lets the user set the number of samples as attribute. The 

ability to sample the frequency band helps to see the tradeoff between speed and accuracy of the 

results . For the macroscale scenario , the THzSpectrumValueFactory module lets the user select the 

preferred frequency window as well by specifying the central frequency and the 3 dB bandwidth of this 

window. After the frequency sub-bands are designed, the transmitted signal power is masked in these 

bands to generate the transmitted signal p.s.d. , which is used by the THzChannel , more specifically 

by the THzSpectrumPropagationLoss module, to calculate the spreading loss and absorption for 
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each sub-band. 

2.3.4 Terahertz Directional Antenna Module 

We develop the THzDirectionalAntenna module based on CosineAntennaModule , which is provided 

in the ns-3 platform. The antenna gain of the cosine model is determined as [38]: 

g (</>, 0) = cosa </>- - - </>o )", (2 .1)( 2 

where 0 refers to the inclination angle, ¢0 is the azimuthal orientation of the antenna and the exponent 

a determines the desired 3 dB beamwidth ¢3ctB, which can be calculated as: 

3 
a= - " (2 .2) 

20 log10 ( cos 1'3tB )· 

In our design, we extend the cosine antenna model with the ability of turning. Along with 

specifying the turning/non-turning property of a directional antenna, we can also set other attribute 

parameters such as the turning speed, initial angle, maximum gain and beamwidth. Note that 

THzDirectionalAntenna can be used as omnidirectional antenna by setting the beamwidth to 360° 

and the maximum gain to 0 dB . The design of directional antenna parameters will not be introduced 

in t his paper. In the end, the antenna gain of both transmitter and receiver will be fed back to the 

channel when the THzChannel calls as illustrated before. 

2.3.5 Terahertz Spectrum Propagation Loss Module 

The propagation of electromagnetic waves at THz-band frequencies is mainly affected by molecular 

absorption, which results in both molecular absorption loss and molecular absorption noise. In 

particular , based on the THz-band channel model introduced in [18], the signal power at a distance 

d from the t ransmitter , Pr is given by: 

(2 .3) 

14 



2.3 TeraSim : Common Modules 

where St is the single-sided p .s.d. of the transmitted signal, B stands for its bandwidth and f refers 

to frequency. He refers to the THz channel frequency response, which is given by: 

H (f d) = r__!':_) (~ k abs (f) d)"' (2.4)
c ' \ 41rfd exp 2 ' 

where c refers to the speed of light and kabs is the molecular absorption coefficient of the medium. 

This parameter depends on the molecular composition of the transmission medium, i.e., the type and 

concent ration of molecules found in the channel and is computed as in [18]. Gt and Gr refer to the 

gain of transmitter antenna and receiver antenna respectively. Similarly, the molecular absorption 

noise power Nr at a distance d from the transmitter , which can be modeled as additive, Gaussian , 

colored and correlated to the transmitted signal [20], is given by: 

(2.5) 

where it is taken into account that the total molecular absorption noise is contributed by the 

background atmospheric noise p .s .d. , SNB and the self-induced noise p .s.d., SN1, and are computed 

as described in [20] . Hr refers to the receiver frequency response. As of now, we have not implemented 

the molecular absorption noise as it is relatively low compared to the electronic thermal noise which 

we capture as noise floor . 

In the THzSpectrumPropagationLoss module, the medium absorption coefficient k abs is a fre

quency adaptive value and is calcula ted from data_AbsCoe. txt file which list s molecular absorp

tion coefficient for the THz band based on the HITRAN (Hlgh resolution TRANsmission mole

cular absorption dat abase) database and the channel model in [18]. Therefore, the module can 

directly call the medium absorption coefficient of the corresponding frequency sub-band. Also 

THzSpectrumPropagationLoss obtains the distance between the sender and the receiver from the 

mobility models of the sender and the receiver. In this module, we compute the path loss and apply 

it to transmitted signal p.s.d. on each sub-band to obtain received signal p.s .d. Then we integrate 

the received signal p.s .d over the signal bandwidth to obtain the received signal power. 

15 



2.4 TeraSim : Macroscale Scenario Modules 

2.4 TeraSim: Macroscale Scenario Modules 

2.4.1 Terahertz PHY Macro Module 

In the macroscale scenario , where we do not have energy limitation, nodes can use traditional carrier 

waveform based signals to send information. We consider that nodes t ransmit a convent ional carrier 

modulated signal over a 100 GHz-wide transmission window at the central frequency of 1.05 THz. This 

is done to overcome the very high molecular absorption loss over long distances [18] . The modulated 

signal p.s.d is constructed at the beginning of the simulation with the THzSpectrumValueFactory 

module. 

Here, we mainly consider the time duration of a packet being propagated in the THz channel and 

check if the receiver is able to receive the signal with enough power strength by comparing with the 

signal-to-interference-plus-noise ratio (SINR) threshold. 

2.4.2 Terahertz MAC Macro Module 

For the macroscale scenario, the nodes are capable to switch between transmission mode and receiving 

mode. THzMacMacro module controls these operation modes by setting the corresponding attribute 

defined in THzDirectionalAntenna module. When a node is in transmission mode, it points the 

beam towards the intended receiver. On the other hand, a node in receiving mode keeps turning the 

beam to sweep the entire area to meet the potential transmitters . We apply the NAV mechanism 

in THzMacMacro module. For both 0-way handshake and 2-way handshake cases, in which the 

communication starts with a data or RTS packet respectively, the header of each packet has a 

duration field that declares the needed transmission duration of this packet. Nodes listen to the 

wireless medium and set their NAV based on the duration field information they read from the header 

of any received packet , and defer accessing channel for that duration. The carrier-sense indication 

will be marked as "idle" if the NAV counts down to zero or if there is no one occupying the medium 

at all . The transmission starts when nodes sense the "idle" channel. 
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2.5 TeraSim: Packet Flow 

Having described how each module is designed and implemented , we illustrate next t he flow of a 

packet through the protocol st ack to provide t he reader a holistic view of t he simulator. In Figure 2.2, 

we illust rate a diagram of the packet flow through the protocol stack of our simulator. As can be seen 

from the figure, A node in our simulator has all layers of a classical wireless network protocol stack. 

For the t ransport and network layers, we use the ns-3 provided TCP and IP protocol respectively, 

which ensures tha t any future protocols for these layers can be added easily to our simulator. 

Send() Fo rwardUp () 

THzNetDevice 

m_mac - >Enqueue() Fo r wardUp () 

THzMac 

m_phy- >SendPacket() ReceiveFrame () 

m_ channel - >Send() m_ phyList[i] 
- >StartReceivePacket() 

THzChannel 

Figure 2.2: Packet flow through TeraSim protocol stack. 

For packet generation, we build our application modules t hat generate packets using t he Poisson 

distribution. The packet length and the mean inter-arrival t ime of packets can be adjusted by t he user 

a t configuration time. This packet is then passed to the transport layer using standard UDP socket 

provided by ns-3. After all t he processings in t he t ransport layer and network layer are finished , t he 

packet is passed to t he THzNetDevice which calls t he Enqueue() method of the corresponding MAC 

protocol. Enqueue() method creates a dat a structure of t he packet information that includes the 

packet, enqueue t ime, the destination, sequence number among others and adds it to t he list of data 

structures of ongoing transmissions. This information is used to calculate the t hroughput of a packet 

when an acknowledgement is received. Depending on the application scenario, t he THzMac may pass 

t he packet to THzPhy if it has enough energy (by calling CheckResources () method in nanoscale 

17 



2.6 TeraSim : Model Testing and Validation 

scenario) or if the channel is available (in macroscale scenario where carrier based communication is 

available). If there is enough resource available ( energy for nanoscale and channel for macroscale) in 

the respective scenario , MAC layer may behave in two different ways depending on the protocols 

implemented . For the 0-way handshake protocol, MAC layer directly passes the data packet to the 

PHY layer , while for the 2-way handshake protocol, the MAC layer first checks the availability of 

the receiver by an RTS/ CTS handshake. In the nanoscale scenario , the receiver is available if it has 

sufficient energy to receive the packet whereas in macroscale scenario , if the receiver directional beam 

is facing the transmitter. The packets are passed to the PHY layer by calling SendPacket () method 

of THzPhy. 

THzPhy creates its own data structure for the packet and adds it to the list of ongoing transmissions. 

If a new transmission or reception comes while a transmission is going on, THzPhy will use the 

information to interleave in nanoscale scenario and check for collision in both of the scenarios. Then 

the packet is passed to the THzChannel by calling the SendPacket () method of the channel through 

the handle (pointer to THzChannel) . 

The channel then calculates the received power for every other node connected to it and schedules 

ReceivePacket () of the THzChannel after the corresponding propagation t ime. The RecivePacket () 

method of the channel invokes the RecivePacket () method of the THzPhy using the pointer to it. 

After the packet t ransmission time, the RecivePacket () method of t he THzChannel schedules the 

ReceivePacketDoneO method, which in turn invokes the ReceivePacketDoneO method of the 

corresponding PHY layer. The ReceivePacket () method of the THzPhy checks for the collision 

and calculat es the SINR every time there is a new interfering signal. Then it marks the packet as 

collided if the SINR value is less than the threshold , otherwise it marks the packet as not collided. 

The ReceivePacketDone () of the PHY then checks the completely received packet to see if it was 

collided i.e., the SINR was less than the threshold at some point during reception. If it did collide, 

the packet is dropped. Otherwise, the packet is passed to the MAC layer. The MAC layer first 

checks if it is the intended receiver of the packet by looking into the destination address . If it is the 

intended receiver and the packet is received correct ly, The MAC layer schedules an ACK packet for 

the corresponding source node and passes the packet to t he upper layer. 
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Figure 2.3: Path loss as a function of frequency and dist ance. 

2.6 TeraSim: Model Testing and Validation 

In this section, we validate our TeraSim by comparing the values of different parameters generated 

by TeraSim simulation with those produced by analytical models. Specifically, we have compared 

important parameters like path loss, channel behavior , received power , directional antenna gain and 

MAC protocol performance among others. 

2.6.1 Path Loss 

Path loss is the most important part of the THz channel as it has molecular absorption loss in 

addition to the regular spreading loss. We created a separate script to produce the path loss plot from 

TeraSim channel module. The path loss generated by TeraSim is shown as a function of frequency 

and distance in Figure 2.3. As can be seen from the figure, the path loss generated over the THz band 

by our channel matches the THz channel model developed in [18]. Indeed, the molecular absorption 

loss is significant beyond one meter and defines multiple windows several gigahertz wide. 

2.6.2 Signaling, Antenna Gain and Received Power 

For the PHY layer , the p.s.d. of transmitted signal for macroscale scenario is shown in Figure 2.4a . 

A 100 GHz bandwidth window with the central frequency of 1.05 THz was chosen to mask the 

t ransmitted signal. We made this choice since this is the first absorption defined transmission window 

above 1 THz. The corresponding received signal p.s.d. at a distance of 10 m with an antenna gain of 

17.27 dB is depicted in Figure 2.4b . In this case, we do not see the effects of absorption peaks as the 
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Figure 2.4: Power spectral density of macroscale signal generated by TeraSim. 
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bandwidth was selected as 3 dB window. In Figure 2.5, the radiation pattern of TeraSim directional 

antenna module is shown as a function of azimuth angle. The figure proves that our directional 

antenna can indeed provide high directivity. In our design, the maximum antenna gain is 17.3 dB 

per transceiver antenna with antenna 3 dB beamwidth of 27.7°. 
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Figure 2.5: Directional antenna pattern. 

The received signal strength for the specific signaling used is also compared to that produced by 

MATLAB simulation to validate the TeraSim simulator. In Table 2.1 , the received signal strength 

for macroscale scenario is shown for a transmission power of -20 dBm and with the test condition 

that transmitter and receiver antennas are facing each other. As can be seen from the table, the 

TeraSim results are very close to the MATLAB simulation results. The little difference is caused by 

the dynamic 3 dB bandwidth used in MATLAB, while a fixed bandwidth has been used in the ns-3 

module. 

Table 2.1: Results comparison (TeraSim vs. Matlab) for macroscale scenario 

Distance[m] 1 5 10 15 20 

MATLAB Prx [dB] 
PRx[dB] 

-50 
-108.65 

-50 
-123.31 

-50 
-130.04 

-50 
-134.25 

-50 
-137.39 

ns-3 Prx[dB] 
PRx[dB] 

-50 
-108.47 

-50 
-122.43 

-50 
-128.46 

-50 
-131.98 

-50 
-134.48 

An important point to note here is that the received signal power shown here does not incorporate 

any interference from the neighboring nodes. 
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2.6.3 MAC Protocol 
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Figure 2.6: Performance of MAC protocols in macroscale centralized scenario. 

As an example use case, we have implemented slight ly modified versions of two popula r MAC 

protocols namely, 0-way and 2-way handshake. We place t he nodes uniformly in a circular disc 

of radius 10 m and 0.01 m for macroscale and nanoscale scenario respectively. To illust rate the 

performance of t he MAC protocols, we show t he impact of t he node density on t he t hroughput and 

the packet discarding rate with fixed packet generat ion rate . The packet generat ion follows the 

Possion distribut ion wit h rate in unit of packets/second. 

For the macroscale scenario , the a ttributes of THz directional antenna need to be set up. The 

direct iona l antenna gain and the beamwidth are set as described in Section 2.6.2 and the antenna 

turning speed at the receiver node is set as 91032 .04 cycles per second [22]. The nodes generate 

packet s of length 15000 bytes with the mean value of inter-packet interval as 22 µ s. As shown in 

Figure 2.6a , the packet discard probabilities of both 0-way and 2-way cases are extremely high . The 

main reason for this is that many retransmission attempts are wasted when t he receiver is not facing 
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the transmitter. As the cost of very high discard probability, the achieved throughput is also affected . 

In Figure 2.6b, the throughput is illustrated as a function of node density. With increasing node 

density, more collisions occur which leads to decreasing throughput. Also, the 2-way case performs 

better than the 0-way case for the reason that it 's much faster to process ret ransmissions of RTS 

other than DATA, meaning it 's easier for the 2-way case to dump redundant packets from the buffer 

when the receiver is not ready and thus reduce queueing delay for all the packets waiting in queue. 

The performances of the MAC protocols described above match with the analytical results presented 

in [22]. 

2. 7 Conclusions 

In this section, we have presented TeraSim, the first comprehensive THz band communication 

network simulator that captures the peculiarities of the frequency selective THz band channel 

and the capabilities of the THz devices, and implements recently proposed communication and 

networking solutions. The simulator implements the det ailed frequency dependent behavior of the 

THz band channel accounting for molecular absorption loss and spreading loss. In addition, TeraSim 

incorporates separate physical layers t ailored to the two application scenarios, namely, nanoscale 

and macroscale scenarios. Finally, to show the use cases, TeraSim implements two popular MAC 

protocols that have been adapted to both of the aforementioned scenarios. Along with the details of 

ns-3 implementations, we have validat ed the functionalities of TeraSim by comparing the results 

from TeraSim with those generated from MATLAB simulation of analytical results . By contribut ing 

TeraSim to an open repository, we encourage the community to test and validate THz networking 

solutions with high modeling accuracy, without having to be heavily familiar with the channel physics 

and the physical layer. 
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CHAPTER 3 

A Link-layer Synchronization and Medium Access 

Control Protocol for Terahertz-band Communication 

Networks 

3.1 Motivation 

Thanks to the very large bandwidth a t THz frequency, THz devices do not need to aggressively 

contend for the channel. In addition, such very large bandwidth results in very high bit-rates and, 

consequently, very short transmission time, which further minimize the collision probability. However , 

due t o the low transmission power of THz transceivers (from t ens of micro Watts [23] to tens of 

milliWatts [24]) and the high path-loss at THz-band frequencies, highly directional antennas (DAs) 

are needed simultaneously in both transmission and reception all the time to establish wireless 

links beyond one meter. This is quite different with conventional communications, where the 

omni-directional antennas are applied in at least one side of the communication links to achieve 

synchronization and beamforming. 

While directional communication further decreases multi-user interference, it requires tight 

synchronization between transmitter and receiver to overcome the deafness problem [25-27] , which is 

introduced by directional listening and transmit ting, among which the signal strength at third party 

devices are too low to perform carrier sense. Moreover , the relatively long propagation delay when 

transmitting at Tbps over multi-meter-long links results in low channel utilization. 
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To overcome these limitations, we develop a synchronization and Medium Access Cont rol (MAC) 

protocol for very-high-speed wireless communication networks in the THz band. The protocol relies 

on a receiver-initiat ed handshake as a way to guarantee synchronization between transmitter and 

receiver. In addit ion, it incorporates a sliding window flow cont rol mechanism, which combined with 

the 1-way handshake, maximizes the channel ut ilization. 

We consider the macroscale scenario , in which nodes ut ilize high-speed rotating DAs to periodically 

sweep the space (the rotation of highly DAs can be achieved by either mechanically rotating a fixed 

pencil beam around the azimuth and elevation axis or by electronic beam steering with antenna 

arrays [39]) . We consider a t radit ional carrier-based modulation for physical layer. Besides, we 

consider two different network architectures , namely, a centralized network architecture with one 

access point, which always perform as receiver while all ot her nodes perform as transmitters; and 

an ad-hoc network architecture, where all nodes are equal and periodically switch between receiver 

mode and t ransmitter mode. 

We analytically investigat e the performance of the proposed MAC protocol in terms of delay, 

throughput and successful packet transmission probability, and compare it to that of an adapted 

Carrier Sense Multiple Access wit h Collision Avoidance (CSMA/ CA) protocol with and wit hout 

handshake. The adapted CSMA/ CA protocol takes into account the capabilit ies of the THz devices, 

i.e., the antenna's orientation. Finally, we implement in ns-3 [28] the proposed protocol and the 

necessary THz models ( channel, carrier-based and pulse-based physical layers, t urning antenna and 

energy harvesting system) , and provide ext ensive simulation results to validate t he performance of 

our solut ion. 

3.2 Related Work 

To the best of our knowledge, there are very few MAC protocols for THz-band communication. 

Millimeter wave (mmWave) communications, which range from 30 to 300 GHz and provide multi

Gbps communication services, are considered as the closest existing technologies t o THz-band 

communication, in terms of frequency. Three major types of MAC protocols have been widely applied 

in mmWave communication networks, which include CSMA/ CA-based protocols, Time Division 

Multiple Access (TDMA) -based prot ocols and hybrid prot ocols. In this section, we summarize the 

advantages and drawbacks of these protocols and discuss the feasibilit ies of implement ing these 
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protocols in THz-band communication networks . 

The drawbacks of TDMA-based protocols come from several aspects . First of all , for the centralized 

network architecture, the medium time for the bursty data traffic is often highly unpredictable. Thus, 

it is easy to under-flow allocate or over-flow allocate the medium time for each individual user. Besides, 

a huge number of control overheads are generated for the on-the-fly medium reservation, which, 

to some extent, defeat the original purpose of fast communication. Furthermore, it is challenging 

to implement a high-level computationally intensive and real-time executable access point (AP) or 

piconet coordinator (PNC) to schedule the burst traffic on a mobile device. Lastly, when it comes to 

the ad-hoc network architecture, it is even harder to achieve transmitter-receiver synchronization. 

Comparing with TDMA-based protocols, CSMA/CA-based protocols work well with bursty traffic 

for both centralized and ad-hoc network architectures . However, conventional CSMA/CA-based 

protocols cannot adapt to the directional communication networks due to the infeasible monitoring 

caused by the deafness problem . To overcome this issue, existing CSMA/CA-based protocols either 

utilize an omni-/quasi-omnidirectional to directional (0-to-D) antenna pairs to achieve beamforming 

and synchronization [26 , 40-42], or utilize directional to directional (D-to-D) antenna pairs with 

caching the location information of all neighbor nodes on each sending device [43], the synchronization 

is established after sending multiple DRTS frames. 

In addition to the deafness problem, the spatial interference is significantly reduced in the 

directional communication networks, thus, interference management or avoidance becomes a secondary 

consideration in MAC protocol design. For these reasons, the TDMA-based protocols, even suffering 

from the aforementioned drawbacks, are still widely used in the mmWave communication networks. 

However, the conventional TDMA protocol is very inefficient from the resource utilization point of 

view. Owing to the high degree of spatial diversity in mmWave communication networks , the time 

slots, which are used for data streaming in conventional TDMA protocol, can be further reused , i.e., 

one TDMA time slot can be occupied by several links which are determined to be not interfering 

each other. Thus, the spacial TDMA (STDMA)-based protocols [44] are proposed to improve the 

network efficiency. 

In order to optimize the scheduling scheme for the STDMA-based protocol, works have been done 

in two aspects, which include heuristics solutions [45], in which 0-to-D antenna pairs are utilized in 

the scheduling period; and analytical optimization solutions, within which the scheduling is achieved 

either by applying 0-to-D antenna pairs [46] or by implementing the bootstrapping program [47,48], 
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such that the AP knows the up-to-date network topology and the location information of other nodes. 

Based on the extensive literature review, all the STDMA-based protocols, except for the protocols 

with bootstrapping program, need to implement the CSMA/ CA protocols in the starting stage to 

achieve the synchronization, beamforming and scheduling, these implementations have also been 

presented in the corresponding IEEE standards. 

There are mainly two existing IEEE standards for mmWave communication on 60 GHz band, which 

include the IEEE802 .15.3c WPAN [49-52] and the IEEE802 .ll.ad WLAN [53, 54] . IEEE802 .11.ay [55 , 

56], as the enhancements of IEEE802 .ll.ad , is still under development . In all these standards, O-to-D 

antenna pairs are utilized in the scheduling period. In addition, hybrid MAC protocols are indicated 

in these standards. More specifically, in both IEEE802 .15.3c and IEEE802 .11 .ad , the CSMA/ CA 

protocol is mainly applied in the scheduling period , which is a contention-based access period. In 

contrast , the STDMA protocol is mainly utilized in the data exchanging period. Besides, polling is 

enabled for dynamic channel time allocation in IEEE802. l l.ad. 

However , the available solutions for lower-frequency systems cannot directly be utilized in a 

THz paradigm , mainly because they do not capture the peculiarities of the THz-band channel or 

the capabilities of THz devices. When it comes to the macroscale scenario , highly DAs are needed 

simultaneously in both transmission and reception sides all the time. Without implementation 

of O-to-D antenna pairs, the synchronization, scheduling and beamforming, again, become severe 

issues . Thus, the conventional CSMA/ CA-based or TDMA-based protocols are not applicable for 

the macroscale scenario . Besides, due to the low transmission power of THz transmitters and the 

very high path-loss in the THz-band channel, it is infeasible to further divide the t ransmission power 

into different directions in one time slot . Thus, STDMA-based protocols are not feasible in the 

macroscale scenario as well. In [57], the authors proposed an assisted beamforming MAC protocol 

for THz communication networks, which exploits both 2.4 GHz and THz-band communication. In 

particular , the synchronization is achieved by using omnidirectional antennas that operate in 2.4 

GHz channel, who supports much slower transmission speeds than that in THz band. 

When it comes to nano-networks, THz devices utilize omni-directional antennas . The application 

of omni-directional antennas removes the deafness problem caused by directional communication. 

However , the devices lose the benefits of applying spatial reuse. Moreover , the THz devices suffer 

severe limita tions in both memory and energy. Thus, the TDMA-based protocols , which either 

introduce a large number of control overheads or require a lot of memory to cache network information, 
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3.3 THz-band Communication System Model 

are not feasible in THz-band nano-networks. In [58], the authors proposed the PHLAME, the first 

MAC protocol for ad-hoc nanonetworks. In this protocol, nano-devices such as nanosensors are able 

to dynamically choose different physical layer paramet ers based on the channel conditions and the 

energy of the nano-devices. Similarly, in [59], the authors proposed a centralized MAC protocol , in 

which a nano-controller would determine the best communication parameters for the nano-devices. 

In both cases, a transmitter-initiated hand-shake was required , which would event ually result in a low 

channel utilization. In [60], a receiver-initiated MAC protocol for nanosensor networks was proposed . 

The developed protocol is based on a distributed scheduling scheme, which requires the nodes to 

perform a distributed edge coloring algorithm. However , due to the very limited computational 

resources of individual nano-devices, it seems more plausible to leverage the pulse-based physical 

layer to interleave users in time, rather than performing distributed scheduling algorithms [20]. 

3.3 THz-band Communication System Model 

In this section, we summarize t he main peculiarities of THz-band communication networks for the 

macroscale scenario. Starting from an accurat e THz-band channel model, we firstly formulate the 

Signal-to-Noise Ratio (SNR) , which is needed for the computation of the Bit Error Rate (BER) and 

Frame Error Rat e (FER) in both scenarios as well as for the calculation of the required antenna 

gain, G, and the resulting antenna beamwidth , 6.0 , in the macro-scenario. Then , we formulate the 

collision probability in the macroscale scenario , for which we introduce and analyze the impact of 

utilizing high-speed rotating THz DAs.Finally, we investigate both scenarios based on the Centralized 

Network Architecture and the Ad-hoc Network Architecture. 

3.3.1 Signal-to-noise Ratio 

The propagation of electromagnetic waves at THz-band frequencies is mainly affected by molecular 

absorption, which results in both molecular absorption loss and molecular absorption noise. In 

particular , based on the THz-band channel model introduced in [18], the signal power at a distance 

d from the transmitter , Pr is given by: 

(3.1) 
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where St is the single-sided p.s.d of the transmitted signal , B stands for its bandwidth and f refers 

to frequency. He refers to the THz-band channel frequency response, which is given by: 

H (f d) = r__!':_) (~ k abs (f) d)"' (3 .2)
c ' \ 41rfd exp 2 ' 

where c refers to the speed of light and kabs is the molecular absorption coefficient of the medium. kabs 

depends on the molecular composition of the transmission medium, i.e., the type and concentration of 

molecules found in the channel and is computed as in [18]. Gt and Gr refer to the gain of transmitter 

antenna and receiver antenna, respectively. 

Similarly, the molecular absorption noise power Nr at a distance d from the transmitter is modeled 

as additive, Gaussian , colored and correlated to the transmitted signal [61], which is given by: 

where it is taken into account that the p.s .d . of the total molecular absorption noise Nr is contributed 

by the background atmospheric noise p.s.d. , SNB and the self-induced noise p.s.d. , SNI , which are 

computed as described in [61]. In addition, Hr(!) refers to the receiver 's impulse response. 

The SNR at a distance d from the transmitter can be then obtained by dividing (3 .1) by (3 .3). 

3.3.2 Bit Error Rate and Frame Error Rate 

In this section, we derive the bit error rate (BER) and the frame error rate (FER) for the two 

aforementioned application scenarios according to their specific physical layers. In the macroscale 

scenario , i.e., for distances above a few meters, we consider that nodes transmit a conventional QPSK 

modulated signal with the central frequency of 1.0345 THz (first absorption-defined window above 1 

THz) . This transmission window has a 3 dB bandwidth of 74 GHz at distance of 10 m. 

For a given SNR, the BER, A , only depends on the modulation technique . Thus, the BER can 

be calculated as : 

(3.4) 

where Eb is the energy per bit and SN, is the total noise p .s.d. Eb / SN, represents a normalized SNR 
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3.3 THz-band Comm unication System Model 

measure and is calculated as: 

(3.5) 

where E s stands for the energy per symbol in joules, R s represents the symbol rate. Thus, the FER, 

Pp , can be expressed as: 

(3 .6) 

where Lp refers to the frame length in bits. 

To further overcome the very high molecular absorption loss over long distances [18], highly DAs 

are applied to both transmission and reception simultaneously. Thus, an accurate set of antenna 

parameters need to be calculated by satisfying the condition that the received signal strength should 

surpass the received signal power threshold , i.e., 

(3.7) 

where SNR min stands for the minimum SNR threshold (10 dB in our analysis) . In order to guarantee 

the performance of highly DAs, which is achieved by beamforming antenna arrays, we derive the 

required antenna gain and resulting antenna beamwidth from the transmission distance, t ransmitted 

signal power and the SNR threshold. The detailed antenna array design has been introduced in [62], 

which is not included in this paper. Without loss of generality, the antenna gains of the transmitter 

and the receiver are considered as identical and constant over the 3 dB frequency window, i.e., 

Gt = Gr = G. In this case, the desired antenna gain can be expressed as: 

(3 .8) 
(" St (f) ~ e - kabs (J)dd+ . 

JB (41rdf) J 

Assuming the beamforming antenna array at each regular node is a nearly broadside planar 

array [63], the directivity of the directive antenna can be approximated as : 

(3 .9) 

where OA refers to the array solid beam angle, 0h and c/>h are the Half Power Beam Width (HPBW) 

in the elevation plane and azimuthal plane, respectively. If we assume the HPBW in the elevation 

plane and azimuthal plane are identical, i.e., 0h = c/>h = 6..0 , the beamwidth of the directive antenna 
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can be calculated as follows : 

4n (3 .10) 
Nr (d) SNRmin 

3.3.3 Collision Probability 

The collision probability has been reduced in THz-band communication networks for the reasons 

that, first, the spatial reuse in macroscale scenario and the pulse-interleaving scheme in nanoscale 

scenario help reduce the overlapping possibility of two or more receiving packets at the same time. 

Besides, the very fast transmission rate further decrease the transmission duration of frames and 

thus the collision vulnerable time. However , the collision probability is still one of the major reasons 

of transmission failure , especially for the long DATA frames. In this section, we derive the collision 

probability depending on d ifferent application scenarios . 

In this case, nodes require high-gain DAs during both transmission and reception. To model the 

multi-user interference, we need to take into account both the spatia l distribution of the nodes as 

well as their temporal activity. In our model, we consider that nodes are randomly distributed in 

space following a spatial Poisson process with rate AA. The area of influence of an individual node is 

2 0 2given by A (~01) = f: 1r = ~ , where ~0 is the antenna beamwidth in radians and stands for 

the maximum transmission distance . Then , the probability of finding i nodes in A is given by: 

(3 .11 ) 

If each node in A generates new frames at a rate given by 1/aFT , where a is a constant and FT 

stands for frame time, t he aggregated traffic generated by i nodes is simply Ar= i/aFT. Thus, t he 

probability that j out of i nodes are active during a vulnerable time of 2FT is given by: 

(3 .12) 

Finally, the collision probability in t he macroscale scenario is calculated as: 

00 

Pc = I ):, [i E A (~0l)] (1 - P [O E 2FT]). (3 .13) 
i= l 
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3.3.4 Network Architecture 

In our analysis, we are interested in the performance of the proposed protocol working on different 

network architectures, for both the macroscale scenario and the nanoscale scenario. 

Centralized Network Architecture 

In this case, we assume that there is one access point (AP) performing as the receiver, and located at 

the center of the network. All other nodes are performing as transmitters and randomly distributed 

around the AP. 

Ad-hoc Network Architecture 

In this case, we assume that all the nodes are equal, and each node periodically switches between 

acting as a receiver or a transmitter. Since there is no AP, all nodes are randomly located within the 

maximum communication range. The detailed analysis is introduced in Sec. 3.5. 

3.4 Receiver-initiated Synchronization and Medium Access 

Control Protocol 

In light of the system model described in Sec. 3.3, it is clear that a receiver-initiated handshake 

is needed in THz-band communication networks to guarantee link-layer synchronization between 

the transmitter and the receiver. The objective of such handshake is to prevent unnecessary data 

transmissions when the receiver is not available, because it is not facing the transmitter in macroscale 

scenario. The fundamental idea behind the proposed protocol is to reduce the overhead introduced 

by such handshaking process by having nodes announce their availability to receive data. In other 

words, the traditional 2-way handshake is reduced to a 1-way handshake process. Receiver-initiated 

MAC protocols have been successfully utilized in other scenarios [27,60,64], but the existing solutions 

cannot directly be utilized in our scenario because of the aforementioned peculiarities of THz-band 

communication networks. 

Besides the 1-way handshake, the proposed protocol also makes use of a sliding flow control 

window at the link layer to maximize the channel utilization. In particular , both the delay introduced 

while waiting for the receiver availability and the relatively long propagation delay when transmitting 
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at multi-Gbps or Tbps over multi-meter dist ances (macroscale scenario) result in a relative low 

channel ut ilization. To overcome such problems, the receiver can specify the time that it will remain 

facing in the current direction. 

The basics of the protocol are summarized next. As shown in Fig. 4.3 , a node can be found in 

transmitting mode or in receiving mode: 

• A node in transmitting mode (TM), i.e., with data to transmit , checks whether a current 

Clear-To-Send (CTS) frame from the intended receiver has been recently received . We consider 

that a CTS is valid for duration of antenna facing time in the macroscale scenario . The validity 

period of a CTS frame is t ermed as CTS life . If not , the node listens to the channel until 

the reception of a new CTS frame. In the macroscale scenario , we consider that the node in 

TM points its DAs to the receiver. For this, we consider that , at the link layer , the node in 

TM knows the posit ion of the receiver [53]. This information is obtained during the neighbor 

discovery process , which remains as future work. 

• A node in receiving mode (RM), i.e., with sufficient resources (e.g., energy or even memory) to 

handle a new incoming transmission and with previous CTS life expired , broadcasts its sta tus 

by means of a CTS frame. In the macroscale scenario , the node in RM uses a dynamically 

rotating narrow-beam to broadcast CTS frames while sweeping its entire surrounding space. 

Such electrically controlled high-speed rotating DAs can be implemented , for example, by 

means of a very large graphene-based plasmonic nano-antenna array [65, 66]. The node in RM 

mode cannot know in advance who is willing to t ransmit , which is why it needs to sweep the 

entire space. The turning speed of the beam is a parameter to be opt imized in our analysis . 

Upon the recept ion of a CTS frame, a node in TM checks whether it has data for that receiver 

and the necessary resources. If so, it proceeds with the DATA frame t ransmission after waiting for a 

random backoff time. The random waiting time helps in avoiding collisions in the macroscale scenario . 

If the transmission is successful , the node in RM sends a positive acknowledgement (ACK) frame. In 

the ACK frame, the receiver sets the flag that indicates if the CTS is still valid or not . If it is valid, 

the next node goes on to transmit its packet after the wait ing time is over. If an acknowledgement is 

not received before the time-out, the node in TM will set a random back-off time, which depends on 

the number of transmission attempts, and repeats the entire process when done. After successfully 

receiving a packet, i.e., successfully t ransmitting a CTS, a DATA and an ACK frames, the node in 
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3.5 Performance Analysis 

RM can decide to keep turning, continue to collect more packets, or switch to TM. 

A couple of comments regarding fairn ess need to be made. First , as in any triggered reaction 

protocol, nodes in TM wait a random time after receiving a CTS frame and before sending the DATA 

frame. In the macroscale scenario, carrier-sense is performed during that time. Second, only for 

the macroscale scenario , it is relevant to note that the node in RM cannot simply stop indefinitely 

at a node in TM, but it needs to continue "turning". Therefore, we need to guarantee that, within 

the small span of time that the node in RM is facing the node in TM, the DATA frame can be 

successfully transmitted. This is possible because nodes are transmitting at multi-Gbps and even 

Tbps and , thus, only several nanoseconds are usually needed , which is much lower than that in 

existing wireless communication systems and, thus, can be leveraged to effectively never stop turning. 

3.5 Performance Analysis 

In this section, we analytically investigate the performance of the proposed protocol, in terms of, 

successful packet delivery probability, packet delay and throughput , for both network architectures 

( centralized , ad-hoc) for macroscale scenarios. In the centralized network architecture, we analytically 

investigate the impact of the AP performance (e.g., antenna turning speed, energy harvesting rate) on 

the system performance. In the ad-hoc network architecture, we study the influence on the network 

throughput of the resource allocation strategy, such as the TM duration and the RM duration 

allocation. 

3.5.1 Centralized Network Architecture 

In this case, the AP in the RM keeps turning the beam to sweep through the ent ire circle while the 

rest of nodes in the TM point their beams toward the AP. Thus, the number of sectors within one 

antenna turning circle is: 
21r 

Nsector = 6. • (3 .14) 
0 

The main factor affecting the performance of the protocol is the antenna turning speed w, given 

in cycles-per-second. In particular , we consider that the antenna shifts its direction in discrete steps 

and, thus, provides coverage to different sectors in different times. We define the sector time or time 

during which the antenna beam is pointing to a certain direction as Tsector = 6.0 / (21rw). Simply 
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posed , at least one DATA frame needs to be successfully transmitted from the transmitter within 

one sector time of t he t urning antenna . T sector needs to guarantee a complete transmission process 

st arting with sending out the CTS for our designed protocol , thus we have: 

(3 .15) 

where L crs, LDATA and L ACK refer to the frame length (in bits) of CTS frame, DATA frame and 

ACK frame, respectively. Tprop stands for the propagation duration, and R is the data rate of the 

selected 3 dB frequency window. Tguard is the guard time. 

The best case is when successful t ransmission is directly achieved without any retransmissions 

when the beams of the transmitter and the receiver face each other. By applying the shortest sector 

time T ;';:~for from (3 .15) , the maximum throughput can be calculated as a function of the frame 

length (in bits) of the DATA frames LvATA : 

(3 .16) 

We observe that the higher S max will be achieved with a larger LvATA · 

In the general case, T sector limits the maximum number of ret ransmissions that a node can 

complete in the current round, s. This affects the overall packet delay and throughput, as the node 

will have to wait for an entire cycle before being able to continue its ongoing transmission in round, 

s + l. More specifically, the maximum number of retransmission, T/max , that a node can complete in 

round, s, can be calculated as follows: 

. { lTsector - Tcrs - Tprop J"'k [ ] }"'T/max [sl -_ mm -------~~ ' s ' (3 .17) 
Tt /o + Tb/o 

where Tt/o = 2Tprop + T proc + TvATA + TACK is the time-out duration, Tcrs, Tv ATA and T ACK 

refer to the CTS , DATA, and ACK frames transmission time, respectively, and Tb/o is a random 

exponential back-off time. In our analysis, we do not ignore the impact of the propagation delay, 

T prop, as it is comparable or even larger than the frame transmission time in the macroscale scenario . 

k stands for the maximum number of retransmissions available in the current round. In particular , 

k [l] is set to a default value k0 , which is the maximum number of retransmissions across rounds. 

For example, if ko = 5, the total amount of retransmissions for a specific frame is equal to 5. This 
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can be "consumed" within one round if T sector is very long, i.e., the antenna turns at a slow speed or 

might be spread across rounds , otherwise . 

Then , the probability to succeed with exactly i retransmissions within the same round is given 

by: 

P i-rtx P. (l p p )i-l p psucc = CTS - DATA ACK DATA ACK, (3 .18) 

where P ers= Pp= (1 - Pp) is the probability of successfully receiving a CTS frame; PDATA = P c P p 

is the probability of successfully receiving a DATA frame; P ACK= P p is the probability of successfully 

receiving an ACK frame, where PP and P c refer to the frame error rate and the collision probability, 

respectively, as we derived in Sec. 3.3. We consider that the main reason for not properly receiving the 

CTS is the presence of bit errors, rather than the collision with other CTS . In the macroscale scenario , 

this is generally true, as it is unlikely to have two or more receivers located inside the same sector area 

of a transmitter and pointing their directional beams toward the transmitter simultaneously. When 

it comes to the DATA frame, failures might occur because of both bit errors as well as collisions. 

Even if we introduce a random initial delay between the CTS reception and the DATA transmission, 

collisions can occur. Finally, ACK frames might also suffer from bit errors. 

From this, we can easily write the probability to successfully transmit the frame P;;:;!c in round s 

as well as the expected number of retransmissions 77 in that round as: 

1'/max [s ] 1'/max [s ] 
~ ·pi-rtx p ;;::c [S] = L P ;;;:c,tx; 'T/ [s] = L...., i succ . (3 .19) 

i= l i= l 

If successful , the average successful frame delay introduced by the current round s can be calculated 

as: 

(3 .20) 

where T;ucc = 2Tprop + Tproc + TDATA + TAC K is the delay when successfully transmitting the frame 

in one attempt . 

If the node is not successful in the current round , but k0 has not been yet achieved , the node 

waits for a new CTS frame (after one antenna cycle) . Now k [s + l] = k [s] - 77max [s] . The maximum 

number of rounds rmax is given by 

f max = min { k [s] = 0} . (3 .21 ) 
s 
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Then , the probability to successfully transmit a frame in the j-th round is given by: 

J"'j - r n d _ j -1 "' r nd r n d · 
p succ - g (1 - p succ [ul) p succ [J] , (3 .22) 

( 

where P ;;:i: is given in (3.19) . 

From this, the total frame successful delivery probability and the average number of rounds 

needed to do so are given by: 

r -max r -ma x 

~°'pj - r n d . f = ~"'·pj - rndP (3 .23) succ = L..., succ ' L..., J succ . 
j =l j =l 

The discard probability immediately follows as Pdis = P succ · The average frame delay can similarly 

be obtained as: 

r ,naxJ-1 

T pack et = I:"'II (l - P I::i: [ul)Psucc [j] ((j - 1) T cycle + T succ [j]) + T w ait, (3 .24) 
j =l u=l 

where T cycle is the time needed for the antenna to complete one entire circle. T w ait refers to the 

average time that the transmitter will have t o wait for the receiver 's CTS in t he first round, and is 

computed as follows: 
nsect o-::_;: - (i-l ) 

T wait = L Pf P f (i - 1) T sector , (3 .25) 
i =l 

where n sectors = 21r/ 6.0 is the number of sectors and P f = 6.0/1r is the t ransmitter and receiver 

facing probability. Finally, we can obtain the throughput as S = n packet/T pack et, where npacket is 

the number of bits per packet . 

3.5.2 Ad-hoc Network Architecture 

In this case, each node switches between TM and RM periodically. The main problem is to reasonably 

allocate TM time and RM time of each node in order to guarantee the maximum network throughput . 

On the one hand, more TM time assigned to each node may lead to a selfish network, in which every 

node wants to contend for the channel without announcing its availability to receive DATA. As a 

result , there are a few nodes that can send out their own DATA frame. On the other hand, a very 

generous network will be created by allocating more RM time for each node. In this case, every 
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node will patiently wait for others' DATA instead of sending out their own DATA. In both cases, an 

increasing amount of DATA frames will be stored in each node's buffer during the communication 

progress and, thus, lead to an increased average delay. 

We first analyze the two-node case and then generalize it for the multiple-node case. In our 

analysis, the randomness in the scenario is introduced by the geographical distribution and the time 

resource allocation of each node. The generalization to the multi-node scenario is possible because, 

in terms of network topology, the transmitter and receiver always face each other once within one 

steering-cycle of a receiver 's DA, and this is achievable irrespective of their locations. In t erms of 

resource allocation, the generalization is also possible by randomly distributing the operation mode 

st art ing t ime of each nodes following a Poisson distribution in our analysis. 

For the ad-hoc network architecture, other than the directivity matching factor we have seen 

in the centralized network architecture, mode matching is another factor that affects the network 

throughput in the ad-hoc network architecture. The maximum network throughput is achieved when 

the mode matching probability of all nodes is the highest. 

In the two-node case, we denote the nodes as node i and node j . We define one mode cycle as the 

summation of a TM duration and a RM duration, i.e., Tcycle = TrM + TRM· In t he best case , one 

DATA frame is successfully sent out within one frame generation interval, which is calculated as: 

>.Q< -
1 

= --
1 

(3.26) 
- TQ Tcycle' 

where TQ refers to the enqueue interval of the DATA frame, and thus AQ is the enqueue rate of the 

DATA frame. 

We assume that for each node, RM occurs at least once during TQ with an occurring rate ARM: 

(3.27) 

The probability that the mode of node i matches the mode of node j can be calculated as: 

(3.28) 

where NRM refers to the occurring rate of RM of node i, T f M refers to the duration of TM of node 

j. Since the allocation scheme of mode duration should be same for each node, we have Tr M = Tf M. 
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The probability of mode matching function can be simplified by utilizing this statement and inserting 

(3 .27) in (3 .28) , thus : 

p i-j (3 .29) match -

where 77 = TTRM, which is the ratio of RM duration to TM duration. The maximum network 
TM 

throughput can be achieved when the mode matching probabilityP,';,-,!tch is maximum. By taking 

the derivative of P,';,~ch with respect to 77 and set it equal to zero, we find the solution 77 = 1, which 

means TM duration and RM duration should be equally allocated in a two nodes case to achieve the 

maximum throughput . 

The analysis of the three nodes case follows the same logic, we denote the nodes as m, n and 

j and the development of our analysis is based on node j. When node m and node n perform the 

same mode, it will be very similar to the basic two nodes case. Hence we study the case while node 

m and node n always perform differently. So the mode matching probability corresponding to node j 

can be represented as: 

m ,n-j _ p m-j pn- j _ ,m T,j ->-.RMT,?M , n T j ->-.;},MTitM
P match - match match - ARM TMe ATM RMe , (3 .30) 

with the concept of ARM we defined in (3 .27) , we can easily calculate the occurring rate of TM as: 

(3 .31) 

We assume node m and node n have the same mode allocation ratio so that: ArM = ArM = ATM 

and ARM = NRM = ARM · The mode matching probability can be simplified by applying this 

assumption and inserting (3 .27) and (3.31) in (3 .30) , so we get : 

(3 .32) 

where 77' = TTkM, which refers to the ratio of RM duration of node j to TM duration of node m or 
TM 

node n . 77 = TTBM , which refers to the ratio of RM duration to TM duration of node m or node 
TM 

n . The maximum P ;;:;;c,-/ occurring at 77 = 1 and 77' = 1, which means in order to guarantee the 

maximum network throughput in this case, we need to allocate equal RM duration and TM duration 

for each node. 
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When the scenario extends to the multiple nodes case, we consider it is consist ed of different 

combination of the two nodes case and the three nodes case. The mode probability can be calculated 

as: 
- l _ (k- l )i 

p X ,Y -j _ 77k 
---~~e c,,+ i J k > 2 (3.33)m a tch - (1 + 77) 2(k- l ) ' - ' 

x= l ,y = k-x- 1 

where X and Y represent two groups of nodes performing different modes, x and y stand for the 

number of nodes in each group correspondingly, k is the total number of nodes including node j , and 

77 refers to the ratio of TM duration to RM duration of each node. Based on numerical analysis, the 

highest mode matching probability always occurs at 77 = 1, which suggest to us to equally allocate 

time resource during one mode cycle. 

3.6 Simulation Results 

In this section, we investigate the performance of the proposed protocol in both cent ralized and ad-hoc 

network architectures and compare it to that of adapted CSMA/ CA with and without RTS/ CTS 

(2-way and 0-way handshake) . The numerical results obtained by solving the analytical models 

developed in Sec. 3.5 are validated by simulation obtained with ns-3. For this, we have implemented 

the frequency-selective THz-band channel, the two THz physical layers ( carrier-based and pulse-based 

with interleaving), the high-speed turning antenna, the energy harvesting unit, our proposed protocol 

and we also tailored and tuned CSMA/ CA to work with the THz models. For each point of our 

simulation results, we achieved at least 50 simulations based on different seed numbers . For each 

simulation test , more than 200 frames have been t ransmitted from each node. 

Considering the complexity of antenna performance, the verification of our resource allocation 

design will be developed first . A set of simulation parameters such as antenna turning speed , frame 

length and DATA frame enqueue interval are carefully selected based on previous analysis. By working 

on a selected 3 dB frequency window for transmission distance of 10 m, i.e., BW = 74 .005 GHz with 

the central frequency f c = 1.0345 THz. The transmitted power Pt is given as -20 dBm, and the 

minimum Signal-to-Noise Ratio (SN R min ) is a fixed value equals 10 dB, while the background noise 

Nr equals -110 dBm. The received power strength threshold PRXmin is set as -100 dBm. In this 

case, the required antenna gain is approximated to 17.2673 dB , and the beam width is around 27.7° . 

We assume that we are applying QPSK, for which the unique symbols M= 4, and thus, the bit 
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Figure 3.2: Maximum throughput as a function of the DATA frame length. 

rate R = 148.01 Gbps. In order to maximizing the theoretical throughput, which is calculated 

in (3.16), we select DATA frame length LDATA = 15000 bytes, for the reason that the maximum 

throughput starts slowing down its increasing rate at this point , as shown in Fig. 3.2. Since the 

turning antenna sweeps its entire surrounding space sector by sector, and T;::_~for = 879.26 ns for 

1-way protocol ( T;::_~for = 913 .5 ns for 2-way and T;::_~for = 845.01 ns for 0-way ) , Ns ector is 13. In 

this case, Tcircle = 11430.35 ns for 1-way, and it adapted to 11875.5 ns and 10985.14 ns for 2-way 

and 0-way, respectively. In order to guarantee the transceivers can meet each other , TRM needs to 

be smaller than Tcircle · Packet enqueue duration TQ 2: 2Tcircle = 22 .86 µs for 1-way, 23 .75 µs for 

2-way and 21.97 µs for 0-way, and the antenna turning at 87486.4 cycle/s, 84206.98 cycle/sand 

91032 .04 cycle/s corresponding to 1-way, 2-way and 0-way, respectively. 

3.6.1 Centralized Network Architecture 

In Fig. 3.3b and Fig. 3.4b, the DATA frame discard probability of our proposed receiver-initiat ed 

or 1-way handshake protocol is shown as a function of node density and DATA frame enqueue 

interval. It is apparent that a denser network or a faster DATA frame enqueue rate could lead to 

more aggressive network contention and thus higher DATA frame discard probability. As expected , 

with the proposed 1-way handshake protocol, the probability of discarding a frame is much lower 

than 0-way and 2-way protocols , even in a very competitive network. The main reason for this is 

that no retransmission attempt is "wasted " when the receiver is not facing the transmitter, i.e, unless 

the transmitter has recent ly received a CTS frame from the intended receiver. However , this is not 

the case for 0-way and 2-way handshake protocols . 

The cost of a lower discard probability is reflected in the achievable throughput , which is illustrated 
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3.6 Simulation Results 

in Fig. 3.3a and 3.4a, from which we observe t hat the throughput achieved by 0-way or 2-way protocols 

is much lower than that of the proposed 1-way protocol. This mainly is because the two traditional 

protocols have extremely high packet discard probabilities and, thus, experience longer retransmission 

delays. In Fig. 3.3a, the comparatively larger throughput value bar of the proposed 1-way protocol 

also illustrates that, from another point of view, it wouldn't easily send out the DATA frames as 

the two traditional protocols do . The mechanism of waiting for the CTS frame guarantees a high 

successful transmission probability, but, on the other hand, extends the delay duration of some 

unfortunate transmissions that transmitters have to wait several sector times or even one cycle 

duration to meet the receiver. 
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the nodes density with fixed enqueue interval. 
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Figure 3.4: Centralized network architecture: Throughput and discard probability as functions of 
the enqueue interval with fixed nodes density. 

3.6.2 Ad-hoc Network Architecture 

As shown in Fig. 3.5, the ns-3 simulation results suggested that the maximum throughput is achieved 

by equally allocating RM duration and TM duration, which verifies our numerical analysis. In order 

to achieve the maximum throughput , we always equally allocate TM t ime and RM t ime resources 

for the following tests . 

In Fig. 3.6b and Fig. 3.7b , we observe that with the proposed 1-way handshake protocol, the 

probability of discarding a frame is virtually zero and significantly much lower than 0-way and 2-way 

protocols . Mainly because the 1-way protocol could prevent "wasted " retransmission attempts as 

illustrated before. Meanwhile, more potent ial receivers occurring in the ad-hoc network architecture 

share the burden of channel content ion and, thus, furt her reduce the frame collision probability. 

As shown in Fig. 3.6a , the throughput of the 1-way protocol is a function of node density. With a 
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Figure 3.5: Ad-hoc network architecture: Throughput as a function of time allocation. 

sustainable enqueue rate, the throughput of our proposed 1-way protocol shows a steady performance 

with increase of node density. In Fig. 3.7a, the throughput is a function of the DATA frame enqueue 

interval. The faster frames get enqueued , the easier they are accumulated in the buffer and, thus, 

experience longer queuing delay. From both figures , we observe that the throughput achieved by 

0-way or 2-way protocols are much lower than the throughput achieved by the proposed 1-way 

protocol. 

3. 7 Conclusion 

In this section, we have presented a link-layer synchronization and MAC protocol for ultra-high-speed 

wireless communication networks in the THz band. The protocol relies on a receiver-initiat ed 

handshake as well as a sliding window flow control mechanism to guarantee synchronization between 

transmitter and receiver , maximizes the channel utilization and minimizes the packet discard 

probability. The performance of the proposed protocol is analyt ically investigated , compared to that 

of a modified CSMA/ CA with and without RTS/ CTS, and validated though extensive simulations 

with ns-3. The results show that the proposed protocol can maximize the successful packet delivery 

probability and enhance the achievable throughput in THz-band communication networks. 
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CHAPTER 4 

Leveraging Antenna Side-lobe Information for 

Expedited Neighbor Discovery in Directional 

Terahertz Communication Networks 

4.1 Motivation 

In the previous chapter, we presented a receiver-initiated MAC protocol. In particular , receivers 

announce their availabilities to receive data by sweeping the space in discrete steps, while transmitters 

point their DAs toward the intended receivers. Nevertheless, this protocol works under the assumption 

that transmitters are aware of the relative location of their intended receivers. Therefore, time-efficient 

neighbor discovery protocol design for highly directional communication networks becomes of critical 

importance. 

The existing neighbor discovery protocol for lower frequency communication networks cannot be 

directly reused , because they do not capture the unique peculiarities of THz-band communication 

networks. Most of the existing solutions for the directional communication networks are presented 

with considering that one node of the communication node pair is equipped with an omnidirectional 

antenna and the other node with a directional antenna [67-69] . Unfortunately, omni-directional to 

directional communication links are insufficient to overcome the much higher propagation loss in THz

band communication networks. Also, the utilization of ultra-narrow-beam antenna system due to the 

very high path loss limits the application of switching beam search resolution during discovering, thus , 
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makes solutions using multi-level training scheme [49,53, 70] unfeasible. In many other cases, heuristic 

approaches are designed to (probabilistically) minimize the neighbor discoverying time [71 , 72] . The 

problem complexity increases when we go to ultra-narrow-beam antenna syst ems. Some other 

solutions that rely on the tight synchronization through all the nodes in the network [73 , 74] may 

cost tremendous amount of time to achieve in THz-band communication networks. 

Thus, we present a time-efficient neighbor discovery protocol for the highly directional THz-band 

communication networks. A preliminary version of this work appeared in our conference version [29] . 

We consider that , during neighbor discovery process, all nodes turn their DAs in discrete steps, 

among which transmitters periodically announce their presence and receivers constantly sense the 

coming signals. If nodes only use main-lobe information, clearly, two nodes can only find each other 

when their DAs are exactly aligned and facing, which leads to very long neighbor discovering latency. 

To solve this issue, we suggest to leverage the full antenna radiation pattern with side-lobes to 

expedite the neighbor discovery process, which , indeed , is opposed to existing systems, where antenna 

side-lobes are either ignored or minimized . More specifically, we map the effectively received signals 

to the universal detection standard, based on which, we promptly locate a specific neighbor. In [29], 

we analytically and numerically show that , in free space, the neighbor discovering lat ency can be 

significantly reduced by utilizing our proposed protocol. We further t est and validate the proposed 

neighbor discovery protocol by ut ilizing the X60 testbed , which is a software-defined-based testbed 

for broadband wireless communication networks at 60 GHz. We also analyze the feasibility of the 

proposed protocol in a bounded space, e.g., a square room, where reflection is taken into account . 

4.2 System Model 

In this section, we describe the system model including the network topology, the antenna model 

and, in the end, the received signal power. 

4.2.1 Network Topology 

The network topology is shown in Fig. 4.1 , where a discovering node is marked as RX. The one hop 

coverage area A of RX is calcula ted as : 

A= 1rR2 
, ( 4.1) 
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where R stands for the maximum radius of A, which is determined by the maximum transmission 

power of each transmitter. 

TX represents a neighboring transmitter that is located within one hop communication range of 

RX. All TXs are randomly distributed in A following Poisson distribution with node density AA. 

Therefore, the total number of TX s within A is derived as : 

(4 .2) 

Figure 4.1: Free space network topology 

4.2.2 Antenna Model 

We consider all nodes are operating in the same elevation plane. In other words, the antennas' 

elevation beam angles¢ are set as zero . In addition, each node is equipped with a time-delay antenna 

array. Hence, the normalized power gain pattern of an N x N -element planar array, in which each 

individual element placed ½apart is formulated as [75] : 

1 sin2 (~7r sin 0) 
2 

(4.3)g(0)= N2 . 2 (1 . 0)"' 'G sm 2 7r sm ) 
where g stands for the practical antenna gains including main-lobe and side-lobes. The 2D radiation 

pattern of a 10 x 10-elements planar array is shown in Fig. 4.2 as a reference . 
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Figure 4.2: Radiation pattern of 10 x 10-elements planar array 

4.2.3 Received Signal Power 

The received signal power P rx is constant ly changing due to t he turning property of DAs in both 

transmitters and receivers . Consequent ly, P rx is a function of discovering t ime t , initial DA angles 

of t ransmitter and receiver , which are denoted as e;;t and 0~~t, respectively, and turning speeds 

of t ransmitter and receiver , which are marked as Wtx and Wrx, respectively. Besides, P rx is also a 

function of frequency f and distance r between t ransmitter and receiver , given that r ~ R. Thus, 

P rx is formulated as : 

where B refers to 3 dB bandwidth in respect of different t ransmission distance, S tx represents p.s .d 

of the transmitted signal, G max is the maximum power pattern of the antennas and K abs stands for 

molecular absorption coefficient. 

In order to simplify ( 4.4) , we consider the system is operating at a constant 3 dB frequency band 

with central frequency f 0 . Therefore, the frequency-variant components in (4.4) are constant values 

over the operation 3 dB frequency band. In this case, the simplified equation is expressed as: 

int gint t ) (0 int + t) (0int + t ) -2 - K r (4.5)P rx (r , etx , rx , = "'(g tx Wtx g rx Wrx r e , 

where --y = P tx G ~ax Uo ) 16; ~ , P tx is the transmitted signal power. K = K abs Uo ) , which is a 
16 
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constant value . 

4.3 Neighbor Discovery with Side-lobes Information 

In this section, we describe the design logic of the proposed neighbor discovery protocol with side-lobes 

information. More specifically, the universal signal patterns are utilized to quickly and efficiently 

detect the direction of the signal source by mapping a series of continuous signal samples with 

potential directions of the signal source . 

4.3.1 Design Logic of the Proposed Neighbor Discovery Protocol 

In lower frequency communication systems, neighbor discovery can be efficiently completed thanks 

to the possibility to communicate with omni-directional antennas . In fact , the neighbor discovery is 

achieved as long as the received signal strength Prx is larger than the received Signal to Interference 

Ratio (SIR) threshold. However, in THz-band communication networks, highly directional commu

nication links are established between transmitters and receivers . The connectivity between node 

pairs is determined by the transient direction of the DA at each node. Therefore, other than just 

identifying the neighboring node within one-hop communication range of the detecting node, the 

neighbor discovery protocol for THz-band communication also needs to detect the corresponding 

direction of the neighboring node. Nevertheless, it is infeasible to rely only on Prx to obtain the 

aforementioned information. Seeing that Prx, as described in Sec. 4.2, is affected by several factors 

including discovering time, communication distance, initial angles and turning speeds of the receiver 

and transmitter. Thus, without knowing the detailed combination of all the factors, it is infeasible to 

locate the signal source by just using Prx . For this reason, we present a universal signal pattern, 

which indicates the potential direction of signal source by mapping enough successively received 

signal samples to the signal pattern. 

To obtain the universal signal pattern, we observe that with turning of transmitters ' and receivers ' 

DAs, the changing rate of total antenna gain, t:,.G(t) / 6.t , along the directional communication link 

exhibits a certain signal pattern. Where G stands for the total DAs' gain, t:,.G(t) is derived with 

a series of continuously received signal samples . Most importantly, the signal pattern periodically 

repeats itself and is irrelevant to the varying distance between transmitter and receiver. 

52 



4.3 Neighbor Discovery with Side-lobes Information 

4.3.2 Process of Neighbor Discovery with Side-lobe Information 

The process of our proposed neighbor discovery protocol with side-lobes information is illustrated in 

Fig. 4.3, where the signal patterns are obtained based on a simple test case with a transmitter and 

a receiver, each utilizing a 10 x 10-elements planar array. The configuration of the test is defined 

as follows, both transmitter's DA and receiver 's DA turn in constant speeds w, but , with different 

directions. From the perspective of the receiver, D.G(t) / D.t signal pattern is symmetrical about the 

origin direction, which is pointing towards the transmitter. With the main-lobe of receiver 's DA 

passing certain angle away from the origin direction, the changing rate of the received signal samples 

gradually get weak. Thus, we analyze the received signal pattern within a certain angle range, more 

specifically, from O to 1r /2 of receiver's origin direction. In our analysis, we alternatively utilize 

D.E(t) / D.t signal pattern to observe more distinguished differences, where E(t) is the equivalent 

electric-field intensity of the antenna, which is calculated as E(t) = 10~ . 

In the top part of Fig. 4.3a, as the main-lobe of the receiver's DA t urns away from the original 

direction, the signal pattern of D.E(t) / D.t fluctuates over the passed angle and progressively becomes 

weak. For any coming D.E(t) / D.t data sample that seen from y-axis, it can be mapped ton potential 

directions that seen from x-axis, given n 2: 2. Thus, based on the mapping property between the 

received data samples and the potential direction of the neighbor, the D.E(t) / D.t sample pattern is 

classified into two categories. More specifically, the green-shaded region shows a 1-to-1 mapping 

property, which is achievable due to the opposite trends of data samples' changing rate, i.e., increase 

and decrease. Thus, only two continuous D.E( t) / D.t data samples are needed to detect the potential 

direction of the signal source if they are mapped in this region. On the other hand, the pink-shaded 

region exhibits a 1-to-n mapping property and, thus, has more uncertainties. In this case, it is 

difficult to achieve neighbor discovery by only using D.E(t) / D.t signal pattern. An addit ional assisted 

d2 E(t) / dt2 signal pattern is needed, which is calculated based on the same scenario by taking 

the second derivative of E(t), and shown as the bottom part of Fig. 4.3a . In d2 E(t)/dt2 signal 

pattern, the positive sharp pulses indicate the drastically increasing parts in D.E(t) / D.t signal pattern. 

Consequently, different amplitudes of the positive pulses in d2 E(t)/ dt2 signal pattern correspondingly 

indicate the potential neighboring directions of b, d, f and h parts in D.E(t) / D.t signal pattern. 

The zoomed-in plot of the negative parts of d2 E(t)/dt2 signal pattern is illustrated in the bottom 

part of Fig. 4.3b. The correlated parts between the negative values of d2 E(t) / dt2 signal pattern 
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and the decreasing parts of !1E(t) / !1t signal patterns are marked by yellow-shaded boxes. We 

observe that d2 E(t) / dt2 signal pattern can also be classified as two categories based on the data 

samples' mapping property. In particular, the l-to-1 mapping property is shown in the fractions of 

1 2 1a, c , c , e , g1 and i 1 in d2 E(t) / dt2 signal pattern. Thus, for the received d2 E(t) / dt2 data samples 

which are mapped into these regions can be directly leveraged in neighbor discovery. Otherwise, due 

to the 1-to-n mapping property, an higher order derivative signal pattern is needed as an assistance. 

As presented in Fig. 4.3c, an additional assisted d3 E(t)/dt3 signal pattern is utilized. So far, those 

undetermined parts in d2 E(t)/dt2 signal pattern can be further detected with utilizing d3 E(t)/dt3 

signal pattern. In particular, most undetermined fractions in d2 E(t)/dt2 signal pattern exhibit 

l -to-1 mapping property in d3 E(t)/dt3 signal pattern, in light of either increasing changing rate, e.g., 

e2 , g2 and i 2 , or decreasing changing rate, e.g., c3 , e3 , g3 and i 3 . As a consequence, most potential 

directions can be effectively detected with the cooperation of aforementioned signal patterns. For 

the rest of uncertain directions, we can either apply a higher order derivative signal pattern as an 

assistance or map the rest of uncertain potential directions in d2 E(t)/dt2 signal pattern, which have 

distinct differences as shown with the very small red-shaded blocks in the top part of Fig. 4.3c. The 

selection changes for different scenarios, depending on the weight of the uncertain parts. 

4.4 Protocol Comparison 

In this section , we mathematically analyze and compare the free space performance of two different 

neighbor discovery protocols , i.e., with and without side-lobes information. The former is based 

on the proposed protocol we described in Sec. 4.3. We start our analysis by discovering a single 

neighboring node, then we extend our analysis to discover all one-hop neighbors of the receiver. In 

our analysis, we consider the network topology and the antenna model as we introduced in Sec. 4.2. 

4.4.1 Neighbor Discovery without Side-lobes Information 

For the neighbor discovery protocol without side-lobes information, the sufficient condition of an 

effective neighbor discovery is to completely align the main-lobes of transmitter's and receiver's DAs 

and adjust their main-lobes to face toward each other. This prerequisite guarantees that the signal 

strength received by the main-lobe of RX must be strong enough to detect any TX locates within A. 

We define a random variable X(e:~t, 0~7;,t, t) to represent the discovery process, which is formulated 
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as: 

X (eint gint t) (eint t ) (eint t ) tx , rx , = g tx + Wtx g rx + Wrx , (4.6) 

where e;~t and 0~~t stand for the initial angles of t ransmitter DA and receiver DA, respectively, 

and are measured as the angles pass away from the original direction, which is facing toward each 

other. The turning speeds of transmitter and receiver are denoted as Wtx and Wrx, respectively, which 

contain t he properties of turning direction. 

With aforementioned information, the probability that RX discovers a specific signal source, 

T X 0 , is derived by satisfying X (e:~t, 0~~t, t) = 1. Where e:~t, 0~~t and t are all uniform distributed 

variables on angle range [-7r , 7r] and time duration [O , T] , respectively. The p.d.f of 0~~t, e:~t are 1/ 27r , 

the p.d.f oft is 1/ T. Therefore, The probability for RX to find a specific T X 0 is given by: 

T 7r 7r 

E 8,f0~d] "' (4.7)
l (X(eint gint t) = 1)"'---deint dgintdt = __l-'-___ 

t x , r x , - 47r2 T rx tx TJ J J 1 1 

where 1(·) is the indicator function, which takes value 1 when the argument is true, otherwise, takes 

0. E [1'Jf,,'.'d] ~ efers to the expected time for RX to discover a specific T Xo , which is calculated by 

multiplying Ton both sides of (4.7). Thus, 

T 7r 7r 

(4.8) E [T]~dr= J J J 
In order to find all TX s within one-hop communication range of the RX, we consider the neighbor 

discovery process of each node is independent, and RX cannot discover several TX s simultaneously. 

Thus, the expected t ime to discover all TX s is calculated as : 

N , 

E [T all ] ~"'p one E [T one ]"' N p one E [T one ]"' 
find = L..., find fin d = t find find · (4 .9) 

i =l 

4.4.2 Neighbor Discovery with Side-lobes Information 

Based on the descript ion in Sec . 4.3 , we know that as long as the receiver RX successfully receives 

enough continuous signal samples from a specific neighboring signal source T X 0 , it will be able to map 
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the received signal samples to the universal signal patterns and, thus, to locate the specific neighboring 

node. The issue in this scenario is that RX may not be able to detect T X 0 immediately, even if 

they are located close to each other. This problem occurs when the DAs' main-lobes deviate from 

the original directions of the communication link and, thus, the instantaneous signal to interference 

ratio (SIR) detected by RX is insufficient to surpass the SIR threshold (3 . However, our proposed 

protocol only considers those continuous signals, whose power strength surpass (3, as effective signals 

to accomplish the neighbor discovery process . 

Assuming T X 0 locates r 0 away from RX, therefore, the received signal power at RX is calculated 

as: 

P O ( g int g int t) _ (0int + t) (0int + t) -2 -Kro 
rx ro , txo> rxo > - "(g txo Wtx g rxo Wrx ro e , (4.10) 

where ei~~ and 0~~~ represent the init ial angles of transmitter DA and receiver DA, respectively. 

The interference is created when another neighboring node T X i transmit signals to RX simulta

neously with T X 0 . The interference caused by T X i is calculated as: 

int g int t) (0int + t) (0int + t) -2 -Kr;I(ri, etx;> rx; > = "(g tx; Wtx g rx; Wrx ri e , (4.11) 

where ri is the distance between TXi and RX. 

We consider T X i is uniformly distributed within the one hop coverage area of RX. Thus, the 

c.d.f of ri is calculated as : 

(4.12) 

Hence, the p .d.f of ri is ~ - Considering each node is independent with others, the expected value of 

interference caused by all the interfering neighbors is given by: 

(4.13) 

For any communication node pair , the SIR is calculated as : 

(4 .14) 
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where E[tl is calculated as [76] : 

(4.15) 

where µo = E[I], which is the mean value of random variable I. We define g(µo) = : = Efll' 
0 

thus, g"(µo) = *= (E[~]) 3 . c,
2 [I] is the variance of random variable I and is calculated as 

c,2 [I] = E[I2] - (E[I])2 . After simplification, (4.15) can be rewriten as : 

(4.16) 

where E[I2
] is expressed as : 

[I2] (N 1 1' 1 1' 12( gint gint ) 2ri 1 1 d d0int dgintd) lT rE = t -1 . ri, tx; ' rx, , t - 2 - 2 - ri rx, tx; t . (4.17) 
t=O &int=-1' ernt=-K r ·=O R 41r T

rxi txi i 

With considering the interference created by all surrounding T X i, the probability that RX 

discovers a specific T X 0 by receiving effective signal samples is calculated as : 

(4.18) 

Thus, the total time to discover all neighboring nodes of RX is calculated as: 

Nt 

E[TJ};,d] = LPJ:'d(Ns ~t) = NtPJ:'d(N8 ~t) , (4.19) 
i=l 

where Nt refers to the total number of one-hop neighboring nodes of RX that derived in (4.2) . N 8 

is the number of the continuously received effective signal samples that are utilized to achieve the 

neighbor discovery process. For example, in the scenario of utilizing 3 signal patterns, N 8 = 5, which 

is calculated by converting the number of received data samples from the highest order derivative of 

E(t) down to E(t). 1/ ~t refers to the received signal sample rate . In this paper , we test with the 

slowest sample rate by considering the antenna turning in a sector by sector pattern , thus: 

. (etx grx)
~t = mm bw ' bw ( 4.20) 

lwrx - Wtx l ' 

where 0b::'v and 0'{;':;; are one sector angle of transmitter DA and receiver DA, perspectively. 
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4.5 X60 Testing 

In this section, we t est our proposed neighbor discovery protocol with the X60 testbed , see 

Fig. 4.4, which is a software-defined-based testbed for broadband wireless communication networks 

at 60 GHz [77]. 

Figure 4.4: X60 testbed 

The X60 system provides high level of reconfigurability across the physical, link and network layers, 

as well as the bandwidths and speeds commensurate to the IEEE 802.llad standard. The mmWave 

transceiver covering the 60 GHz frequency band for channel sounding and real-time communication 

with coding. In this t est , we configured a SISO uni-directional communication link, with both 

transmitter and receiver applying the same settings of DA beam pattern. To obtain the universal 

signal pattern , we set the transmitter DA and the receiver DA continuously sweep the entire area 

with a constant turning speed , however , in different directions. 

The collected raw testing data is shown as the blue line in Fig. 4.5a, which is very fuzzy due to 

the noise in the channel. As shown in the rest sub-figures in Fig. 4.5 , the higher order derivative 

signal patterns of the raw data get more fuzzy and can not be directly used as the universal signal 

patterns. Thus, we firstly filter the raw testing data with a low pass filter , the filtered signal pattern 

is shown as the red line in Fig. 4.5a. Then we use the higher order derivatives of the filtered data as 

the universal detection standard for neighbor discovering. 

In Fig. 4.6, we apply the proposed neighbor discovery protocol with side-lobes information to 

X60 testing. Based on the signal pattern of dE(t) / dt shown in Fig. 4.6a, the det ection results of 

the uniquely decreasing or increasing dE (t) / dt dat a samples are marked as the blue or red dots , 
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Figure 4.5: Processing of the testing data 

respectively, which locate approximate 25.37% of the neighbor directions. With a higher order 

derivative of the signal pattern, the detection process only needs to be applied in the remaining 

possible directions. We observe approximate 97.54% of potential directions are found with up to the 

fourth order derivative of the received signal samples, which means only 6 consecutively received 

signal samples are enough to locate the neighbor node. This result validates our previous hypothesis. 

4.6 Neighbor Discovery in A Square Room with Reflection 

In this section, we analyze the feasibility of the proposed neighbor discovery protocol in a bounded 

space, e.g., a square room, where transmitted signal power can be reflected by the walls. In this 

case, an impact area A1 is formed in the overlapped area of the reflected signal and the transmitted 

signal, where the aforementioned signal pattern will be destroyed . To estimate the expected size of 

the impact area, we use the ideal antenna in our analysis. The antenna beam only consists of the 

main lobe with a cone shape power pattern. In Fig. 4.7, we summarize all possible reflected patterns 

of an ideal antenna beam inside a room. 

With turning of the DA, the total impact area for the node is formed by accumulating the impact 
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Figure 4.6: Neighbor discovery protocol with side-lobe information 

area at each turning sector. In Fig. 4.8, it shows that the total impact area generated by a node 

with the DA beamwidth 0bw = 2° and the transmission distance d as half of the length of the wall. 

We observe that , the total impact area highly depends on the location of the node and its relative 

posit ion with the walls . 

To derive the expected size of the impact area for a node, we assume the node is located in 

a square room with the length of each wall equals 2l , as shown in Fig. 4.10. The position of the 
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Figure 4.7: Reflection patterns of the beam in the room 

node is marked as (x, y) in the coordinate syst em. The coordinates of the corners of the room are 

(l , l) , (-l , l) , (-l , -l) and (l , -l) , separately. The extensions of the boundary lines of the node's DA 

beam are denoted as l~ and 1; . They start at (x, y) and are terminated by the walls. The orientation 

of the DA beam is defined as the angle between the counterclockwise rotating l~ and the positive 

direction of x-axis . The beamwidth 0bw of the DA is a function of the transmission distance d of the 

node, which is calculated as [78]: 

hJ(d) Six(f)~e- Kabs(f) ddf 
471" ( 4.21) 

Nr(d)SN R min 

where N r is the molecular absorption noise power, SNR min stands for the minimum SNR threshold . 

As illust rat ed in Fig. 4.9 , the node needs to narrower the beamwidth of DA to achieve longer 

communication distance. 

Considering the different geometrical rela tionship of the polygon of the impact area per sector , 

the room can be classified into 4 categories, which depends on the length of l~ and 1;. As shown in 

Fig. 4.10, we observe that l~ < 1; is always true in the union set of {A1 , A3 , A5 , A7 } , and the union set 

of {A2, A4 , A6, As} is formed by meeting the condition of l~ > 1; . In the union set of {Z1 , Z3, Z5 , Z1 } , 

we observe that l~ = 1; , and l~ approximately equals to 1; in the union set of {Z2 , Z4 , Z5 , Zs}. 

In order to decrease the calculation complexity caused by polygons with different number of 

edges as shown in Fig. 4.7, we assume the impact area per sector is always a triangle. Under this 

assumption , we can further simplify the classification of the room area by composing new area A: 
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Figure 4.8: Impact area in the room 

with Zi and Ai, for any integer i E [1, 8] . Thus, the room area can be represented by only two 

categories. For the class of l1 ~ l2, the area sets include {A~ , A~, A~, A~} , and for the class of l1 2: l2, 

the area sets include {A;, A~, A~, A~}- To calculate the area of each impact triangle, the base and 

the hight of the triangle are denoted as [3 and h, respectively, where [3 is the line section that the 

DA beam intersects with t he reflecting wall , and h is the maximum vertical dist ance between the 

reflected signal and the reflecting wall . We use l1 and l2 to represent the line sections of the edges of 

the DA's beam before been reflected, l1 and l2 are part of l~ and z;, respectively. The expect impact 
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Figure 4.9: Beamwidth of ideal directional antenna 
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Figure 4.10: Reflection inside a room 

area in each area sets can be separately calculated as: 

( 4.22) 

The detailed calculation of each component in ( 4.22) is provided as follows: For the the union 

set of {A; , A; ,A~ , A~} and the union set of {A~ ,A~ , A~ , A~}, the angle range of each area from the 
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perspective of the discovering node, is calculated as: 

"' 0bw(d) ( l - Y)"' 0bw(d) ) "' G 0bw(d) ( l - Y ) "' 0bw(d) ) "' 0 , E - -- arctan -- - -- 0 , E - - -- 1r+arctan -- - --
A1 ( 2 ' l - X 2 A3 2 2 ' -l - X 2 

"' 0bw(d) (-l -y)"' 0bw(d) )"' G1r 0bw(d) (-l-y)"' 0bw(d) )"'0A' E 1r - --, 1r + arctan -- - -- 0A' E - - --, 1r + arctan -- - --
s ( 2 -l - X 2 2 2 l - X 23 

(l-Y ) "' 0bw(d) 7r 0bw(d) ) "' ("' Gl -Y ) "' 0bw(d) 0bw(d) ) "' 0A' E arctan -- - --, - - -- 0A' E 1r + arctan -- - --, 1r - --
2 ( l - X 2 2 2 -l - X 2 24 

("' (-l-y)"' 0bw(d) 31r 0bw(d) )"' ("' (-l-y)"' 0bw(d) 0bw(d) )"'0A' E 1r + arctan -- - --, - - -- 0A' E 1r + arctan -- - --, 21r - --
6 -l - X 2 2 2 8 l - X 2 2 

Besides, based on the geometrical relationship of the triangle, the base and the hight of the impact 

triangle are calculated based on the information of li and l2: 

"' l- x l- x 
l2 "' l-y l-y

li = cos(0) ' = cos(0 + 0bw(d)) l2li = sin(0) ' = sin(0 + 0bw(d))
"' ~ 

A~ [3 = Jz? + l§- 2l1l2 cos( 0bw(d)) A; [3 = Jz? + l§- 2l1l2 cos(0bw(d)) 

h = (d - l1) cos(0) h = (d - l1) sin(0) 

"' [+ X l2 -_ [ + Xl1 = --- "' l + y l2 - l + yl1 = ---- cos(0) ' - cos(0 + 0bw(d)) - sin(0) ' - sin(0 + 0bw(d))
"' ~ 

A~ l3= Jz? + l§ - 2lil2cos(0bw(d)) A~ [3 = Jz? + l§- 2l1l2cos( 0bw(d)) 

h = (d - l1)(- cos(0)) h = (d- l1)(- sin(0)) 

"' l-y l-y
l1 - l2 = -~-~~ "' [+ X l2 -_ [ + Xl1 = ---- sin(0) ' sin(0 + 0bw(d)) - cos(0) ' - cos(0 + 0bw(d))"' ~ 

A~ [3 = Jz? + l§ - 2l1l2cos(0bw(d)) A~ l3= Jz? + l§- 2lil2 cos(0bw(d)) 

h = (d - l2) cos(0) h = (d - l2)(- cos(0)) 
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"' l + y l2 - l + y "' l- x l- xl1 = ---
- sin(0) ' - sin(0 + 0bw(d)) li = cos(0) ' l 2 = cos(0 + 0bw(d))

"' ~ 

A~ [3 = Jz? + l§ - 2l1l2 cos(0bw(d)) A~ l3 = Jz? + l§ - 2lil2 cos(0bw(d)) 

h = (d - l2)(- sin(0)) h = (d - l2) cos(0) 

Thus, the total expected impact area for a node inside the square room can be calcula ted as 

(4.23) , where Fsin and Fcos can be expressed as: 

E[Ar(d)] = E[A}(d)] + E[AJ(d)] + E[Af(d)] + E[A}(d)] + E[A~(d)] + E[A1(d)] + E[AI(d)] + E[A~(d)] 

1 1 1 [ [ ([rctan(8)- eb,2(d) ("' [ _ X )"' 

= 2l 2l 2n -l -l - eb,2(d) (l - x )Fcos (d) d - cos(0) cos(0)d0 

+1i- eb":, (d) (l - y)Fsin(d) ( ~ - l - Y ) :in(0)d0 
arctanC=~ )- 8 b":,_ (d) sin(0 + 0bw(d)) 

11r+arctan( ~l-Yx )- eb,,~(d) Y ) "'.G [_ 
+ (l - y)Fsin(d) d - ---:--- sm(0)d0(e) 

II._~ sm 
2 2 

+ l 1r_0b":,<dl (l +x)Fcos (d) (~+ (el\x (d)) ) (- cos(0))d0 
1r+arctan(..!.:::..JL)- 0bw(d) COS + bw

-l-x 2 

11r+arctan( =~=; )- eb,,~(d) ) "'G [+ X 

+ (l +x)Fcos (d) d + - (e) (- cos(0))d0 
1r- 8b,~ ( d ) COS 

3 

+ 1 ;_eb":,(d) (l + y)Fsin (d) (~+.(/+/ (d)) ) (- sin(0))d0 
1r+arctan( -l-y )- ebw(d) Sln + bw 

-l-x 2 

Lrctan( 1~7 )- eb,2( d ) ("' [ + y ) "' 
+ (l + y)Fsin (d) (e)d + ---:--- (- sin(0))d0 

--1[_~ sm 
2 2 

0 
+ r1f- b":, (d) (l - x )Fcos (d) ~ - (/-ex (d)) ) :os(0)de ) : xdy . 

l arctan( -l-y)_ebw(d) \ u COS + bw 
l -x 2 

(4.23) 

1 1 1 1 
~~~ + ~~--~~~ 

1 (sin(x)) 2 + (sin(0 + 0bw(d))) 2 1 (cos(x)) 2 (cos(0 + 0bw(d))) 2 

Fsin(d) = Fcos (d) = 2 :;__ 2 ("' cos(0bw(d)) ) "' 2 :;__ r cos(0bw(d)) )"' 
sin(0) sin(0 + 0bw(d)) ' 

2 
\ ~os(0) cos(0 + 0bw(d)) ' 

(4 .24) 

For the reason that the proposed neighbor discovery protocol can only work in the non-impact 

area where the signal pattern is not destroyed by the reflection, we combine both the proposed 
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protocol and the protocol without side-lobe information for neighbor discovery in a bounded space. 

The discovering node should switch to use the protocol without side-lobe information when the 

received signal doesn 't follow the universal data patterns. The expected time for a node to discover 

its neighbor inside a square room is calculated as: 

E G-,SrRmax+SrR13 ]"'= T SJRtrp 2 + T SJRmax (1- p 2
) "' ( 4.25) l.L f ind f ind r find r ' 

where Tt ~~/3 and TJ ~~max stand for the t ime duration of discovering a specific neighbor in free space 

by using the neighbor discovery protocol with and without the side-lobe information, respectively. 

Pr = l - Pr , and Pr= E [:I] is the probability that a node locates in the impact area, A stands 

for the total area of the room. The proposed neighbor discovery protocol only works when both 

t ransmitter and receiver are located in the none-impact area. 

4.7 Numerical Results 

In this section, numerical analysis of a network as the one int roduced above is t est ed with the 

following system paramet ers: the maximum transmission distance d max of a node is 100 m , the 

transmission power P tx is -20 dBm, the SIR threshold (3 is 10 dB, the maximum power pattern G max 

of the antennas is 40 dB , the central frequency f O is 1.03 THz , the transmitter 's and receiver 's DAs 

turn in the same speed but with opposite directions. We consider a constant background noise equals 

-110 dBm in addition to the multi-user interference. The performance of the neighbor discovery 

protocol with side-lobes information in free space has been analyzed in Sec 4.5. Here, we mainly 

discuss the performance of the proposed neighbor discovery protocol in a bounded space, where the 

length of the diagonal line of the space is 2dmax . 

Fig. 4.11 shows the percentage of the impact area for one node in the square room. When 

the transmission distance is very short , the transmitted signal hardly reaches any wall unless the 

transmitter is very close to the wall. In any case, the size of the impact area is very small due to 

the limited transmission dist ance. With the increasing of the t ransmission distance, there is more 

possibility for the antenna beam to reach the walls and, thus, the percentage of the impact area 

grows. 

In Fig. 4.12, we test the performance of finding a specific neighbor in free space with different 

neighbor discovery protocols as we described in Sec. 4.4 , i.e., with and without side-lobes, indicated 
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Figure 4.11: Percentage of the impact area in the square room 
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Figure 4.12: Neighbor discovery in free space 

as SIR13 and SIRmax, respect ively. The neighbor discovery protocol without side-lobes informat ion 

requires complete alignment and facing of the transmitter 's main-lobe and receiver 's main-lobe, the 

probability of discovering a specific neighbor increases slowly with time. Before the discovering node 

complet ely finds the specific neighbor , i.e., when PJF:::d approach to 1, it already consumed more 

t ime than that of the proposed protocol. As a comparison, our proposed neighbor discovery protocol 

takes the advantage of ut ilizing side-lobes. Whenever the received SIR surpasses the (3, the effective 

signal is successfully received and assisted in neighbor detection. The discovering node find the 

specific neighbor almost immediately. We also observe that , fas ter DAs' turning speeds accelerate 

the neighbor discovery process and, t hus, cause PJF:::d to approach t o 1 faster. 

In Fig. 4.13, we test the performance of finding a specific neighbor in a square room, as described 

in Sec. 4.6, with different neighbor discovery protocols. Since the signal pat tern can be destroyed by 

the reflection, the proposed neighbor discovery protocol with side-lobes informat ion cannot work 

appropriately in the impact area. Thus, we combine two neighbor discovery protocols and denote it 
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Figure 4.13: Neighbor discovery in the square space 

as SIRmax + SIR(3 . More specifically, the neighbor discovery protocol without side-lobes is applied 

in the impact area and the proposed neighbor discovery protocol is used in the none-impact area. The 

result shows that , comparing with the neighbor discovery protocol without side-lobes, the combined 

neighbor discovery protocol greatly reduces the neighbor discovering duration. Besides, due to more 

impact area will be formed by increasing the transmission distance of the nodes, the weight of 

applying the proposed protocol decreases and, thus, more neighbor discovering t ime are needed. The 

values of TJ~~m,ax and Tt:~fl that we used to derive this results is based on the results from neighbor 

discovering in free space, as shown in Fig. 4.12. 

4.8 Conclusion 

In this section, an expedited neighbor discovery protocol that leverages antenna side-lobes information 

has been proposed based on the unique peculiarities of THz-band communication. The location 

mapping scheme for the received signal samples has been devised and analyzed. A comparison 

between our proposed protocol and the protocol without side-lobes has been mathematically analyzed 

and derived . The proposed protocol has further been test ed and validated by utilizing X60 testbed . 

An analysis of the feasibility of the proposed protocol in a bounded square room has been conducted . 

The numerical results have been provided to illustrate the improvement of our proposed neighbor 

discovery protocol in both free space and bounded square space where reflection is taken into account. 
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CHAPTER 5 

Multi-hop Relaying Strategies for Terahertz-band 

Communication Networks: A Cross-layer Analysis 

5.1 Motivation 

In addition to relying on DAs in transmission and reception, mult i-hop relaying will be required to 

cover meaningful end-to-end (E2E) distances, i.e., distances beyond 100 meters . Existing relaying 

studies cannot directly be reused, because they do not capture the peculiarities of the THz channel. 

More specifically, due to the unique distance-dependent behavior of the available bandwidth, the 

reduction of the transmission distance results in a twofold benefit . On the one hand, as in any wireless 

communication system , for a fixed transmission power , the signal-to-noise ratio (SNR) increases 

and higher order modulation can be utilized to increase the data-rates over short distances. On the 

other hand, because of the behavior of molecular absorption, shorter distances also benefit from a 

substantially larger transmission bandwidth, which again contributes to the increase of achievable 

data-rates . However , the need for more hops to cover the same distance and the computational cost 

of relaying data at multi-Gbps or even Tbps pose major constraints on the system design. 

We study the impact of relaying on the performance of THz-band communication networks . 

More specifically, we are interested in finding the optimal relaying distance that maximizes the E2E 

throughput. To perform this study, we develop a quasi-birth-death (QBD) Markov process model 

that captures the capabilities and the behavior of a node in THz communication networks. This QBD 
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model consist s of a series of levels, which are defined as boundary level and repeating levels. The 

repeating levels relate to the number of packets currently queued in one specific node. The boundary 

level represents the status that the node doesn 't have any packet to t ransmit. Within one repeating 

level, the t ransitions between different sta tes are relat ed to the ret ransmission attempts that the 

packet will undergo. The transitions between inter-levels are further rela ted to the queueing and 

dequeueing probabilit ies and also the transmission(TX) / reception(RX) mode switching probabilit ies. 

In all the t ransitions within a level and across the levels, the cross-layer peculiarities of the THz-band 

communication networks are t aken into account , including the channel, the antenna , the buffer 

capacity and the physical, link and network layers . 

5.2 Related Work 

Existing multi-hop relaying strategies developed for lower frequencies cannot directly be ported to 

THz-band communication networks, because they do not capture the aforementioned peculiarit ies of 

the THz channel. For instance, in [79], the authors chose the relays by optimally allocating the energy 

and bandwidth resources based on the available channel state information. This design is proposed 

for resource constrained networks. In [80], the aut hors incorporated both user t raffic demands and 

the physical channel realizations in a cross layer design to select the best relay. This approach is 

designed for a cellular system operating in a frequency-selective slow-fading environment . 

To the best of our knowledge, there is no rela ted work proposed for THz communication. The 

mmWave t echnology (30 to 300 GHz) is the closest existing technology. Several similarities are 

shared between THz-band communication and mmWave-band communication. For inst ance, both 

technologies are designed for ultra-high dat a-rates communication (up to multi-Tbps and multi

hundred-Gbps, respectively) and , similarly, both t echnologies suffer from very high path loss and, 

thus, require highly DAs to overcome this limitation. However , there are several differences between 

mmWave and THz-band communication networks, which arise from the fact that at THz frequencies, 

DAs are simultaneously needed in t ransmission and reception to complete any meaningful data 

transaction. 

In [81], the authors proposed a cross layer virtual time-slot allocation scheme for throughput 

enhancement in a mmWave multi-Gbps WPAN system, in which the cross layer design only considered 

the physical layer and MAC layer. In [82 , 83], the authors improved the concurrent throughput for 
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mmWave WPANs by applying hop section schemes, which is achieved by using scheduling schemes 

that explore the spatial reuse for concurrent transmission. However , due to very high path loss and 

low transmission power , spatial reuse is not feasible in THz-band communication networks. In [84], 

the authors introduced a cross-layer model to determine network link connectivity as a function 

of the locations of relays . The approach took into accounts for two unique features of mmWave 

including interference and blockage, which weakened in the THz-band communication network. 

In [85], we proposed the first cross-layer design of THz-band communication networks, from 

physical layer to the design of data link layer and further to the multi-hop queueing system design in 

the network layer. However , this work is based on a simplified directive queueing model which does 

not consider the retransmission limitation and t he buffer capacity limita tion of each node, nor the 

corresponding link-layer MAC protocol. 

5.3 System Preliminaries 

In this section, we first describe the scenario under analysis as well as the network topology and 

operation. Second, we int roduce the THz-band channel model and present the energy consumption, 

THz-band channel frequency response and the molecular absorpt ion noise power as functions of the 

transmission distance. Then, we introduce the DA model utilized in our analysis . We derive the DA 

characteristics, which include antenna gain and antenna beamwidth, as functions of the transmission 

distance . Finally, we describe the MAC and neighbor discovery protocols considered in our analysis. 

5.3.1 Network Topology and Operation 

We consider that all the nodes are randomly distributed in a flat area following a spatial Poisson 

distribution. Each node periodically switches between transmission (TX) mode and reception (RX) 

mode. A node in TX mode, i.e., with data to transmit , checks whether a Clear-To-Send (CTS) frame 

from the intended receiver has been recently received , as we studied in [86]. We consider that a 

CTS frame is valid for the duration of facing between transmitter and receiver. The transmitter 

who has data to send to a specific receiver , can only proceed with DATA packet transmission after 

receiving a valid CTS frame from that receiver , otherwise, the t ransmitter listens to the channel 

until the reception of a new CTS frame. A node in RX mode periodically broadcasts its status with 

CTS frames . In [86], we showed that the receiver-initia ted MAC outperforms more conventional 
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Figure 5.1: Network architecture 

transmitter-initiated protocols when the channel bandwidth is not a constraint , but synchronization 

between devices is. 

A fixed number of nodes operate as relays, which, on the one hand, help to relay other nodes' 

packets, and , on the other hand , also generate their own packets . As opposed to relays, the rest of 

nodes will never relay other nodes' packets. The network is formed as an ad-hoc architecture, whose 

coverage range can be extended with the help of the relays. 

In Fig. 5.1 , the relays are marked as black nodes and are uniformly distributed in the whole 

network to guarantee network connectivity for any node in any direction. The remaining nodes are 

marked as blue nodes, within which we picked two as the source and the destination for the multi-hop 

E2E link analysis and are colored in red. Our goal is to determine the relay transmission range to 

achieve the maximum E2E throughput for such a network with multi-hop E2E links. A summary of 

the parameters in our analysis is provided in Table 5.1. 
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Table 5.1: Parameters and const ants summary in Sec. 5.3 

Symbol Quantity 

dr Transmission distance of DAs 
Pr Received signal power 
St Single-side power spectral density of the transmitted signal 
B 3dB bandwidth 

f Operation frequency 
He THz-band channel frequency response 

C Speed of light 
k abs Molecular absorption coefficient 

Gt and Gr Gain of transmitter antenna and receiver antenna respectively 
Nr Molecular absorption noise power 

S N B Background atmospheric noise power spectral density 
S N 1 Self-induced noise power spectral density 

S N Rmin Minimum SNR threshold 
G Desired antenna gain by considering Gt (dr ) = Gr(dr ) = G(dr ) 
D Directivity of highly DAs 

fl A Array solid beam angle of DAs 
eh and cf> h Half Power Beam Width of DAs in the elevation plane and azimuthal 

plane respectively 
6.0 Beam width of the DAs 

0t;art and et;;art Initial angle of transmitter DA and receiver DA respectively 
Wtx and Wrx Turning speed of transmitter DA and receiver DA respectively 

5.3.2 Channel Model 

The unique distance-dependent characteristic of THz communication is caused by the physics of the 

channel. The propagation of electromagnetic waves at THz-band frequencies is mainly affected by 

molecular absorption, which is t ransmission dist ance dependent and frequency selective [87]. We 

consider that transmitters operat e in the first absorption defined window above 1 THz. The 3 dB 

window bandwidth varies with the transmission distance dr, i.e., longer transmission distance results 

in a narrower 3 dB bandwidth window, see Fig. 5.2. 

Molecular absorption results in both molecular absorption loss and molecular absorption noise, 

both of which , are transmission distance dependent parameters. In particular , the signal power at a 

transmission distance dr from the transmitter is given by: 

(5.1) 

where St is the single--sided p.s .d of the t ransmitted signal, B st ands for the 3 dB bandwidth in 

respect of different transmission range. f refers to the operation frequency and He refers to the 
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Figure 5.2: Absorption loss defined 3 dB bandwidth. 

THz-band channel frequency response, which is given by [18] : 

H (f d ) = r____!:_) (_ k abs (f) dr ) "' (5.2)c, T ~~j~ ~ p~- ,2 

where c refers to the speed of light and kabs is the molecular absorption coefficient of the medium, which 

is a frequency dependent value and is calculated based on the HITRAN (high-resolut ion transmission 

molecular absorption) dat abase. The value of k abs depends on the molecular composition of the 

transmission medium, i.e., the type and concentration of molecules found in the channel, and is 

computed as in [18]. Gt and Gr refer to the gain of transmitter antenna and receiver antenna 

respectively, which are t ransmission distance dependent parameters . 

Similarly, the molecular absorption noise power Nr at a distance dr from the transmitter , can be 
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modeled as addit ive, Gaussian, colored and correlated to the transmitted signal [20] , and is given by: 

(5.3) 

where it is taken into account that the total molecular absorption noise is contributed by the 

background atmospheric noise p .s .d. , SNB and the self-induced noise p .s.d. , SN1, and are computed 

as described in [20]. 

5.3.3 Directional Antenna Model 

To overcome the very high molecular absorpt ion loss over long distances and to increase the SNR , 

DAs are used at both the transmission and the recept ion with gains as Gt and Gr respectively. Such 

antennas can be realized either by means of directional antenna designs, such as horn antennas, or 

by utilizing beamforming antenna arrays [88] . 

The gains need to be calculat ed by taking into account the condition that the received signal 

strength should surpass the received signal power threshold, i.e., 

(5.4) 

where S N Rmin stands for the minimum SNR threshold (10 dB in our analysis). Without loss of 

generality, the antenna gains of the transmitter and the receiver are considered to be ident ical and 

constant over the 3 dB frequency window, i.e., Gt (dr ) = Gr(dr ) = G(dr ). In this case, the desired 

antenna gain can be expressed as: 

Nr (dr ) S N Rmin 
G(dr ) 2: (5.5) 

The directivity of highly DAs can be approximated as [85]: 

(5.6) 

where OA refers to the array solid beam angle, 0h and <Ph are the Half Power Beam Width (HPBW) in 

the elevation plane and azimuthal plane, respectively. If we assume the HPBW in the elevation plane 

and azimuthal plane are identical, i.e., 0h = c/>h = 6..0 , the beamwidth of the DA can be calculated as : 
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S (f) c
2 

e- kab s(J) drd•IB(dr ) t (41rdr /) 2 J
41r (5.7) 

Nr (dr) SNRmin 

5.3.4 Neighbor Discovery with Directional Antennas 

We consider that the deafness problem is partially overcome by utilizing high-speed turning DAs, as 

suggested in [86]. This could be implemented by means of mechanical steering devices, or , ideally, by 

means of beamforming antenna arrays . 

As we introduced in Sec. 5.3.1, each node switches between TX mode and RX mode periodically. 

In order to increase the nodes facing probability, we assume that when a node is in the TX mode, it 

turns in the clockwise direction. In contrast , when a node is in the RX mode, it turns in the counter 

clockwise direction. However, as illustrated in Fig. 5.3, the opposite turning directions of transmitter 

DA and receiver DA do not necessarily guarantee that they will face each other. The angle difference 

between t ransmitter DA and receiver DA plays an important role in the facing problem as well. 

When turning at the same speed but in opposite directions, the transmitter DA and receiver DA will 

only meet under the condition that their initial angle difference is 1r. 

tl.0star t = 0 

Figure 5.3: Facing possibility 

In light of this observation, we further specify that the turning speed of transmitter DA and 

receiver DA must be different. Thus, the angle difference between transmitter DA and receiver DA 

will change toward a trend of higher possibility of facing if they fail to face in current turning circle. 
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5.4 Overview of the Quasi Birth Death Markov Process 

The time duration t for the transmitter DA and receiver DA to face each other is calculated by 

satisfying: 

(5 .8) 

where transmitter DA and receiver DA turn at different speeds of Wtx and Wrx, respectively and with 

initial angles of 0%Iart and 0:1art, respectively. 11 *11 stands for the modulus operation. 

Other than facing, mode matching is another requirement for communication between transmitter 

and receiver. To avoid the worst scenario that two neighbors always have exactly the same TX/RX 

modes distribution in time, we need to shift the nodes' time schedule from each other. One approach 

is to randomly setup each node at the starting stage of the network, another one is to switch the 

node 's mode from TX mode to RX mode once there is no package stored in its buffer. The detail 

neighbor discovery protocol will not involved in this paper . 

5.4 Overview of the Quasi Birth Death Markov Process 

In this section, we provide an overview of the QBD Markov process for THz-band communication 

network model introduced in Sec. 5.3. 
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Figure 5.4: QBD Markov process model of the system 
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The QBD Markov process model shown in Fig. 5.4 captures the capabilities and the behavior 

of a node in THz-band communication networks. This QBD model consists of two types of levels , 

including boundary level and repeating levels. The repeating levels are the levels satisfy 1 ~ m ~ M . 

We denote the maximum buffer capacity of each node as M. The index m represents the number of 

packets currently queued in node. The boundary level, satisfying m = 0, represents the status that 

the node does not have any packet to transmit . 

Within one repeating level, the transitions between different states are related to the retrans

mission attempts that the DATA packet will undergo. The number of the maximum DATA packet 

retransmissions is defined in the MAC protocol and denoted as N. The transitions between inter-levels 

further relate to the queueing and dequeueing probabilities and also the TX/ RX mode switching 

probabilities. In all the transitions within a level and cross the levels, the cross-layer peculiarities of 

the THz-band communication networks are taken into account , including the channel, the antenna, 

the buffer and the physical, link and network layers. The detailed transitions within a level and cross 

levels will be detailedly described in Sec. 5.5 and Sec. 5.6. 

5.5 Intra-level States and Transition Model Based on THz 

MAC Protocol 

In this section, we describe the states within a level of the QBD Markov process. They are defined by 

the receiver-initiated MAC protocol described in Sec. 5.3. Then, we incorporate the unique distance 

dependent properties, the directional THz communication feature and THz channel effects into the 

designed transitions between states inside one level. 

5.5.1 Overview of the Intra-level States in the QBD Process 

In Fig. 5.5, the intra-level states of the QBD process model consist of different element states . The 

duration of each state (summarized in Table 5.2) differs with each other because of the time variation 

to deal with different type of packets. The local DATA packet generation rate >.1 of each node is 

determined by the demands of the application layer . In this paper , we consider that >.1 follows 

a Poisson distribution and affects all states of the Markov process . Because of the half-duplex 

transmission property, a node cannot transmit and receive packets simultaneously. Thus, when nodes 
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RX Mode TX Mode CD 0 DATA retransmission 
SendCTS CTS timeout 

CD 0 

• Able to receive 
relayed packets ® 

O Unable to receive 
relayed packets 

Figure 5.5: MAC protocol 

Table 5.2: Parameters and constants for states delay duration 

I Notation I P aram et er Function 

flX Delay in "Send CTS" f'iX = Tcrs + Tprop 
tr 

2 
x Delay in "CTS timeout" t2x = N(TDATA + Tprop +TACK+ Tprop) 

tr 
3 
x Delay in "Receive DATA" t3x = N(TDATA + Tprop) + (N - l )(TACK + Tprop) 

tr 
4 
x Delay in "Send ACK" f;t = TACK+ Tprop 

ttx Delay in "Receive CTS " tix = T;:r~t0 
ttx Delay in "Send DATA" tix = TDATA + Tprop1 
tt 

2 
x Delay in "ACK t imeout" t~x = TACK+ Tprop 

ttx Delay in "Send ACK" ttx = TACK+ Tprop 

operate a t the TX mode, the majority of TX duration is designed to send DATA packets . Even 

though there are t ime slots for receiving CTS and ACK frames during TX mode, these time slots are 

too short to accomplish a complete DATA packet reception. In this case, we consider that nodes 

cannot receive other nodes ' DATA packets when they operate at TX mode. In contrast, nodes can 

help receive and relay other nodes ' packets in most states of RX mode, except "Send CTS " and "Send 

ACK" states. Thus, only those blackened block-represented-states are affected by the relayed packets. 

T he effects of packets arrival rate to the Markov process will be analyzed later in this section. A 

summary of the parameters in this section is shown in Table 5.3. 

The Markov process starts at "Send CTS" state in RX mode. After one sector durat ion Tsector 

of DA, t he node swit ches from RX mode to TX mode. T sector is det ermined by N, which is the 

maximum number of DATA packet retransmission attempts during TX mode. When the buffer is 

full, t he node starts to drop packets from the end of its buffer . A newly arrived DATA packet will 

push the buffer towards its capacity limitation, and the successful or the failed transmission of a 

DATA packet will release one DATA packet space from the buffer. Once there are no DATA packets 
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Table 5.3: Parameters and constants of intra-level analysis 

Symbol Quantity 

Az Local DATA packet generation rate 
Ar Relayed DATA packet generation rate 
Ag Total DATA packet generation rate, Ag = Az + Ar 
An Node density 

T sector Sector duration of DA 
Nsector Number of sectors in one DA turning circle 

N Maximum number of DATA packet retransmission attempts 
M Maximum buffer capacity of each node 
D Distance between source-destination pair 

p rx and p tx Probability that process change from i th stat e to ylh state in RX modei ,J i ,J 
and TX mode, respectively 

A~;Yz Interference area formed by the DA's coverage area 
n~,Y Expected nodes number within the interference area 

7r State probability vector 
PRx Transition probability matrix for the RX process 
aRx Initial probability vector for RX process 

P suc d pfail
RX an RX Probability vector for RX process to complete the t ransmission process 

successfully and unsuccessfully, respectively 

ptx-2 Transition probability matrix of tx2 process 
atx2 Initial probability vector for tx2 process 

P suc d pfail
tx2 an tx2 Probability vector for tx 2 process to complete the transmission process 

successfully and unsuccessfully, respectively 
P>.., .,2 Packet arrival probability vector for tx2 process 
Ptx Transit ion probability matrix for a single repeating level 
Otx Initial probability vector of a single level of Markov Queue 

P suc d pfail
tx an tx Probability vectors to complete a single level of Markov Queue successfully 

and unsuccessfully respectively 
Packet arrival probability vector for single repeating level stat es 

left in the buffer , the node switches from TX mode to RX mode. 

In Fig. 5.4, all states in RX mode are represented by {RX} . TX mode consists of {TX 1 } and 

{TX2 } , which stand for the "Receive CTS " state and the DATA retransmission states, respectively. 

The basic component of {TX 2 } is denoted as tx2 , which represents the process of a DATA packet 

retransmission. 

5.5.2 RX Process 

We consider that the {RX} stat es and the {TX 1 } st ates together construct the boundary level 

of the QBD Markov process model. For the purpose of simplification, we denote the combination 

boundary level as RX process. As shown in Fig. 5.5, the RX process consists of 5 states including 
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"Send CTS, CTS timeout , receive DATA, send ACK" and "Receive CTS", which are marked by an 

ascending order sequence from 1 to 5 for fut ure notation. Based on the RX process illustrated in 

Fig. 5.5 , the transition probability matrix is developed as: 

0 P[,2(dr ) P{] (dr ) 0 0 

0 0 0 0 P;.~ (dr )PJ1(dr ) 

PRx (dr ) = 0 0 0 p rx 
3 ,4 0 (5.9) 

0 

"' 
0 

0 

0 

0 

0 

0 

0 

P;.~ (dr )PJ1(dr ) 

0 
"' 

where the format of Pr!f or P/"j represents the probability t hat the RX process or the t x2 process 

changes from it h state to / h state, respectively. These probabilities are derived as follows: 

P[,3 is the probability t hat t he node sends a CTS frame successfully and receives at least one 

DATA packet successfully within N maximum retransmission limitation, which is calculated as : 

The component (5.10-a) is the probability that there is at least one node y that is current ly able 

to establish one hop communicat ion link with node x , which is the receiver that just sent a CTS 

frame. In addition, y is currently in s?;0 state, which is the state of "Receive CTS". The probability 

that y is at st ate s?;0 is denoted as Pt0 ,0 , which can be found in the st ate vector 1r of the Markov 
t x 

chain . The expected number of nodes, n}'Y, represents the number of nodes locat ed within the 

interference area within one hop communication range : 

(5.11) 

where An is node density, A~;3/1 is the interference area formed by t he DA's coverage area of node x 
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and node y , which can be calcula ted as : 

(5.12) 

The component (5.10-b) is the facing probability of node x and node y , where Nsector stands for 

the number of sectors in DA's complete turning circle, thus: 

21r 
(5.13)Nsector (dr ) = 6.e(dr ) 

The component (5.10-c) is the probability that node x sends CTS frame successfully, which is 

calculated as: 

(5.14) 

where P ER~f iK refers to the packet error rate of the CTS frame by using QPSK, which can be 

derived based on [89]. Pc;?};~ refers to the collision probability of sending a CTS frame, which is 

calculated as: 

(5 .15-a) ) (' (5 .15-b ) ) "' 

Pc;?J;~ (dr ) = 1 - P{O E A~;3/1(dr )} \ 1 - P{O E 2FTcrs (dr )} "' (5.15) 
( 

The component (5.15-a) is the probability that no node is located in the DAs' interference area 

of node x and node y , thus: 

(5.16) 

The component (5.15-b) represents the probability that there is no DATA packet generated during 

the CTS frame vulnerable time, which is calculated as : 

(5.17) 

where Ag is the total DATA packet generation rate consisting of t he local DATA packet generation 

rate At and the relayed DATA packet generation rate Ar. FTcrs is the t ransmission time of a CTS 

frame . 
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The component (5 .10-d) represents the probability that node y generates ntcATA DATA packets 

towards node x during the CTS life time, given that TSf~ = Tsector, thus: 

(5 .18) 

where the DATA packet generation rate that towards the direction of node x is calculated as 

Az / Nsector · 

The component (5 .10-e) is the probability that at least one DATA packet is successfully received 

with N maximum retransmission limitation. PJ?lrA is the probability that a DATA packet has been 

successfully transmitted and received , thus: 

(5 .19) 

where Pf'J°l1rA and PER2~f1 refer to the collision probability and the packet error rate of DATA 

packets, respectively, which are calculated by using the same methodology as we applied in (5 .14) . 

P[,2 refers to the probability of CTS timeout caused by the failure of either CTS or DATA 

transmission, thus : 

(5 .20) 

P3,4 is the probability that after receiving DATA packet , the node replies an ACK frame . Since it 

is a strict rule of the MAC protocol, we have: 

Pf,4 = 1. (5 .21) 

P;.~ stands for the probability that node x transfers from RX mode to TX mode, which can be 

calculated as: 

(5 .22) 

PJ1 represents the probability that node y received a CTS frame successfully and then generates , 
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at least one DATA packet during CTS frame life time to t he CTS source node x, thus: 

(5 .23-a) 

(5.23)l p suc P{ Set s E Tli f e (d )}
2 C T S nDATA CTS T ,

(Nsector (dr )) 

where the component (5.23-a) is the probability that at least one node x, that able to establish one 

hop communication link with node y , and is currently in the st at es of "send CTS", which is the 

1st st at e , S;.:/ , in RX mode. The value of P;;.;,,1 is recorded in the state probability vector 1r of t he 

Markov chain. 

We consider t hat the initial probability vector of RX process is a Rx = O O O O] T, thel1 
probability vector for RX process to complete the transmission process successfully/unsuccessfully 

are PJ/x = l° O O 1 1] and PJ/;_1 
= l° 1 O O 1Frespectively. 

5.5.3 tx2 Process 

As shown in Fig. 5.4, the st ates in {tx2 } construct the repeating levels of t he QBD Markov process 

model, which we denote as tx2 process . The tx2 process represents a complete retransmission 

process, which consist s of "Send DATA, ACK timeout " and "Receive ACK " states and marked by an 

ascending order sequence from 1 to 3. In light of the communication process illust rated in Fig. 5.5, 

the transition probability matrix of tx2 process is: 

0 0 "' -,. where (5.24) 

0 0 

Pf~ is the probability that node y successfully send one DATA packet and receive an ACK frame, 

which is given by: 

(5.25) 

Pf~ st ands for the probability that node y failed to send DATA or to receive ACK frame, thus: 

Pf1 (dr ) = 1 - Pf1 (dr ). (5.26) 
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We consider the initial probability vector of tx 2 process is at:z:2 = l° Q Q] T, the probability 

vector for tx 2 process to complete the transmission process successfully/unsuccessfully are P/x":,c = 

[ O O 1] "'and Pfx":/1 = [O 1 O] ~ respectively. For the reason that the packet arrival probability 

vector for each state in tx2 process affects the buffer occupancy rate and, t hus, the performance of 

the Markov process . The packet arrival probability vector can be calculated as: 

(5 .27) 

where the format P1x% is the probability that at least one DATA packet arrives node y at the k th 
g 

state in tx 2 process, giving that the DATA packets arrival rate is >.9 , thus: 

(5.28) 

where t%x is the duration of the k th state of the Markov process, which is described in Table 5.2. 

5.5.4 Construction of Single Repeating Level of the QBD Markov 

Process 

In Fig. 5.4, each repeating level consists of N retransmission processes tx 2 . Each retransmission 

process is triggered by the failure of previous DATA packet transmission. Thus, the transition 

probability matrix for a single repeating level of the QBD Markov process is calculated as : 

pfailPtx2 (dT) atx2 tx2 0 0 

0 Ptx2 (dT) 0 0 

Ptx(dT) = (5 .29) 

pfail0 0 ptx2(dT) at:z:2 tx2 

"' "' 0 0 0 ptx2(dT) 

We further develop the initial probability vector of a single repeating level as Otx = l°tx2 , o o] T, 

the probability vectors to complete a single repeating level successfully/unsuccessfully are P/xuc = 

lpsuc psuc psuc] and pfail = lptail pfail pfail] "'respectively. Consideringl~ tx2 t:z:2 t:z:2 tx l~ t:z:2 , t:z:2 t:z:2 , 
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Table 5.4: Parameters and constants of inter-level analysis 

Symbol Quantity 

Probability of the transition matrix of the retransmission process goes to the 
upper level 

psame Probability of the transition matrix of the retransmission process stays at thetx 
same level 

pdrop Probability of the transition matrix of the retransmission process drops packetstx 
at the highest level 

pdown Probability of the transition matrix of the retransmission process goes to thetx 
lower level 

P;!'! Probability that the Markov process transmits from RX process to T X 2 process 
P:;:me Probability of the transition matrix stays at the RX level 
Pj~wn Probability that the Markov process transmits from T X 2 to RX process 

ththat once the system is in the n retransmission state (1 < n '.S N), the previously failed DATA 

packets must be retransmitted, regardless if there is any new arrived DATA packet in the queue. The 

possibility of having packet ready to transmit is one. The packet arrival probability vector for single 

repeating level states is thus developed as P>..t-,, (dr) = f>..t., ( dr) , 1 1] ~ 
2 

5.6 Inter-level Analysis of t he QBD Markov Process 

In this section, the inter-level transitions of the QBD Markov process model are further analyzed. 

First , we conduct the states transition analysis according to the enqueue and dequeue process as well 

as the TX/ RX mode switching. Then, we provide the solution of the QBD Markov process model. A 

summary of the parameters in our analysis is shown in Table 5.4. 

5.6.1 States Transition with Buffer Capacity Limitation 

To analyze the transition process between levels in the QBD Markov process model with buffer 

capacity limitation, we adopt the similar methodology introduced in [90]. For any level m , satisfying 

1 :'S m '.S M - 1, the retransmission process transits to a higher level when a new packet arrives. The 

probability matrix of such transition is: 

(5.30) 
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where 1 is a properly dimensioned ma trix containing all l s, @is the Hadamard product. P>., ., 

and Ptx , as defined in Sec. 5.5.4, refer to the packet arrival probability vector and the t ransition 

probability matrix for a single repeating level, respectively. 

When the node attempts to ret ransmit a DATA packet , the process stays at the same level m , 

with 1 ~ m ~ M - l. The t ransition matrix of the ret ransmission process is calculated as : 

(5 .31-a) (5 .31-b) 

(5 .31) 
P/xarne(dr) = (lP>.,., (dr )) Q91~tx (P/xuc + P/xail))+(1 - lP>., ., (dr )) Q9Ptx(dr ), 

where the first component (5.31-a) represents the probability that a new DATA packet arrives to 

the buffer at the same time when the recently transmitted DATA packet is removed from the buffer 

because of either successful or failed transmission. The second component (5.31-b) represents the 

probability that there is no DATA packet arrives to or been removed from the buffer. 

At the highest level m = M , the queue is full. Any newly arrived DATA packet or recently 

transmitted DATA packet that meets the retransmission limitation is directly dropped , accordingly, 

we have: 

P drop(d ) pup(d ) ("'psuc pfait)"'
tx T = tx T + Otx tx + tx · (5.32) 

For any level m , with 1 ~ m ~ M . When no DATA packet arrives and the current DATA packet 

service is completed , the transmission process t ransits to a lower level. The t ransit ion matrix of this 

process is: 

(5 .33) 

To complete the entire QBD Markov process, we extend our analysis to interrelate the boundary 

level with the repeating levels as follows. We consider that when a new DATA packet arrives, if RX 

mode time has not expired , the arrival of the new DATA packets will not affect the operation of RX 

mode. When RX mode time has expired , i.e., the system has experienced a complete process of RX 

mode, the Markov process transmits from RX process to tx 2 process, and thus: 

(5 .34) 

When the node in tx 2 process completes the last DATA packet t ransmission, the buffer is empty, 
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the Markov process transmits from tx2 to RX process, thus, we have : 

pdown = (},_sue + pfail)T a,T (5 .35) rx \ .L tx tx RX · 

If there is no arriving DATA packet, the transition process stay in RX level, thus: 

(5 .36) 

With the above analysis, we develop our entire QBD Markov process model for the cross-layer 

system as Psys , shown in (5 .37) . 

P:!:m,e ( dT) P;!"!(dT) 0 0 0 0 

pdown 
TX 

Pi8,,,am,e ( dT) Pt':l'(dT) 0 0 0 

0 P/;,own(dT) P/.,am,e ( dT) Pt;(dT) 0 0 

0 0 P/;,own (dT) P/;,,,,,,e(dT) 0 0 
Psys(dT) = (5 .37) 

0 0 0 P/;,own (dT) 0 0 

0 0 0 0 P/.,am,e (dr) Pt'::'(dT) 
"' "' 

0 0 0 0 Pl,,,°wn(dT) Pt':0 P(dT) 

5.6.2 Solution of Quasi-Birth-Death Markov Model 

We only consider the case with maximum buffer capacity M » 2. Based on this consideration, we 

summarize the conditions to calculate the rate matrix R and present them as followings : 

9fm-1 (dr )PtZ(dr) + 7rm(dr )P/xarne(dr) + 1rrn+IPt';0 wn(dr) = 7rm(dr) 
(5 .38) 

{ 7rm(dr) = 'Trrn-1(dr)R(dr) 

Thus, the rate matrix R is calculated as: 

(5 .39) 

We derive R iteratively by successive substitution making use of R(l) = 0. The iteration is 

repeated until two consecutive iterates satisfy II Rcn+i) - R(n) II < E, where E is the predefined 

tolerance and II · II is an appropriate matrix norm. 
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by solving 7r P sys = 1r and 1rl = I:~1ri = 1, we derive the equations as: 

"' 
1ro(dT)P;::rne (dT) + 1r1(dT)P,::~wn = 7ro(dT) 

9ro(dT )P;!';I (dT) + 7r1 (dT )P/xarne (dT) + 1r2Pt';,,own (dT) = 7r1 (dT) 
(5.40) 

1ro(dT)l + 1r1(dT)(J- R(dT))-11 = 1 

7rM- 1(dT )Pt":; (dT) + 7rM(dT )Pt';: 0 P(dT) = 7rM(dT) 

which can be rearranged as (5.41) . 

P;!'f (dT ) 

P/;;,rne (dT ) - I + R(dr )P/;,0 wn (dT ) 

(5.41) 

Therefore, we can calculate 1r0 and 1r1. Moreover , we solve 1rrn according to the second condition 

in (5 .38) , given that 2 ~ m ~ M - l. For the highest level M, we calculat e 7rM based on the last 

condition of (5.40) . In light of the above illustrations, the entire probability vector of the QBD 

Markov process model for our cross-layer system can be derived and denoted as : 

(5.42) 

The steady state probability vector is achieved by updating the queueing system with the lat est 

result until the difference between the latest consecutive results is negligible. 

5.7 Performance and Analysis 

In this section, we first validate the analytical QBD Markov process model described in the previous 

sections by means of simulation. Then , we use this model to analyze the E2E performance of THz 

communication networks. 

5. 7 .1 Validation of the QBD Markov Process Model 

We use MATLAB to simulate a mult i-hop THz communication network which is composed of THz 

nodes . Unless otherwise stat ed , we define the network with the following system parameters: the 
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Figure 5.6: Entire probability vector of the QBD Markov process model in (5.42) (D = 100, >.1 = 
9 

lOOe M = 50 N = 3)
LnATA ' ' 

THz nodes are randomly distributed in an interference area following a Poisson distribution and with 

node density An as 1 node per m 2 . The dist ance D between the source node and the destination 

node is 100 m, the interference area is calculated as 1r (¥) 2
. The local DATA packet generation rate 

>.1 is LlOOe
9 

Packets per Second (PPS) . The maximum number of DATA packet retransmission N 
DATA 

is set as 3, the maximum buffer capacity M of each node is set as 50 . The central frequency f c is 

1.03THz, the transmission power Pt is - 20dBm, while the background noise Nr equals - ll0dBm. 

QPSK is used at the physical layer. The control frame length is 17 byt es and the DATA packet 

length is 2000 bytes. 

To validate the QBD Markov process model described in sections 5.4, 5.5 and 5.6, we compare the 
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normalized histogram of each state 's probability evolution over time in the simulation, with the entire 

probability vector of the QBD Markov process model in (5.42), which is obtained from the proposed 

analytical model. We account only for the steady state of the network. Thus, the initial probabilities 

of all states at the beginning stage of the evolution are discarded . Besides, more than 200 evolution 

times are considered , which guarantees that the network achieved stability. The comparison results 

are shown in Fig. 5.6, from which, the simulation results and the numerical results from the steady 

state analysis of the QBD Markov process model match appropriately. From Fig. 5.6a, it clearly 

indicates that the most vulnerable buffer levels that suffer ongoing DATA packet retransmissions 

are the lower buffer levels. In light of these results, next, we analyze the E2E performance of THz 

communication networks by means of the proposed QBD Markov process model. 

5.7.2 Performance Metrics 

The packet delay of the entire QBD Markov process of any single node is denoted as: 

(5.43) 

where the format of Trn represents the delay duration in buffer level m , and is calculated by 

accumulating the duration that one DATA packet spent in all experienced states as partially 

indicated in Table 5.2. 

The throughput in a single node is calculated as : 

(5.44) 

When multi-hop E2E communication link is considered to satisfy longer distance D between 

source-destination pair , the throughput of E2E communication link is calculated as: 

(5.45) 

where Ehop ( dr) = D / dr is the expected hop number between source and destination. 
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5.7.3 Numerical Analysis 

Throughput Analysis 
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Figure 5.7: Single node throughput v .s . throughput of E2E multi-hop link (D 100, >.1 
iooe 

9 
M = 500)

LnATA ' 

As indicated in Fig. 5.7a and 5.7b , we test the single node throughput and the E2E multi

hop throughput under the condit ion of a fixing distance D between source and destination. The 

local packet generation rate >.1 is set as an expect edly high rate to t arget the applications of THz 

communication, the buffer size of each node is 500. As shown in Fig. 5.7a, the single node throughput 

is a function of the maximum number of DATA packet ret ransmission N . Small N effectively reduces 

the single level delay of the QBD Markov process model. Fig. 5.7a also suggests that the maximum 

single node throughput occurs in the shortest t ransmission distance case. This is because nodes 

suffer huge propagation delay from operating under long transmission distance condition. However , 

as illust rated in Fig. 5.7b , the maximum throughput of the E2E mult i-hop link shifts away from the 
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shortest distance case. Since when nodes operate at longer transmission distance , reduced queueing 

delay for less hops compensates the longer propagation delay in single node. The zigzag pattern of 

E2E mult i-hop throughput is caused by the ceil function of Ehop · We curve-fit the E2E mult i-hop 

throughput with the lower boundary to estimate the bottom line of the E2E throughput performance. 

For the parameters chosen in this section, the relaying distance to achieve the maximum E2E 

throughput is approximately 22 m , which would be well-aligned with backhaul-type applications [91] . 

Buffer Status Analysis 
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Figure 5.8: Inspection of single node buffer status (D = 100, >. 1 = LIOOe
9 

, M = 500)
DATA 

As illustrated in F ig. 5.8, we inspect the buffer status of each node. We check both the buffer 
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occupancy rate of different groups of buffer levels, which is classified every 100 buffer levels, and the 

expected delay distribution of a DATA packet in the corresponding buffer groups. With an increasing 

transmission distance dr , longer propagation delay is triggered , which results in the growing of the 

expected packets delay in each buffer group. In Fig. 5.8a, we observe that without any DATA packet 

retransmission (N = 1) , the DATA packet s only occupy the first buffer group, i.e., 0 < m ~ 100. 

While with more DATA packet ret ransmissions allowed (N = 3, 5) , as shown in Fig. 5.8b , 5.8c, more 

time is needed for a node to finish the complete process of DATA packet transmission/ retransmissions. 

Thus, with the same packet generation rate >.1, DATA packets are gradually pushed up towards the 

higher buffer levels. However , the majority of the DATA packets still stored in the first buffer group . 

Performance Analysis with Varying Packet Generation Rate 
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Figure 5.9: The maximum buffer occupancy rate and the throughput of E2E multi-hop link with 
varying >.1 (D = 100, N = 5, M = 500) 
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W ith an increasing local packet generation rate >.1, as shown in Fig. 5.9a, the maximum buffer 

occupancy rate grows almost at the same rate in all transmission distance cases. This is because , 

comparing with the removal rate of DATA packets , the packets arrival rate is not fast enough to 

drastically change the buffer occupancy rate distribution. Moreover , the probability vector of a 

DATA packet to achieve higher level states of our QBD Markov process model is too small to make a 

distinguished difference in the total delay. Thus , as indicated in Fig. 5.9b, with an increasing local 

packet generation rate, the throughput curve remains almost the same. 

Performance Analysis with Varying Source-Destination Distance 
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Figure 5.10: The maximum buffer occupancy rate and the throughput of E2E mult i-hop link with 
varying D (>.1= LlOO e 
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, N = 5, M = 500)

DATA 

As shown in Fig. 5.10a, the maximum buffer occupancy rate is affected by the distance D between 

source and dest ination pair. More specifically, longer D requires more relays, thus , tremendous 
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relayed packets from more neighbor nodes push into the buffer much faster than the packet removal 

rate, and thus, leads to a higher buffer occupancy rate. As indicated in Fig. 5.10b, with the increasing 

D , the throughput drops gradually because of both the longer delay in each relay and the increased 

queueing delay for more hops. The maximum throughput shifts to the longer transmission distance 

dr side, which suggests to apply longer dr to each relay. 

5.8 Conclusion 

In this section, we have explored the relaying strategies for THz-band communication networks. Based 

on the unique distance-dependent behavior of THz-band communication networks, a QBD Markov 

process model has been utilized and analyzed to derive the relaying distance to achieve the maximum 

E2E throughput , by taking into consideration the cross-layer affects between the channel, the highly 

directional antenna and the physical, link and network layers . The relaying performance with respect 

to several factors such as transmission distance, packets generation rate, buffer occupancy rate and 

the distance between source and destination have been numerically investigated. The extensive 

numerical results have been presented to demonstrate the importance of cross-layer design strategies 

for THz communication networks. 
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CHAPTER 6 

Routing Protocol for Directional and Buffer-limited 

Terahertz Communication Networks 

6.1 Motivation 

The need of very highly directional antennas further introduces challenges when we move up in 

network layer. The best routing path in THz-band communication networks dynamically changes. 

More specifically, the directional communication links between neighbors are periodically on and off, 

as determined by the DAs' current directions. As a result , no consistent paths between neighbor 

pairs exist . 

Another challenge for the routing protocol design comes from the limited memory or buffer size 

at each node. It is likely for THz nodes to run out of memory when concurrent Terabits-per-second 

(Tbps) transmissions are handled . If a locally stored packet keeps waiting until the "best" relay 

becomes available, it will easily block the buffer , causing other packets to be dropped. The blockage 

issue becomes even worse in a directional network, in which the "best" relay may not be available 

shortly. To avoid this problem, THz nodes should keep packets moving, even without being certain 

of the accuracy of the best route. However, blindly transmitting packets over to any of the existing 

routes is not encouraged for the lack of adaptivity. 

In conventional routing protocol design , the packets are forwarded to the best relay according 

to the routing t able information. The routing t able is updated periodically as in, e.g., proactive 
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routing, or updated on demand as in , e.g ., reactive routing. In both cases, the routing protocols 

cannot be simply reused in THz communication networks, because they do not capture the realtime 

dynamic variation of the link connectivities and the buffer availabilities of the adjacent relays . As 

a comparison, the bufferless routing [92] in On-Chip Networks further enables packet deflection to 

the relay with the second highest priority when the forwarding path is not available. Although 

the solut ion allevia tes the buffer blockage issue by providing the deflection option, it is still not a 

realtime adaptive routing algorithm. Thus, a routing protocol that can capture the realtime system 

performance and adaptively select the next relay is needed. 

To solve this problem, we propose an adapt ive routing protocol based on Q-learning algorithm to 

capture the realt ime peculiarit ies of THz communication networks. Q-learning algorithm has been 

used for highly dynamic routing protocol design in, for example, optical burst-switched networks [93] 

and underwat er communication networks [94]. However , the design of the reward metrics in the 

existing solutions do not capture the peculiarities in THz communication. 

More specifically, the unique characteristics are int roduced by the expected very high traffic load in 

ultra-broadband THz networks and the equally high latency as a consequence of directional network. 

Thus, we design the rewards from the perspective of the DAs facing time priority and the traffic status 

on each link. For the time reward design , we consider the waiting time of next facing for the node pair 

on the link. For link reward design , we consider both buffer occupancy rate of the neighboring node 

and traffic load condition on the link, including collision, arrival, forwarding, deflection and reflection 

(packet is reflected when next relay is unavailable) . Besides, a dual reinforcement mechanism is 

utilized to achieve faster adaptivity in the highly dynamic network. Moreover , nodes should keep the 

relayed packets moving fast to avoid blockage. Thus, other than the "optimal" relay that has the 

highest priority, several backup relays that have lower priorities can also be the next choice. Then , 

we describe the simulation framework based on the proposed routing protocol. In the end, we verify 

the performance improvement of the proposed routing protocol with extensive MATLAB simulation 

results, which we also benchmark against t he shortest path routing protocol. 

6.2 System Model 

In this section, we first provide an introduction of the network topology considered in this paper. We 

then describe the unit time in the directional communication system. In the end, we introduce the 
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principle of Q-learning algorithm. 

6.2.1 Network Topology 

Figure 6.1: Network topology 

The network topology we studied in this paper is shown in Fig.6.1. There are N nodes randomly 

distributed in the network, following Poisson distribution. Because of the ultra fast transmission 

speed , we consider that each node's learning speed during the proposed routing process is much 

faster than the node's moving velocity. And , thus, at any simulation time, the network topology 

remains static. In addit ion, following neighbor discovery, we consider t hat each node is aware of its 

neighbors' location. We denote nodes' connectivities with an N x N matrix M-::OC:::.!ct· For any 

node pair (i, j) , we use M-:;,
0
r::;,!ct (i , j) = 1 to represent the communication link between sender i 

and receiver j is successfully established , where i and j are the row index and the column index of 

M-::OC:::.!ct , respectively. 

6.2.2 Unit Time in Directional Communication System 

Highly DAs are utilized simultaneously in transmission and reception, and are periodically sweeping 

the ent ire area at the same constant speed, but not necessarily in the same direction [95]. We consider 

that in every DA turning period T cycle, the DAs of each neighbor pair face each other once. Thus, 

the communication system iterates and updates information every T cycle, which is also considered as 

the system unit time. Thus, 

(6.1) 

100 
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where dr is the distance from the transmitter to the receiver. We consider that all DAs utilize 

the same beamwidth !10 and, thus, the same transmission distance for all nodes . R refers to the 

data-rates in the 3 dB frequency window, Tprop is the signal propagation delay. Ldata and L ctrl 

represent the frame length of the data packet and the control packet, respectively. Nctrl is the number 

of control packets . The antenna beamwidth !10 is calculated as [85]: 

h(dT ) St (f) (41r~:n2 e-kabsU)dTdj 
!10(dr) :S 41r (6 .2)

Nr (dr) SNRmin 

where B stands for the 3 dB bandwidth, St is the single-sided p .s.d of the transmitted signal, f refers 

to frequency, c stands for the speed of light in vacuum, kabs is the molecular absorption coefficient of 

the medium, Nr denotes the molecular absorption noise power. SNRmin stands for the minimum 

SNR threshold. 

6.2.3 Q-Learning Principles 

The Q-learning algorithm is derived from the definition of Q-values, which are denoted based on the 

state-action pairs Q(st , at), meaning the system takes action at in state St at time t . The system 

jumps from one state to another in discrete-time steps. The rewards are thus received after taking 

actions at certain states. The Q-learning algorithm is formulated as [96] : 

(6 .3) 

where a E (0, 1] is the learning rate , which indicates to what extent the latest updated Q-value 

overrides the previous one. A factor of 0 or 1 indicates that the system totally ignores or exploits the 

most recent reward information correspondingly. The factor rt represents the direct reward received 

after the system taking action at-l from state St-l and is observed for the current state St - The 

discount factor ry ranges within (0, 1], and determines the importance of future rewards. 

In the rest of this chapter , if not specifically stated, all matrices are the simplified modules that 

summarily describe the iterations of system performance or a transient system states of the real time 

simulation process. 
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6.3 Protocol Overview 

In this section, we first describe the routing information of the proposed routing protocol. Then we 

introduce reward metrics and Q-table definition. 

6.3.1 Routing Information 

We consider that each relay has a First-In-First-Out (FIFO) buffer and maintains a routing table 

and a Q-table that contains the latest Q-values of its adjacent relays . The routing table is used to 

decide the next relay with the highest priority in order to reach each destination, and is updated on 

demands based on the hop count router metric. Before sending out the first packet from its buffer , 

the relay checks the Q-table. The Q-table maintains the rank of the neighboring nodes in order to 

reach each destination based on the realtime rewards. The rewards mainly come from the DAs facing 

time priority (time rewards) and the traffic status on each link ( link rewards) . The time rewards 

stand for the priorities with regard to the waiting time of next facing for node pairs . The link rewards 

are contributed by several factors, which include the buffer occupancy rate of neighboring nodes, the 

traffic load conditions on each link by considering collision and arrival, as well as the shortest path 

factors indicated by forwarding, deflection and reflection. 

In order to maintain the rewards updated in realtime, the proposed routing protocol incorporates 

both forward and backward Q-learning algorithms. For the forward Q-learning algorithm, when a 

node hears a packet, it extracts the neighbor 's information and updates the corresponding entry in 

its neighbor list . In contrast, for the backward Q-learning algorithm, after a node received a data 

packet, it sends a very small feedback packet to the sender , so that the sender can update the rewards 

as well. 

6.3.2 Reward Metrics 

To describe the design of time rewards, we proceed as follows . First of all , we define T ,';'.~~e as the 

time passed from the beginning of a new cycle, which is calculated as: 

T cycle _ 11 tMnodes /T 11 now - connect cycle , (6.4) 
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where the current time t is only mapped to those connected nodes by multiplying with M-;:,0°:;::_!ct· 

The modulus operator 11*11 renews T~r:;,e in every cycle. Then, the time reward matrix is formulated 

as: 
Tcycle 

now if Q < Tcycle < T.face 
- now - 0 ' 

T eycle 

" Tcycle _ T.face 
......; now 0 if T.face < Tcycle < T.face + T eycle 

O - now - 0 2 ' (6 .5)
T eycle 

Tcycle _ (Tcycle + T.face) "' 
now 2 0 

otherwise , 
T eycle 

which indicates how fast the DAs of neighboring node pairs can face each other in current T eycl e . The 

initial facing time T!ace is set up during neighbor discovery for each system node. The denominator 

T eycle in (6.5) is used to normalize the time reward. When condition O~ T~~~e(i,j) ~ T!ace(i,j) 

is satisfied, it means that the neighboring node pair i and j haven 't met each other yet . But , the 

main-lobe of the relaying nodes is rotating towards the facing direction. In this case, a larger reward 

value is expected , which indicates that the neighbor pair will face each other sooner. When condition 

T!ace ~ T~~~ e ~ T!ace + TTie is met , it means the main-lobe of the relaying node has already 

passed the facing direction and is rotating further away. In this case, the negative reward value will 

prevent the system from selecting this neighbor as the next relay. Otherwise, the main-lobe of the 

relaying node is rotating back towards the facing direction again. Thus, a positive reward value is set 

in this condition. 

The link reward Rt is derived based on the buffer occupancy rate and the load traffic status on 

each link, and is presented as: 

buf + Mload + Mload Mload MloadR l = Wb M left Wa arr Wj fwd -We col - Wd def , (6 .6) 

where M 1:"/4 is the buffer vacancy rate, which is multiplied by the corresponding weight value Wb 

Mfi.C:.':-d and M}C:::f stand for the links that recently handled the arrived and forwarded traffic loads, 

respectively, and their corresponding weight values are denoted as W a and wf, respectively. These 

matrices will positively affect the link rewards so that the links with higher M;~~d and M}C::J values 

have comparatively higher probabilities to be selected next time. On the contrary, M~~'td and M~~°:/ 

represent the links who suffered from collisions and deflections, respectively, and their corresponding 

weight values are denoted as W e and wd , respectively. The collision and deflection matrices are 
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assigned with negative signs to prevent such links from being selected next time. We consider the 

same weight value for all matrices and set them as 1/ 3 for the purpose of normalization. 

Since reflection is only triggered by the rejection of a fully buffered relay, and the corresponding 

buffer information has been updated in M 1:j,{. We will not duplicate the buffer status information 

by involving reflection in the link reward function. 

6.3.3 Q-table Definition 

We formulate the basic framework of our router metrics by mapping the Q-learning algorithm to the 

proposed routing protocol and rewrite (6.3) as : 

(6.7) 

where the Q-table Q(s, a) maintains the Q-values for all neighbor pairs. Wt and w1 are the weights 

for t ime rewards and link rewards, respectively. For the highly dynamic network, the opt imal future 

reward is very difficult to estimate. Moreover , it is even harder to derive the global optimum from a 

local optimum. Thus, we consider the shortest path between source and destination as the estimation 

of optimal future reward. Here, M::lay is used to represent the next relays on the shortest path 

according to the routing table information. 

6.4 Protocol Operation 

In this section, we describe the proposed routing protocol presented by the flowchart in Fig. 6.2. 

More specifically, we explain the major procedures in the protocol, including enqueue of new packets , 

selection of relay, reactions to collision and arrival as well as relaying. We mark the procedures carried 

out by each node itself with blue color and mark the procedures executed by the relaying nodes with 

black color. The procedures are described by the simplified matrices that represent system iterations 

in the simulation process. The system performance mainly constrained with two limitations including 

the bounded buffer size N';:fx and the limited Time To Live (TTL) value N;/;,~x. Dropping occurs 

when either of these two limitations is met . 
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6.4.1 Enqueueing of New Packets 

There are two types of new packets entering a node, i.e., node generated packets and relayed packets. 

In both cases, the packet can only be enqueued in the buffer that is not fully occupied. Otherwise, 

the node generated packet is dropped and the relayed packet is rejected and reflected back to the 

previous sender. Since the buffer queue is a FIFO data structure, any new arrived packet is stored in 

the end of the buffer. If the new packet has been forwarded or deflected from a neighboring node, 

according to the forwarding Q-learning algorithm, the current node extracts the corresponding link 

information and updates link rewards of the entry. A small feedback packet is sent to the neighboring 

node who generated or relayed this packet . The feedback packet contains information of the residual 

buffer size and the latest link status of the current node. 

In the simulation, we implement the buffer module Mbuf as an N;;,:fx x N matrix, where the 

column index indicates the node ID and the row index indicates the slot ID of the buffer. Each 

packet stored in Mbuf carries three information fields including original source ID , Final Destination 

ID and current TTL value. The residual buffer size of each node is calculated by subtracting the 

number of used slots from the maximum buffer size, thus: 

N 1: 1{(j) = N1;,,u,fx - slot(j) , 'vj E [1 ,N] n [Mbuf(slot(j) , j) > 0 n Mbuf(slot(j) + l , j) = or 
(6 .8) 

where N 1:'j{ is a 1 x N matrix, whose index j indicates node ID. The condition of Mbuf (slot(j) , j) > 

0 n Mbuf (slot(j) + 1, j) = 0 guarantees that slot(j) is the index of the last occupied slot in buffer 

j. Thus , the buffer vacancy rate in (6 .6) is calculated as: 

Mbuf _ 1Nxl Nbuf Mnode /Nbuf (6 .9)left - left connect max · 

The node checks the first packet in the buffer. Thus, the packet transmission matrix is presented 

as: 

(6 .10) 

where j indicates the source node ID of the generated packet . Mbuf(l , j).Dest stands for the 

destination node ID of the first packet stored in node j. 
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6.4.2 Relay Selection 

In order to avoid blockage in a dynamic network, the node should try to send out the buffered packets 

as soon as possible. To achieve this, in the beginning of current T cycle, the node checks the DAs 

facing time priority with its neighbors and updates the latest time reward for each entry. The most 

recent link rewards have already been updated either by extracting information from the relayed 

packets that are enqueued in this node, or by obtaining the information from the small feedback 

packets sent from neighbors. For this reason , the node updates the Q-values for all the entries in its 

neighbor list based on (6.7) , and configures the updated Q-table . The entry with the highest Q-value 

is selected as the next relay. In our design , we select two other backup relays as well . The priorities 

of the backup relays are also determined by their Q-values. In case the best relay is unavailable, the 

node sends the packet to another relay who has the next highest Q-value. To achieve this design, the 

node always sends the copy of the first packet instead of the original packet . The node then decides 

to keep or discard the first packet based on the feedback information sent by the next relay or the 

destination who receive the copied packet . Before sending out the copied packet, the node needs 

to check if the packet already has a valid TTL in counting. If this is the case, the node just sends 

out the copied packet to the best relay without any manipulation. Otherwise, the node is dealing 

with a new node generated packet . In this case, the node needs to setup the maximum TTL in the 

header of the packet, then sends the copied packet to the best relay. Thus, the relay selection matrix 

is presented as : 

(6 .11) 

where Q is a data structure of the Q-table shown in (6 .7). The condition of max Q (j , :) = Q (j,p) 

indicates that pis the best relay among all neighbors of j , as it has the highest Q-value. The second 

best relay matrix is derived by applying the same logic with selecting the relay based on the second 

highest Q-value from the neighbor list of the sender. 

6.4.3 Collisions and Arrivals 

The collision occurs when more than one sender contends for the same relay at the same time. More 

specifically, all senders are within one sector coverage area of the receivers' DA, and are pointing 
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their DAs toward the receiver simultaneously, which rarely occurs. When there is a collision, the 

receiver can not ext ract the neighbor 's information from the destroyed packet, but it can still update 

the collision information of the corresponding entry in its neighbor list. Then , before the receiver 

turns to the next sector , it broadcasts a small feedback packet towards the link that experienced 

collision. The sender ret ransmits the packet if no feedback packet that indicates successful arrival or 

relaying is received before t ime out. The collision matrix is shown as : 

M load( · l ) Mload( ·n ) 1 w · l ....L ....L ·n 
col J ,P = · · · = col J ,P = , VJ , · · · , J ,P, 

n E [1 ,N] n [MP(j1 ,p) = 1] n ... n [MP(r, p) = l ]n (6.12) 

[Rt (l ,p) = ... = Rt(r ,P)L 

which means there are totally n senders, denoted as j1, ... , j n , who sent their packets to the same 

relay p at the same t ime according to the same time reward. 

When a packet arrives at the destination, we consider the packet is not put into the buffer. 

Instead, the receiver directly processes and checks the header of the incoming packet during reception. 

In this case, the packet arrives at the destination without any buffer size limitation. The receiver 

ext ract s the link information from the packet and updates the link reward to the previous sender 

with a small feedback packet. The arrival matrix is presented as: 

(6.13) 

meaning the selected relay ID is exactly the destination node ID of the first packet stored in the 

buffer of the sender. Once a node receives the feedback packet indicating the copy of the first packet 

has been arrived , the node discards the first packet . 

6.4.4 Relaying 

If the packet neither collides with other packets nor arrives at t he destination, it is relayed. In 

this case, the packet may experience three types of procedure including forwarding, deflection and 

reflection. 

Forwarding occurs when the packet is sent to exactly the best relay between the previous node 

and the destination according to the shortest path algorithm. Otherwise, the packet is considered as 
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deflected to next relay. In both cases, since the packet already attempted to access the next relay, the 

TTL of the packet is decreased by one. If the TTL counts down to zero, it expires. This information 

is synchronized at the sender by receiving a small feedback packet sent from the next relay. In this 

case, both the copied packet and the original packet have to be dropped. Otherwise, the copied 

packet should wait to be enqueued in the buffer of the forwarder or the deflector. If the remaining 

buffer size of the next relay is available to handle one more packet, the copied packet is stored in 

the end of the next relay's buffer and the process repeats from the beginning as we described in 

Sec. 6.4.1. Correspondingly, the sender discards the first packet from its buffer after receiving the 

feedback packet from the next relay. However , when next relay's buffer is fully filled, the relay rejects 

the copied packet, which is the reflection procedure. The next relay first processes the header of 

the copied packet and decreases the TTL by one, then sends it back to the sender. After the sender 

receives the reflected copied packet , it checks the TTL in packet header , if the TTL is expired , the 

sender discards both the copied packet and the original packet . If the TTL of the copied packet is 

still valid, the sender synchronizes the latest TTL in the header of the original packet and tries to 

send the copied packet again to the next best relay with a lower priority in current T cycle . Thus, the 

forwarding matrix and deflection matrix are derived as follows: 

Mload =(Mp_ Mload _ Mload)": Msp [£ (Mbuf(l ·) TTL)]T l l xN (6.14)fwd col arr relay ' · · ' 

and 

Mload = (Mp_ Mload _ Mload _ Mload) : [£ (Mbuf(l ·) TTL)]T l l xN (6 .15) def col arr fwd , · · , 

where .C(.) is the logical function that converts numeric values to logical values, which indicates the 

validity of the TTL of the first packets stored in the buffers . 

6.5 Simulation Results 

In this section, we investigate the performance of the proposed routing protocol with keeping 

increasing the traffic load in the system. The network topology is illustrated in Fig. 6.1. MATLAB 

is utilized to simulate the routing protocol. Several performance metrics are used to demonstrate 

the benefits of our proposed protocol, which include traffic performance, network throughput and 
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node recovery rate. The node recovery rate is calculated as the average number of decreased loads 

on the hot points during simulation. For each set of parameters, simulations are run 20 times with 

the duration of 300 Tcycl e · 

As we discussed in Sec. 6.2.3, we assign a value of 0.5 to both the learning rate a and the discount 

factor --y in (6 .7). The weights of time reward and link reward are also both assigned to 0.5, as 

we consider they are equally important . The optimal set of all weights will be developed in our 

future work. During each Tcycle, each node generates at least one packet to the randomly selected 

destination node. We assign the TTL limitation N;;,;x = 11 , which is same as the total number of 

nodes in the network. We apply the same physical layer setting as introduced in [95] . 

We analyze two scenarios, a scenario with light traffic load as shown in Fig. 6.3, and another 

scenario with heavy traffic load as shown in Fig. 6.4. In the light traffic load scenario , each node 

generates one packet per Tcycl e · We test the performance with an increasing maximum buffer size 

N;;,,u,fx, which changes from 100 to 500. We compare the performance of applying the shortest path 

(SP) routing protocol with the proposed routing protocol (BDT) . As shown in Fig. 6.3a and 6.3c, the 

network is more active with BDT protocol. More specifically, BDT protocol encourages packets to 

explore different relays, we observe that packets pass t hrough more hops with BDT protocol than 

that with SP protocol during simulation. The comparison of Fig. 6.3b and 6.3d illustrates that 

the buffer blockage rate (green line) with BDT protocol is significantly lower than that with SP 

protocol. As a result, the packet arrival rate (purple line) is improved with BDT protocol. However, 

the improvement comes with the cost of detouring and, thus, we see drops caused by TTL expiration 

(yellow line) occur in Fig. 6.3d as well as the lower average throughput as shown in Fig. 6.3e. With 

the learning capability, we observe from Fig. 6.3f that BDT protocol is more adaptive to the light 

loaded dynamic network, which is indicated by a higher average recovery rate. 

The test with heavy traffic load is designed with a fixed maximum buffer size N1;:,fx = 100 and 

the packet generation rate of each node changes from 1 to 11 per Tcycl e . As shown in Fig. 6.4a and 

6.4c, with bot h SP and BDT protocols, there are more traffic activities than that in the light load 

scenario. Still , the traffic with BDT protocol is much more active. Because the fast generated traffic 

can easily surpass the buffer capability, we observe reflections in Fig. 6.4c. In Fig. 6.4b and 6.4d, 

BDT still performs much better than SP in terms of both buffer blockage rate (green line) and packet 

arrival rate (purple line) . In both scenarios, dropping caused by limited buffer size occurs (blue line) . 

With the increasing traffic loads, limited buffer size gradually become the major reason of dropping. 

109 



6.6 Conclusion 

In Fig. 6.4e, the packets detouring in the BDT scenario still lead to a lower network throughput. 

The gap between the average throughput of two cases has increased, but still in the same scale. In 

Fig. 6.4f, the recovery rates in both protocols are almost the same and are both higher than that in 

the light loaded condition. However, it is difficult to observe the contribution of learning capability 

just based on the recovery rate in such an overloaded and thus extremely dynamic network. 

6.6 Conclusion 

In this section, we proposed an adaptive routing protocol for the highly dynamic buffer-limited 

directional THz-band communication networks. The proposed routing protocol is described in a 

simulation framework based on the Q-learning algorithm. Mechanisms to determine the time rewards 

and link rewards are provided based on the DAs performance, buffer status and all possible link 

traffic statuses. The extensive simulation results have been presented to illustrate the improvement 

of the proposed protocol in reducing the buffer blockage rate and achieving higher packet arrival 

rate . 
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CHAPTER 7 

Concluding Remarks and Future Work 

THz communication is envisioned as a potentially key wireless t echnology to fulfi ll the demand for 

much higher wireless data rates. By enabling extremely fast wireless data rate, THz communication 

technology opens the door to a variety of novel applications for both classical networking and nano 

networks. In March 2019, the U.S Federal Communications Commission voted to open up frequencies 

from 95 GHz to 3 THz for potential use in mobile communications . We can foresee that THz 

communication technology will bring a booming development of communication technology in the 

near future. 

In this thesis, we aimed at designing a protocol stack for THz band communication networks 

by providing cross-layer solutions from data link layer to network layer. A simulation pla tform 

TeraSim is also developed as an extension in ns-3 which verifies our theoretical design in parallel. 

The contributions of the individual chapters are summarized as follows: 

• In chapter 2, we presented TeraSim, the first comprehensive THz band communication network 

simulator that captures the peculiarities of the frequency selective THz band channel and 

the capabilities of the THz devices, and implements recently proposed communication and 

networking solutions. The simulator implements the detailed frequency dependent behavior of 

the THz band channel accounting for the molecular absorption loss and the spreading loss. In 

addition, TeraSim incorporates separate physical layers tailored to the two application scenarios, 

namely, nanoscale and macroscale scenarios. Finally, to show the use cases, TeraSim implements 
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two popular MAC protocols that have been adapted to both of the aforementioned scenarios. 

Along with the details of ns-3 implementations, we have validated the functionalities of TeraSim 

by comparing the results from TeraSim with those generated from MATLAB simulations of 

analytical results . By contribut ing TeraSim to an open repository, we encourage the community 

to test and validate THz networking solutions with high modeling accuracy, without requiring 

significant knowledge of the channel physics and the physical layer. 

• In chapter 3, we presented a link-layer synchronization and MAC protocol for ultra-high-speed 

wireless communication networks in the THz band. The protocol relies on a receiver-initiat ed 

handshake as well as a sliding window flow control mechanism to guarantee synchronization 

between transmitter and receiver. It maximizes the channel utilization and minimizes the packet 

discard probability. The performance of the proposed protocol is analytically investigat ed , 

compared to that of a modified CSMA/ CA with and without RTS/ CTS, and validated though 

extensive simulations with ns-3. The results show that the proposed protocol can maximize 

the successful packet delivery probability and enhance the achievable throughput in THz-band 

communication networks. 

• In chapter 4, we proposed an expedited neighbor discovery protocol that leverages antenna 

side-lobes information based on the unique peculiarities of THz-band communication. Location 

mapping scheme for the received signal samples has been devised and analyzed. A comparison 

between our proposed protocol and the protocol without side-lobes has been mathematically 

analyzed and derived. The proposed protocol has further been tested and validated by utilizing 

X60 t estbed . We also conduct ed an analysis of the feasibility of the proposed protocol in a 

bounded square room. The numerical results have been provided to illustrate the improvement 

of our proposed neighbor discovery protocol in both free space and bounded square space where 

reflection is taken into account. 

• In chapter 5, we explored the relaying strategies for THz-band communication networks. Based 

on the unique distance-dependent behavior of THz-band communication networks, a QBD 

Markov process model has been utilized and analyzed to derive the relaying distance to achieve 

the maximum E2E throughput , by taking into consideration the cross-layer affects between 

the channel, the highly directional antenna and the physical, link and network layers. The 

relaying performance with respect to several factors such as transmission distance, packets 
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generation rate, buffer occupancy rate and the distance between source and destination have been 

numerically investigated . The extensive numerical results have been presented to demonstrate 

the importance of cross-layer design strategies for THz communication networks. 

• In chapter 6, we proposed an adaptive routing protocol for the highly dynamic buffer-limited 

directional THz-band communication networks. The proposed routing protocol is described in 

a simulation framework based on the Q-learning algorithm. Mechanisms to determine the time 

rewards and link rewards are provided based on the DAs performance, buffer status and all 

possible link traffic status. The extensive simulation results have been presented to illustrate 

the improvement of the proposed protocol in reducing the buffer blockage rate and achieving 

higher packet arrival rate. 

7.1 Future Works 

7.1.1 Extension of TeraSim 

There are several areas we can further develop for TeraSim. First , we will keep refining the computing 

algorithms in TeraSim to make sure the simulator functions most efficiently. The computing efficiency 

of TeraSim and the accuracy of the functionalities is always a tradeoff. For example, TeraSim captures 

the property of the frequency selective THz channel and, thus, the path loss is calculated sub-band by 

sub-band within the select ed 3 dB frequency window by using THzSpectr umValueFactory module. 

For single sub-band path loss calculation, the simulator loops through the frequency and absorption 

coefficient databases to find the corresponding absorption coefficient of that sub-band . The time 

consumption is increased when taking into account of a large number of sub-bands. Second , we 

can extend one of the basic assist ant THzDirectiona lAntenna modules from 2-D plane to 3-D 

plane. Combined with this, we can also implement the antenna beam pattern formed by, e.g., the 

beamforming antenna array. The improvement of the THzDirectiona l Antenna module will enable a 

more realistic simulation testing of the protocols designed for directional communication networks. 

7.1.2 MAC Layer Design Extension 

Given that neighbor discovery can be accurately achieved by the neighbor discovery process proposed 

in this thesis, every node knows the direction of its potential receiver or transmitter. In this case, 
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the TDMA-based protocol is worth being considered in the MAC layer design. Similar with the 

Data Transmission Interval (DTI) design in the IEEE 802.llay standard , the MAC design can be 

implemented based on contention-based access mechanism, which is what we introduced in this thesis, 

or the TDMA-based protocol, or the combination of both. In order to enable the TDMA-based 

protocol in THz communication networks, new synchronization and scheduling schemes need to be 

designed based on our proposed neighbor discovery protocol, which removes the overheads introduced 

by exchanging control packets or beacon packets at the beginning stage of the beamform training 

process as it usually does according to IEEE 802.llay. Also, in order to assist the application of 

TDMA-based MAC protocol, the packet buffering scheme needs to be modified. Since the nodes 

need to send or receive packets from a certain direction (node) at a certain time slot , the nodes 

should be able to send out the packets for a certain receiver at any time instead of following the 

first-in-first-out (FIFO) queueing scheme. 

7.1.3 Further Development of Neighbor Discovery Protocol 

There are several areas in which we can further refine and improve our proposed neighbor discovery 

design. First , as we observed in the X60 testing, the antenna power pattern changes during rotation 

when manipulating the antenna codewords. This phenomenon is very common in the antenna 

hardware design. However , our proposed protocol requires the rotating antenna to maintain a fixed 

power pattern during neighbor discovery. Besides, the requirement of fast antenna rotation indicates 

the method of using programmable antenna array. In order to achieve the best performance of our 

proposed neighbor discovery protocol, we prefer to collect signal samples as fast as possible, meaning 

that the faster the antenna rotates , the better. In this case, further design is needed. Second , the 

multi-user interference is decreased in the highly directional communication networks. However , 

considering that our proposed neighbor discovery protocol only depends on the received signal power 

strength , any interference at the reception will ruin the mapping process based on the universal 

data pattern. Thus, it is worth to investigating the interference model for multi-nodes scenario in a 

multi-path fading channel. 
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7.1.4 Future Works for Relaying and Routing 

First of all , we would like to implement our relaying strategy and routing protocol in TeraSim. Then, 

for the routing protocol design , as we introduced in chapter 6, highly dynamic routing protocol is 

needed to capture the routing st atus of the buffer-limited and highly directional communication 

networks in THz band. However , the abundant routing information leads to great computation 

complexity, which would consume a large amount of computation energy and time. In this case, the 

routing protocol design should also take into account the computation complexity for the highly 

dynamic THz communicat ion networks. 

7.1.5 Application of MIMO 

Benefiting from the spatial multiplexing property, which is introduced by the implementation of highly 

directional communication links in THz-band communication, the application of MIMO technology 

is the intuitively future trend which further improve the capacity of the communication links. In this 

case, the protocol design to implement MIMO t echnology with beamforming procedure is needed . 

The SU-MIMO/ MU-MIMO phase beamforming procedure introduced in IEEE 802.llay may not 

be adaptable to THz Communication because of the totally different beamforming process during 

neighbor discovery. The implementat ion of MIMO technology in TeraSim is also worth extending in 

the future. 
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